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Abstract

Platelets play a key role in atherogenesis and its complications. Both hypercholesterolemia and
increased platelet production promote athero-thrombosis; however, a potential link between
altered cholesterol homeostasis and platelet production has not been explored. Transplantation of
bone marrow (BM) deficient in ABCG4, a transporter of unknown function, into LdIr~'= mice
resulted in thrombocytosis, accelerated thrombosis and atherosclerosis. While not detected in
lesions, Abcg4 was highly expressed in BM megakaryocyte progenitors (MkP). Abcgd '~ MkPs
displayed defective cholesterol efflux to HDL, increased cell surface levels of thrombopoietin
(TPO) receptor (c-MPL) and enhanced proliferation. This appeared to reflect disruption of the
negative feedback regulation of c-MPL levels and signaling by E3 ligase c-CBL and cholesterol-
sensing LYN kinase. HDL infusions reduced platelet counts in Ldlr~~ mice and in a mouse model
of myeloproliferative neoplasm, in a completely ABCG4-dependent fashion. HDL infusions may
offer a novel approach to reducing athero-thrombotic events associated with increased platelet
production.
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INTRODUCTION

Athero-thrombotic events resulting in heart attack and stroke are the leading cause of
morbidity and mortality globallyl. Platelets are involved in multiple steps leading to athero-
thrombosis, both in the promotion of atherosclerotic plaque growth and also in the formation
of thrombus on ruptured or eroded plaques2~°. Increased numbers and activation of platelets
both contribute to athero-thrombotic risk®7, and increased platelet production may underlie
these processes®8. A striking example of this occurs in myeloproliferative neoplasms such
as myelofibrosis (MF) and essential thrombocytosis (ET), in which mutations in the
thrombopoietin receptor (MPL) or its downstream signaling elements, lead to excessive
production of megakaryocytes and thrombocytosis®. More generally, increased platelet
production, denoted by increased platelet volume and increased numbers of circulating
reticulated platelets, is a major risk factor for atherosclerotic cardiovascular disease, and
may precipitate acute coronary syndromes®.

Increased levels of LDL and decreased levels of HDL are also well known major risk factors
for athero-thrombosis?. The athero-protective functions of HDL are thought to be mediated
by its ability to promote cholesterol efflux from cells in the arterial wall, in a process that is
facilitated by the ATP binding cassette transporters, ABCA1 and ABCG11L. While
hypercholesterolemia has been associated with increased platelet production, the underlying
mechanisms are unclear!2. Moreover, potential mechanisms linking defective cholesterol
efflux pathways to platelet production have not been explored.

The ATP binding cassette transporter ABCG4, which is highly homologous to ABCG1
promotes cholesterol efflux to HDL when overexpressed in cultured cells!3:14, However,
ABCG4 is not expressed in macrophage foam cells and in vivo functions and potential role
in atherogenesis have remained enigmatic. Abcg4 expression has been detected in the brain
and in hematopoietic tissues such as fetal liver and BM1:16_In order to uncover a potential
function of hematopoietic ABCG4, we have assessed hematopoietic functions and
atherogenesis in a hypercholesterolemic mouse model of atherosclerosis.

RESULTS

Bone Marrow ABCG4 Deficiency Accelerates Atherosclerosis and Arterial Thrombosis

We assessed hematopoietic parameters and atherogenesis in a hypercholesterolemic mouse
model of atherosclerosis, in which we reconstituted irradiated Ldlr~/~ mice with BM from
WTor Abcg4 '~ mice. After feeding a high fat high cholesterol diet (WTD) for 12 weeks,
atherosclerotic lesions were significantly increased in the aorta of Ldlr~/~ recipient mice
reconstituted with ABCG4-deficient BM cells (Fig. 1a). In contrast, the single deficiency of
ABCGL in the BM did not increase advanced atherosclerosis, consistent with previous
studies!”-18, Histological analysis of lesions showed typical, macrophage foam cell-rich
atherosclerotic lesions, with no differences in morphology between groups (Supplementary
Fig. 1a). The Abcg4 knockout mice were created using a lacZ knock-inl4. However, no
lacZ-positive cells were detected in lesions of Abcg4~'~ BM recipient mice (Fig. 1b). As a
positive control, lacZ-positive cells indicating Abcgl expression in lesions were readily
detected in the LdIr~~ recipients reconstituted with Abcal~'~Abcg1 ™~ BM. Plasma lipid
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and lipoprotein levels were similar in WT or Abcg4 ™~ BM recipients (Supplementary Fig.
1b—d). The leukocyte, monocyte (Supplementary Fig. 1e, f), total lymphocyte, B- and T-cell
counts (not shown) were also similar. Unexpectedly, the platelet count was 52% greater in
Abcg4~'~ BM recipient compared with WT recipients (Fig. 1c). Mild anemia and
reticulocytosis were observed in the Abcgd ™~ BM transplanted (BMT) LdIr~/~ recipient
mice (Supplementary Fig. 1g, h).

Activated platelets contribute directly to atherogenesis®, in part by promoting activation and
adhesion of monocytes to arterial endothelium34. Platelet-neutrophil and platelet-Ly6-CNi
monocyte aggregates, were increased in hypercholesterolemic Abcg4™~ compared to WT
BMT mice (Supplementary Fig. 1i). These aggregated leukocytes from the Abcg4 '~ mice
expressed higher levels of CD11b (MFI), a key cell adhesion molecule that facilitates
adhesion to the endothelium?® (Fig. 1d), indicating they were more activated. Depletion of
platelets by injection of CD41 antibodies, which markedly reduced platelet count in the WT
and Abcgd~/~ BMT LdIr~/~mice (not shown), reduced aggregate numbers and leukocyte
CD11b expression (Supplementary Fig. 1i and Fig. 1d). Platelet microparticles promote
atherogenesis by facilitating chemokine deposition onto arterial endothelium and
recruitment of monocytes to lesions20. The levels of platelet-derived microparticles were 3-
fold higher in hypercholesterolemic Abcg4™~ than in WT BMT mice (Fig. 1e). Circulating
reticulated platelets levels correlate directly with platelet reactivity?! and are strongly
associated with increased risk of myocardial infarction in humans?2. There was also a
significant increase in the percentage of reticulated platelets (Fig. 1f), consistent with
increased platelet production and turnover23. These findings are consistent with previous
studies in which infusions of activated platelets increased atherosclerotic lesion formation?,
and suggest that increased endogenous platelet production in Abcgd™— BMT mice leads to
accelerated atherogenesis.

Thrombocytosis and increased levels of reticulated platelets would also be expected to
promote thrombaosis. Mice are resistant to spontaneous thrombosis on atherosclerotic
plaques. Thus, to assess thrombogenicity, we evaluated thrombus formation in whole blood
using an ex vivo perfusion chamber model and showed a marked increase in Abcg4 ™/~
platelet adhesion and aggregation to a collagen-coated surface under shear-flow conditions
(Fig. 1g). We also examined arterial thrombosis in vivo using a carotid artery thrombosis
model. Carotid artery occlusion by thrombus following FeCl3 injury was significantly
accelerated in Abcgd™~ BMT mice (Fig. 1h). Together, these findings indicate an increased
propensity to thrombus formation in hypercholesterolemic mice with BM ABCG4
deficiency.

ABCG4 is selectively expressed in BM platelet progenitors

We first considered that ABCG4 might be acting in platelets to influence cholesterol efflux
and platelet numbers. However, we did not detect Abcgd mRNA in WT platelets, or LacZ
staining in platelets of Abcg4 ™~ mice (not shown). There was no alteration in platelet
cholesterol efflux to HDL, or platelet cholesterol levels in Abcg4~'~ mice (Supplementary
Fig. 2a,b), indicating that ABCG4 is not acting in platelets to regulate circulating platelet
levels and a mechanism distinct from those previously reported?4.
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The phenotype of ABCG4 deficiency, with prominent thrombocytosis, increased reticulated
platelets, mild anemia, increased platelet/leukocyte aggregates and increased platelet
microparticles, resembles that of ET2%, a myeloproliferative neoplasm in which mutations in
c-MPL or JAK2 in BM progenitors leads to excessive proliferation of platelet progenitors
and increased platelet production®26. Platelets are produced by megakaryocytes in the BM
and spleen, and megakaryocytes are derived from megakaryocyte/erythrocyte progenitors
(MEP). This suggested that ABCG4 might be expressed in BM platelet progenitors and
involved in regulation of their proliferation and megakaryocytopoiesis. Following separation
of BM hematopoietic cell populations by FACS (Supplementary Fig. 3), Abcg4 mRNA was
primarily detected in MEPs (Fig. 2a), with lower expression in the common myeloid
progenitor (CMP) population. Very low or no Abcg4 expression was observed in the other
cell types (Fig. 2a). The restricted expression of Abcg4 in MEPs contrasts with Abcal and
Abcgl which are highly expressed in HSPCs but not in MEPs, even following induction
with LXR activator treatment (Supplementary Fig. 4a,b). Recent studies have shown that the
MEP population contains CD41* cells with megakaryocyte progenitor potential as well as
CD717 cells with erythrocyte progenitor potential?’. We further sorted the MEP population
into CD41*/CD71!°, CD419/CD71* or CD41'9/CD71° cell populations (Fig. 2b) and refer
to CD41*/CD71!° cells as megakaryocyte progenitors (MkP). High Abcg4 expression was
detected in MKP (Fig. 2c) and CD41!°/CD71* cells (not shown) with lower expression in
cD41lo/cD71!° MEPs (Fig. 2c). To assess ABCG4 protein expression and localization in
MkPs, immunofluorescence confocal microscopy was used. Specific ABCG4 staining was
detected in wild type MkPs with anti-ABCG4 antibody but not in Abcg4~/~ MkPs or WT
MKPs stained with isotype-matched control antibody (Fig. 2d). Interestingly, ABCG4
staining partially co-localized with Golgi and, particularly trans-Golgi markers (Fig. 2e),
while no co-localization with c-MPL (plasma membrane), Lamp2 (lysosome) or calnexin
(endoplasmic reticulum) was detected (Supplementary Fig. 5 and not shown). Thus, Abcg4
is selectively expressed in the MEP and MkP populations, and ABCG4 appears to localize
partly to the trans-Golgi.

ABCG4 Deficiency Increases Proliferation of MEP and MkPs and Promotes
Megakaryopoiesis

There was a significant increase in the percentage in BM of MkPs and CD41'°/cD71!°
MEPs, but not HSPCs or CMPs, in hypercholesterolemic Abcg4~'~ BM recipients (Fig. 2f).
CD41'9/CD71* erythrocyte progenitors were also significantly increased (not shown). The
MRNA levels of GATAL, PU.1, EKLF and Fli1, transcription factors known to have critical
roles in regulation of MEP, MkP and erythrocyte progenitor cell proliferation and
differentiation, were similar in Abcgd~'~ CD41!°9/CD71!° MEP, CD41*/CD71!° MkP and
CD41!9/CD71* erythrocyte progenitors (not shown), suggesting that there was no marked
alteration in lineage choice of Abcg4~/~hematopoietic cells.

TPO is the most important growth factor regulating megakaryocyte/platelet lineage
development in vivo?8. We did not observe any changes in plasma TPO levels of Abcg4 '~
BMT mice (Supplementary Fig. 6a). However, we discovered increased levels of c-MPL on
the surface of Abcgd ™~ MkPs and CD41!9/CD71!° MEPs (Fig. 2g), but not megakaryocytes
or platelets (Supplementary Fig. 6b,c). This is consistent with Abcg4 expression profiles and
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the hypothesis that increased MkP proliferation is the underlying mechanism of
thrombocytosis. Indeed, there was increased EdU incorporation into DNA in MEPs from
Abcg4~'~ mice (Supplementary Fig. 6d). Colony formation assays showed a 2.5-fold
increase in the number of megakaryocyte colonies developing in ABCG4 deficient BM
compared to WT in response to TPO (Fig. 2h). Moreover, the number of megakaryocytes
was increased in the BM and spleen of Abcgd~/~ BM LdIr~/~ recipient mice
(Supplementary Fig. 7a,b).

Increased Platelet Production in Response to Thrombopoietin in Abcg4™~ Mice

Platelet counts are tightly regulated by a negative feedback mechanism in which c-MPL at
the surface of megakaryocytes and platelets serves as a clearance sink for TPO, and thus
limits the increase in platelet count that results from increased TPO/c-MPL signaling in BM
cells?829, Giving exogenous TPO to animals may overwhelm the negative feedback
regulatory mechanism, uncovering effects of increased c-MPL activity30. To test our
hypothesis that ABCG4 deficiency in MEPs and MKkPs results in increased cell surface
levels of c-MPL, increasing sensitivity of cells to TPO and enhancing platelet production,
we administered TPO to WT and Abcg4 '~ mice. The increase in platelets was much more
pronounced in Abcg4 /'~ mice (2.1-fold) compared to WT mice (1.4 fold) (Fig. 2i). These
results indicate that ABCG4 deficiency renders the mice more responsive to TPO in vivo,
consistent with increased c-MPL levels on MkPs as the mechanism underlying increased
platelet production and levels in Abcg4 ™~ mice.

ABCG4 Promotes Cholesterol Efflux from MkPs to HDL and Modulates MkP Proliferation
by Regulation of Membrane Cholesterol Content

We next sought to elucidate potential mechanisms linking ABCG4 deficiency to increased
c-MPL and proliferation and expansion of MkPs. We first examined cellular cholesterol
efflux from the WT or Abcgd™~ MkPs, using a novel fluorescent cholesterol analog
(BODIPY-cholesterol) based flow cytometry assay. ABCG4 deficiency was associated with
reduced cholesterol efflux to rHDL in Abcg4™'~ MkPs (Fig. 3a). BODIPY-cholesterol levels
in Abcg4 '~ MkPs were also significantly increased (Fig. 3b). These findings could indicate
defective cholesterol efflux via ABCG4 or that membranes of Abcgd ™~ cells have a higher
affinity/capacity for cholesterol. A significant portion of the BODIPY-cholesterol that
accumulated in Abcg4™~ MkPs appeared to be in plasma membrane (Fig. 3c). Free
cholesterol content as assessed by filipin staining was also substantially increased in the
plasma membrane of Abcg4 ™/~ MkPs (Fig. 3d). Cholesterol accumulation is known to
suppress the expression of cholesterol-responsive genes3L. Accordingly, expression of Ldlr
and Hmgcs1 was significantly decreased in Abcgd ™ relative to the WT MEPSs but not in
GMPs which do not express Abcg4 (Supplementary Fig. 8a,b). Thus, even though localized
to the Golgi (Fig. 2e), ABCG4 deficiency resulted in defective cholesterol efflux to HDL
and an increase in cell cholesterol content including in the plasma membrane, consistent
with studies suggesting segregation of sterol-rich plasma membrane domains in the trans-
Golgi32.

To see if increases in cellular cholesterol content could recapitulate the effects of ABCG4
deficiency, we loaded cells with cholesterol/cyclodextrin complexes (CD/Chol). This led to
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increased WT MKP proliferation paralleling increases in cell surface c-MPL levels (Fig.
3e,f). When cells were treated with cyclodextrin (CD) to remove cellular cholesterol,
proliferation and cell surface levels of c-MPL were significantly reduced to a similar level in
both WT and Abcg4~/~MkPs (fig. 3e,f). While rHDL significantly reduced WT MkP
proliferation and cell surface c-MPL, it had no effect in Abcgd ™'~ MkPs, consistent with
cholesterol efflux data (Fig. 3a). In addition, removal of cellular cholesterol by CD reversed
the increase in megakaryocyte colonies associated with ABCG4 deficiency (Supplementary
Fig. 8¢c). These findings suggest that ABCG4 acts to modulate MkP cell surface c-MPL
levels and cell proliferation by regulation of membrane cholesterol content.

Decreased c-CBL-mediated down-regulation of TPO receptor in Abcg4™~ MkPs

We next sought to elucidate mechanisms linking changes in cellular cholesterol levels to
altered c-MPL expression in MKkPs. Previous studies have shown that TPO binding to its
receptor (c-MPL) results in activation of a negative feedback loop in which c-CBL-mediated
ubiquitinylation leads to receptor internalization and/or degradation33. c-CBL
phosphorylation in response to the activation of growth factor receptors is required to
mediate negative feedback regulation34. We assessed whether such negative feedback
regulation is defective in Abcg4~/~ MkPs. There was dramatic blunting of c-CBL tyrosine
phosphorylation in response to TPO treatment in Abcg4~/~MkPs compared to WT cells
(Fig. 4a) while total c-CBL was unchanged (not shown). Treatment of WT MkPs with a
proteasome inhibitor MG13, increased c-MPL to a similar level in WT and Abcg4 ™~ cells
(Fig. 4b), consistent with a ubiquitination/proteasomal degradation mechanism. Cholesterol
loading by CD/Chol reduced c-CBL phosphorylation, while removal of cellular cholesterol
by CD increased c-CBL phosphorylation in WT and Abcg4~/~ MkPs (Fig. 4c). Whereas
phosphorylated c-CBL was increased in WT MkPs by rHDL, rHDL failed to alter c-CBL
phosphorylation in Abcgd '~ MkPs (Fig. 4c), consistent with failure of rHDL to modulate c-
MPL levels and cell proliferation of Abcgd~/~ MkPs. These findings suggest that impaired
cholesterol efflux in Abcg4~/~ MKPs results in defective c-CBL-mediated feedback down-
regulation of c-MPL by TPO.

LYN kinase acts upstream of c-CBL to modulate cholesterol-mediated proliferative

responses

The kinase catalyzing c-CBL tyrosine phosphorylation in response to TPO is not known.
SRC family kinases (SFK) such as LYN, FYN and c-SRC are known to phosphorylate
tyrosine residues of c-CBL3® leading to its activation and SFK inhibitors were shown to
increase cell surface c-MPL levels via undefined mechanisms28. We hypothesized that the
activity of SFK is decreased in Abcgd =/~ MkPs, leading to decreased c-CBL
phosphorylation. Consistent with this suggestion, treatment with SU6656, an inhibitor of
LYN, FYN and c-SRC36, markedly decreased c-CBL phosphorylation, increased cell
surface c-MPL and abolished the difference in response to TPO in WT and Abcg4 '~ MkPs
(Fig. 4d,e). TPO activation of c-MPL increases the kinase activity of LYN and FYN but not
other SFK37. LYN kinase is palmitoylated, membrane-associated and its activity is
increased by decreased membrane cholesterol content38, Interestingly, Lyn™/~ mice display
increased megakaryocytopoiesis with mild thrombocytosis3? and mild anemia with
reticulocytosis#?, phenotypes that bear a striking resemblance to that of Abcg4 '~ mice.
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Thus, we hypothesized that LYN might be the dominant tyrosine kinase catalyzing c-CBL
tyrosine phosphorylation in response to TPO. TPO-treated Lyn~~ MkPs showed decreased
c-CBL phosphorylation and increased cell surface c-MPL (Fig. 4f,g) and cell proliferation
(Fig. 4h), demonstrating a key role of LYN in regulation of tyrosine phosphorylation of c-
CBL and MkP proliferation in response to TPO. Cholesterol loading by CD/Chol decreased
c-CBL phosphorylation, increased c-MPL levels and enhanced cell proliferation in WT
MKkPs but had no effect in Lyn~~ MkPs (Fig. 4f-h). Treatments with either CD or rHDL to
induce cholesterol efflux decreased proliferation of WT MkPs. In contrast, Lyn™"~ MkPs
showed increased proliferation that was completely unresponsive to either cholesterol
loading or depletion conditions (Fig. 4h). These findings indicate an essential role of LYN
Kinase in mediating the effects of cholesterol loading and unloading on c-CBL
phosphorylation and TPO-mediated changes in c-MPL and MkP proliferation.

Lyn Kinase Activator Tolimidone Reduces c-MPL Levels on Abcg4™~ MkPs

We further assessed the possible involvement of LYN in negative regulation of MKP surface
c-MPL levels by pharmacological activation of LYN. Treatment of BM cells from the
hypercholesterolemic LdIr~~ recipient mice with Tolimidone, a compound which
selectively increases LYN kinase activity in vivo 41, reduced cell surface c-MPL levels in
WT and Abcgd~/~MkPs (Fig. 4i), and completely reversed the increased cell surface c-MPL
levels in Abcgd~'~MkPs from normocholesterolemic mice (Supplementary Fig. 9). Together
the observations suggest that LYN kinase acts as a sensor of excessive membrane
cholesterol accumulation, leading to decreased c-CBL mediated down-regulation of c-MPL
by TPO.

We assessed known TPO-mediated signaling pathways that could potentially be activated in
Abcgd '~ MkPs. Both basal and TPO-stimulated p-ERK1/2 and p-AKT levels were
significantly higher in Abcg4™~ compared to WT MKkPs; p-STATS5 levels were also non-
significantly increased (Fig. 4j). This pattern is similar to that seen with LYN deficiency3°.
These findings suggest that effects of cholesterol loading and unloading on c-CBL
phosphorylation, c-MPL levels and MKP proliferation may be mediated through LY N.

HDL Decreases Proliferation of MkPs and Reduces Platelet Count in an ABCG4-dependent

Fashion

To test if HDL reduces MKP proliferation and platelet counts in vivo, we infused a
preparation of reconstituted HDL (rHDL) that has been previously shown to reduce
coronary atheroma volume in humans?2, into WTD-fed Ldlr~/~ mice with or without
ABCG4 deficiency. rHDL but not saline infusion significantly decreased platelet counts by
~30% in the mice expressing ABCG4 (Fig. 5a). Remarkably, rHDL had no effect in
Abcgd ™'~ mice. Effects on blood platelets paralleled decreased c-MPL levels on MKkPs,
decreased numbers and proliferation of MkPs as well as decreased megakaryocyte counts in
spleen and bone marrow in rHDL-infused Abcg4*/* mice while there was no effect of rHDL
in Abcg4~/~ mice (Fig. 5b,c and Supplementary Fig. 10a—c). These findings demonstrate an
essential role of ABCG4 in mediating the ability of rHDL to reduce MKP proliferation and
the platelet count.
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We further explored the therapeutic potential for rHDL to reduce platelet counts in a mouse
model of MF and ET, involving retroviral transduction of BM cells with an activating
mutant form of MPL(WS515L) found in human MPNs26:43, Sych MPL mutations are found
in a subset of patients with MF (~10%) and ET (~4-5%), and cause proliferation of MEPs,
megakaryocyte expansion and thrombocytosis®26. The activity of this mutant form of MPL
requires cell surface localization#, and since cell surface c-MPL level was increased in
Abcg4 =~ mice (Fig. 2g), this suggested that its activity might be enhanced by ABCG4
deficiency. Indeed, compared to WT mice, thrombocytosis developed more rapidly and was
more pronounced in Abcg4~/~ mice transduced with MpIWs15L (Fig. 5d). While rHDL
infusions effectively reversed thrombocytosis in WT mice expressing MPL(W515L), similar
treatments had no effect on the platelet count in Abcg4 '~ mice expressing MPL(W515L).
Analysis of data obtained from a previously reported study involving patients with
peripheral vascular disease®®, revealed that infusion of rHDL but not placebo was associated
with a significant reduction of platelet counts (Fig. 5e); when normalized to baseline platelet
values, the change was still significantly different between the groups (Fig. 5f). Importantly,
the reduction of platelets in this study was moderate and the platelet count was maintained in
the normal range (Fig. 5¢).

Together these findings suggest that HDL and ABCG4 promote cholesterol efflux from
MkPs and thus facilitate the negative feedback regulation of c-MPL by TPO in MkPs. (Fig.
5g). LYN kinase may act as a membrane cholesterol sensor, acting upstream of ¢-CBL to
modulate its down-regulation of c-MPL.

DISCUSSION

Our findings show that defective cholesterol homeostasis in progenitor cells promotes
megakaryocyte formation, platelet overproduction, arterial thrombosis and atherogenesis.
Increased membrane cholesterol levels in megakaryocyte progenitors leads to increased
levels and signaling of the TPO receptor. ABCG4 is highly expressed in MkPs and its
deficiency leads to cholesterol accumulation, MKP proliferation and increased platelet
production. The ability of rHDL to suppress MEP/MKP proliferation and platelet counts in
vivo was completely dependent on ABCGA4, likely reflecting the cell type restricted pattern
of expression of cholesterol efflux promoting ABC transporters. Therapeutic interventions
such as rHDL infusions have the potential to reverse excessive megakaryocytopoiesis in
states of platelet overproduction, such as may occur in MPNS.

The idea that cellular sterol metabolism is intimately connected to proliferative responses is
longstanding?6. The requirement for new membrane synthesis during cell proliferation leads
to activation of cholesterol biosynthesis involving cleavage of SREBP-2 and transcriptional
induction of cholesterol biosynthetic genes#’. Recent studies have linked control of cell
proliferation to cholesterol efflux pathways mediated by ABCA1 and/or ABCG148-51,
However, specific molecular mechanisms linking cellular cholesterol accumulation to
altered growth factor receptor signaling have not been defined. Our hypothesis that this
involves LYN kinase is supported by previous studies showing that LYN kinase activity is
modulated by altered membrane cholesterol38. LYN is palmitoylated and palmitoylation
defective LYN shows decreased association with cholesterol-rich membranes but increased
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ability to mediate tyrosine phosphorylation of immunoglobulin receptors®2. Infusions of
cholesterol-poor rHDL were associated with a reduction in platelet counts in a small study
involving patients undergoing treatment for peripheral vascular disease, suggesting potential
human relevance of our findings. Moreover, in a recent human GWAS SNPS in or near the
c-CBL gene were associated with platelet counts®3. Interestingly, ABCG4 is in tight linkage
disequilibrium with ¢-CBL, and SNPS associated with platelet counts could equally be
influencing expression of c-CBL and/or ABCG4%3. Our findings suggest a potential
mechanism linking expression of ABCG4 to the regulation of platelet counts, involving
defective c-CBL mediated feedback regulation of c-MPL, and thus support the concept that
these genes act in megakaryocytes or their progenitors to regulate platelet production®3,

There is tremendous interest in the development of new therapies that increase plasma HDL
levels as potential treatments for atherosclerotic cardiovascular disease. This has proven
challenging, as highlighted by the recent failure in clinical trials of treatments that increase
HDL levels, such as the CETP inhibitors torcetrapib and dalcetrapib, and ER-niacin®4:55,
However, approaches that actively increase the flux of cholesterol from macrophages and
other cells remain promising treatments to reduce coronary atherosclerosis*2:%6, Qur study
suggests that suppression of MEP and MKP proliferation and thrombocytosis may represent
novel benefits of such treatments.

Currently, thrombocytosis in ET and MF is treated with low dose aspirin, and high-risk ET
patients (age>60, or prior thrombotic event) are treated with genotoxic agents such as
hydroxyurea®’. There remains a need for novel therapies for MF patients given their poor
overall outcome and limited therapeutic options®8. Our findings suggest that rHDL infusions
may specifically reverse MPL-dependent MEP proliferation and aberrant megakaryopoiesis
underlying thrombocytosis in ET and MF. Moreover, increased platelet production is a
cardiovascular risk factor, and has been implicated more generally in the precipitation of
athero-thrombotic events®. Thus, rHDL infusions could complement existing treatments that
directly target platelets or clotting factors. rHDL infusions may exert multiple beneficial
effects in the setting of acute coronary syndromes, including removal of cholesterol and
suppression of inflammation in plaques, suppression of excessive myeloid cell production
and extramedullary hematopoiesis, as well as limitation of the overproduction of
platelets®®:60, Finally, while rHDL preparation and infusion as a chronic therapy remains
challenging, our findings with Tolimidone suggests the pathway HDL activates to limit
platelet production could be simulated by LYN kinase activators.

Online Methods

Mice and treatments

The Institutional Animal Care and Use Committee of Columbia University approved all the
mouse studies. Abcg4~/~, Abcgl ™/~ Abcal™~, and Abcgl™/~ mice were created as
described1448 and used in this study. Abcg4 ™~ mice have been backcrossed onto C57BL6/J
mice for more than 10 generations. WT (C57BL/6J) and Ldlr~/~ (B6.129S7-LdIrtm1Her)
were obtained from The Jackson Laboratory (Bar Harbor, Maine). For BM transplantation
studies, BM from WT, Abcg4~/—, Abcgl ™'~ Abcal™'~, or Abcgl™~ mice was transplanted
into WT or LdIr~'~ recipient mice as described. For atherosclerosis studies, the BM
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transplanted recipient mice were fed a Western diet (TD88137; Harlan Teklad) for the
indicated period of time. BM specific retroviral expression of murine MPL(W515L) was
established as described*3, using WT C57BL6/J mice as the recipient and WT C57BL6/J or
Abcg4~'~ mice as the BM donor. Where indicated, vehicle (saline), rHDL, or TPO (R&D
Systems) was injected at the indicted dose into the mice via the tail vein. The rHDL
(CSL-111) was provided by CSL Behring AG, Bern, Switzerland; CSL-111 is comprised of
human apoA-I and phosphatidylcholine from soy bean in a ratio of 1:150. All patients gave
their informed consent to the study, which was approved by the Human Ethics Committee of
the Alfred Hospital and conducted in accordance with the principles of the Declaration of
Helsinki 2000.

Femur and tibia of Lyn™'~ mice used to prepare Lyn™'~ BM cells were kindly provided by
Dr. Anthony L. DeFranco of University of California, San Francisco. The mice were created
as described®? and backcrossed at least 15 generations onto C57BL/6 background.

Histochemistry

Tissues and proximal aortas were serially paraffin sectioned and stained with H&E for
morphological analysis as described*8. Aortic lesion size of each animal was calculated as
the mean of lesion areas in 5 sections from the same mouse. Bone samples were decalcified
with EDTA solution prior to cryosectioning. Von Willibrand Factor antibody (Dako,
Catalog # A0082) was used to stain MKSs. Lac-Z staining of frozen sections of mouse bone,
spleen or proximal aorta was carried out using p-Galactosidase Staining Kit (Cell Signaling
Technology, Danvers, MA).

Complete blood count (CBC)

CBCs were quantified using whole blood collected from the tail bleeding. FORCYTE
Veterinary Hematology Analyzer (Oxford Science, Inc.) was used for the analysis.

Plasma and cellular lipids

Plasma lipoprotein cholesterol and triglyceride levels were determined by colorimetric
enzymatic assays, using the assay kits from Wako Diagnostics (Japan). Platelets were
isolated from platelets-rich plasma, which was prepared from a low-speed spin of EDTA-
treated mouse plasma, and platelet cholesterol content was measured by gas chromatography
following lipid extraction.

Cholesterol efflux

For platelet cholesterol efflux, platelets were isolated from platelet-rich plasma by
centrifugation at ~3500 rpm for 10 minutes in an Eppendorf centrifuge. The platelet-rich
plasma was prepared from a low-speed spin of EDTA-treated mouse plasma. The isolated
platelets were resuspended in DMEM cell culture media plus 0.2% bovine serum albumin.
Cyclodexrin/cholesterol complexes containing [2H]cholesterol was added to the final
concentration of ~3 mM CD, and ~ 1 uCi [3H]cholesterol/ml and the mixture was incubated
at 37°C for 30 minutes. The labeled platelets were then washed three times with the same
medium by brief spin and resuspension. HDL was then added to initiate the cholesterol
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efflux and allowed to proceed for the time period as indicated. Cholesterol efflux was
determined as percentage efflux (count of supernatant/total count x100%).

To determine cholesterol efflux from MkPs to HDL, we labeled total BM cells by incubation
with 0.03 mM methyl-B-cyclodextrin/BODIPY -cholesterol (molar ratio CD:cholesterol:
BODIPY-cholesterol 40:0.8:0.2; Avanti Polar Lipids — Alabama, USA) in IMDM media
plus 0.2% BSA at 37°C, 5% CO» for 30 minutes. The cells were washed three times with
fresh IMDM media by brief spin and resuspension. CD or rHDL was then added to the cell
suspension at the indicated concentration to initiate the efflux for the indicated period of
time. The efflux was stopped by a brief spin and removal of the acceptors. The samples
treated without CD or rHDL were used as the baseline for efflux. To assess BODIPY -
cholesterol content in MKkPs, the cell suspension was stained with a cocktail of lineage
markers (Scal, CD127, CD45R, CD19, CD11b, CD3e, TER-119, CD2, CD8, CD4, and
Ly-6C/G; all APC; eBioscience) and progenitor cell markers, ckit, CD16/CD32 (FcyRII/I11),
CD34, CD41. MkPs were identified as lineage™, ckit*, CD16/CD32/°, CD34!° and CD41*
and the mean fluorescence intensity (MFI) of BODIPY-cholesterol from MkPs was
measured by flow cytometry (LSRII, BD Biosciences) to assess BODIPY-cholesterol
content in MkPs or cholesterol efflux (1-remaining MFI/baseline MFIx100%).

Flow cytometry based proliferation studies

Blood leukocytes and BM HSPCs were stained and analyzed or sorted as described“®.
Briefly, BM cells from the mouse femurs and tibias were stained with a cocktail of
antibodies to lineage committed cells (CD45R, CD19, CD11b, CD3e, TER-119, CD2, CDS8,
CD4, Ly-6C/G: All FITC, eBioscience), antibodies to Scal (Pacific Blue) and ckit (APC
Cy7) to identify HSPC populations and LSK (lin—, Sac1+ and ckit+) cells, and antibodies to
CD16/CD32 (FcyRII/111), CD34 to separate CMP (lin—, Scal-, ckit+, CD34int, FcyRII/
[lint), GMP (lin—, Scal-, ckit+, CD34int, FcyRII/1I1hi), MEP (lin—, Scal-, ckit+, CD34lo,
FcyRII/11110). For DNA content analysis (G2M phase), BM cells were fixed, and stained
with DAPI (Invitrogen) prior to flow cytometry analysis. To determine in vivo cell
proliferation, EAU (Invitrogen) was injected into mice via the tail vein 24 hours prior to
being sacrificed. Cells were immunostained as described above in preparation for flow
cytometry. Cells were then fixed and permeabilized using 0.01% saponin (w/v; Fluka) and
1% FCS (v/v) in IC fixation buffer (eBiosciences) for 30 minutes. Cells were then washed
and stained with Alexa Fluor—conjugated azides using the Click-iT system (Invitrogen).
Proliferation was quantified as percentage of EdU™ cells by flow cytometry.

Quantification of reticulated platelets

Undiluted EDTA-anticoagulated blood (5 ul) was mixed with a PE-anti-CD41 antibody and
the fluorescent DNA-dye thiazole orange (TO) (final concentration 1ug/ml) and incubated at
room temperature for 20 minutes. Samples were then fixed by adding 1 ml of 1%
formaldehyde in PBS. Data acquisition using logarithmic amplification of lightscatter and
fluorescence signals was performed. PE-positive cells were gated in a TO versus PE dot
plot.
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Quantitative real time RT-PCR (g-PCR)

RNA extraction, cDNA synthesis, and g-PCR of HSPCs were performed as described®. The
quality of RNA samples was determined using Agilent 2100 Bioanalyzer and RNA 6000
LabChip. The primer sequences used for g-PCR are shown in Table S1.

Megakaryocyte Colony Forming Unit assay

Primary BM HSPC cells obtained by FACS were plated in methylcellulose-based media
(5000 cells/assay) containing TPO (50ng/mL), IL-6 (20ng/mL), and IL-3 (10 ng/mL) and
incubated for 8 days according to manufacturer’s protocol (Megacult-C, Stemcell
Technologies). Cultures were fixed and the MK colonies visualized by staining for
acethylcholinesterase activity. Nuclei were counterstained with Harris” hematoxylin.
Colonies containing more than 3 megakaryocytes were scored as CFU-MKk.

Anti-ABCG4 antibody

The rabbit anti-ABCG4 antibody was custom made by Pacific Immunology (CA, USA)
against a synthetic ABCG4 peptide (KKVENHITEAQRFSHLPKR). The mono-specific
anti-peptide antibodies were purified using a peptide-affinity column. The specificity of the
antibody for ABCG4 protein was assessed by immunofluorescence microscopy which
showed specific immunofluorescence signals in HEK293 cells expressing ABCG4 but not
HEK?293 cells transfected with mock vectors (not shown).

Rabbit polyclonal anti-c-MPL antibody was kindly provided by Dr. Wei Tong of University
of Pennsylvania and the specificity of the antibody against cell surface c-MPL in flow
cytometry has been reported previously®2.63,

Neutrophil and monocyte — platelet aggregates

Blood was collected via the tail vein into EDTA lined tubes on ice to prevent leukocyte
activation. RBCs were lysed and the washed cells were then stained with CD45, CD115,
Grl (Ly6-C/G), CD11b and CD41 for 30mins on ice. The cells were carefully washed,
resuspended in FACS buffer and run on the LSRII to detect leukocyte platelet interactions
and leukocyte activation. Viable cells were selected based on forward and side scatter
characteristics and then CD45* leukocytes were selected. Ly6-CM monocyte platelet
aggregates were identified as CD115*Gr1M (Ly6-C) CD41*. Neutrophils platelet
aggregates were identified as CD115-Grl1* (Ly6-G*) CD41*. Platelet dependent activation
of Ly6-CNi monocytes and neutrophils was measured as CD11b MFI after subtracting the
expression of CD11b on Ly6-Ch or neutrophils, which were not interacting with platelets.

Platelet derived microparticles

Equal amounts of mouse plasma (20uL) was diluted with HEPES binding buffer (80uL) and
then incubated with annexin V and anti-CD41. Equal amounts of 1um beads (Invitrogen)
were added to the sample, which was then run on an LSR-11. Platelet derived microparticles
were detected as particles less than 1um in size that stained positive for CD41 and annexin
V. A stopping gate was placed over the beads, to ensure accurate counting in each sample.
Data was converted to number of microparticles per 1uL of whole blood.
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FeCl;z induced carotid artery thrombosis

Mice were anesthetized and a cervical incision was made to expose the common carotid
artery. A miniature Doppler flow probe (TS420 transit-time perivascular flowmeter,
Transonic Systems Inc.) was placed on the carotid artery to monitor blood flow. The injury
to the artery was induced by a piece of Whatman paper (2x2mm) saturated with 5% FeCls.
The time to the cessation of the blood flow was recorded as occlusion time.

Ex vivo flow chamber assay

Heparin (5U/ml) anticoagulated whole blood was incubated with 1uM of fluorescent dye
DiOC6 (Sigma, St. Louis. Mo, USA) for 10 minutes at 37°C. Then, the fluorescently labeled
whole blood was perfused over the collagen coated glass cover surface (microcapillary glass
tube coated with 100pum/mL Horm collagen (Nycomed) overnight) at a controlled shear rate
(1800s~1) using a syringe pump for 3 minutes. Adherent platelets and aggregates in the
chamber were washed and examined under inverted fluorescent microscope and pictures of
adhered platelets were recorded for analysis. Surface coverage was calculated using ImageJ.

c-MPL expression

Detection of c-MPL from in vivo and in vitro experiments was performed as follows. After
harvesting BM progenitor cells, RBCs were lysed and the cells were then resuspended in
FACS buffer. Cells were then stained with a cocktail of lineage markers to allow negative
selection of BM progenitor cells (Scal, CD127, CD45R, CD19, CD11b, CD3e, TER-119,
CD2, CD8, CD4, and Ly-6C/G; all FITC; eBioscience) and progenitor cell markers, ckit,
CD16/CD32 (FcyRII/111), CD34, CD41 and c-MPL or isotype control and allowed to stain
on ice for 30mins. Cells were then washed and stained with a fluorescently conjugated
secondary anti-rabbit antibody to detect the anti-c-MPL for a further 30mins on ice. After
this the cells were washed, resuspended in FACS buffer and run on the LSRII. MEPs were
identified as lin~ckit"CD16/CD32/°CD34!°CD41~, while MkPs were identified as
lin~ckit"CD16/CD32'°CD34l°CD41*.

Expression of c-MPL on late stage megakaryocyte was achieved by staining BM cells with a
cocktail of lineage markers (Scal, CD127, CD45R, CD19, CD3e, TER-119, CD2, CD8 and
Ly6-C/G —all FITC), CD41 and c-Mpl or isotype control as above. After staining with the
antibodies the BM cells were then fixed and permeabilized using BD cytofix/perm buffer for
20mins on ice, followed by washing with BD cytofix/perm wash buffer. Cells were the
resuspended in FACS buffer containing propidium iodide to detect megakaryocyte ploidy.
Expression of c-MPL was measured on total and late stage megakaryocytes (defined at 32N
and 64N).

Expression of c-MPL on platelets was carried out by obtaining PRP and staining with CD41
and c-MPL as outlined above.

The expression of c-MPL was quantified in these respective populations by MFI, normalized
to the isotype control.
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c-Cbl phosphorylation

BM progenitor cells were stimulated with TPO at the indicated concentration for the
specified period of time at 37°C and then immediately diluted with ice-cold buffer and
placed on ice to prevent further changes in phosphorylation. Cells were then centrifuged and
the pellet resuspended in BD fix buffer (BD Biosciences) for 10mins on ice. The cells were
washed with BD flow cytometry staining buffer, centrifuged and then resuspended in BD
cytofix/perm buffer 111 for 20 mins. After this the cells were washed and resuspended in BD
staining buffer and incubated with lineage (Scal, CD127, CD45R, CD19, CD11b, CD3g,
TER-119, CD2, CD8, CD4, and Ly-6G; all FITC; eBioscience) and progenitor cell markers,
ckit, CD16/CD32 (FcyRII/111), CD34, CD41 and anti-phospho-c-Cbl (Y700human/
Y698mouse; BD biosciences) or an isotype control for 30mins on ice. The cells were then
washed, resuspended in FACS buffer and run on an LSRII. Phosphorylated c-Cbl was
normalized against isotype control staining.

Immunofluorescence confocal microscopy

Statistics

MkPs collected by FACS from WT or Abcg4™~ BM cells were forced to attach to glass
slides by a brief spin in Cytospin. The cells were then fixed with 2% paraformaldehyde,
permeabilized with 1% Triton X-100 in PBS for 1 minute and incubated with 4% BSA in
PBS plus 0.1% saponin to block the non-specific binding sites. The diluted primary
antibodies against ABCG4 or cellular organelle markers (58K Golgi protein antibody,
Novus Biologicals; TGN38 antibody, BD Biosciences; c-MPL antibody, Sigma-Aldrich;
Lamp2 antibody, Novus Biologicals) were then added to incubate with the cells. After
washing, the fluorescent secondary antibodies were added. Where indicated, the washed
cells were counterstained with or without DAPI and examined with fluorescence confocal
microscope.

For aortic morphometric atherosclerotic lesion quantification and analysis, two-way
ANOVA was used. For comparison of one group with another, for instance the c-Cbl
phosphorylation time course as shown in Fig. 4A, t test was used. For comparison of various
treatments on different genotypes, one-way ANOVA was used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

BM ABCG4 deficiency increases platelet count and accelerates atherosclerosis and
thrombosis. LdIr~~ mice were transplanted with donor BM cells from WT, Abcgd "/,
Abcgl~/~ or Abcal™~Abcgl™~ mice and fed a WTD diet for 12 weeks. (a) Quantification
of proximal aortic root lesion area (individual and mean) by morphometric analysis of H&E-
stained sections. Scale Bar=50um. (b) Representative of LacZ stained proximal aortas from
mice receiving Abcal™~Abcgl ™/~ or Abcg4~/~ BM. Original magnification 40x. (c) Platelet
counts from mice receiving WT or Abcgd~/~ BM. Data are means + SEM (n=12),
representative result of 4 independent studies. (d) Cell surface CD11b levels of platelet-
associated Ly6C monocytes or neutrophils in WTD-fed LdIr~/~ mice transplanted with
WT or Abcgd™~ BM cells. (€) Plasma platelet-derived microparticle and (f) percentage
reticulated platelets levels in WTD-fed LdIr~/~ recipient mice. (g) Microthrombi formation
on collagen under shear flow with blood from WTD-fed Ldlr~/~ recipient mice. (h) FeCls
induced carotid artery thrombosis in vivo in WTD-fed LdIr~'~ recipient mice. Data are
means + SEM, * P<0.05 between genotypes. "P<0.05 between the basal and treatment.
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Figure 2.
Abcg4 is highly expressed in MkPs, regulating megakaryopoiesis and c-MPL levels. (a)

Abcg4 mRNA expression in various types of BM and peripheral white blood cells in WT
mice determined by g-PCR. (n=5). (b) Flow cytometry analysis of CD41!%/CD71* (ErP),
CD41*/CD71'° (MkP) and CD41!9/CD71!° (MEP) cells from the parent MEP population of
Fig. S4. (c) Abcg4 expression in MEPs and MKkPs as assessed by quantitative RT-PCR. (d)
ABCG4 protein expression in MKkPs assessed by immunofluorescence confocal microscopy.
The cells were stained with isotype control or anti-ABCG4 (green) and DAPI (nuclei, blue).
Scale bar=5um. (€) Confocal microscopy of WT MkPs immunostained with anti-ABCG4
(green), anti-58K Golgi or anti-TGN38 (red) and DAPI (blue). Scale bar=5um. (f)
Quantification of BM cell populations and (g) cell surface c-MPL levels of Ldlr~/~ recipient
mice fed WTD for 12 weeks (n=5). (h) MK-CFU assay using HPCs harvested by FACS
from WT or Abcg4 '~ mice. Scale bar=50um. (i) Platelet count in the WT and Abcgd—/~
mice (n=5) receiving a single dose of TPO (50ug/kg BW) or the vehicle control. Data are
means + SEM, *P<0.05 WT versus Abcg4 ™'~ groups and "P<0.05 for treatment effect.
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Figure 3.
ABCG4 deficiency decreases cholesterol efflux, increases membrane cholesterol content

and proliferation of MkPs. (a) Bodipy-cholesterol efflux from WT or Abcg4 ™~ MkPs to CD
(2 mM) or rHDL (20 pg /ml) for 2 hours (n=4). (b) Bodipy-cholesterol levels in WT or
Abcg4 '~ MkPs following CD/Bodipy-cholesterol loading (n=4). (c) Confocal fluorescence
microscopy of MkPs from WT and Abcg4~/~ mice incubated with CD/Bodipy-cholesterol
(green) and TO-PRO-3 (nuclei, blue). Scale bar=5um. (d) Confocal microscopy of WT and
Abcg4 =~ MKPs stained with fillipin (red) and DAPI (blue) and quantification. Scale bar=10
pum. (e) EdU incorporation into and (f) cell surface c-MPL of WT or Abcg4 '~ MKkPs were
determined by flow cytometry (n=4). Data are means + SEM, *P<0.05 WT versus Abcg4 "/~
groups and "P<0.05 for treatment effect.
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Figure4.

Increased MkP c-MPL and proliferation in ABCG4 deficiency involves altered activity of c-
CBL and LYN. Shown are results all from WT, Abcg4 ™'~ or Lyn™"~ MkPs (n=4). (a) c-CBL
phosphorylation in response to TPO was quantified by phosphor-flow cytometry.
Representative histograms before and after 10 mins of TPO. (b) Cell surface c-MPL levels
with or without MG132 treatment (10 uM) for 2 h in the presence of TPO. (c) c-CBL
phosphorylation 5 min after TPO treatment with or without pretreatment with CD (3 mM),
CD-chol (3 mM CD) for 30 min or rHDL (20 ug apoA-I/ml) for 2 hours. (d) c-CBL
phosphorylation with or without 5 min TPO treatment or SU6656 pretreatment (10 pg/ml for
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2 h). (e) Cell surface c-MPL levels on MkPs with or without TPO or SU6656 treatment for 2
h. (f) Tyrosine-phosphorylated c-CBL (5 min in response to TPO) or (g) cell surface c-MPL
(2 h TPO treatment) with or without pretreatment with CD-chol (3 mM CD) for 30 min. (h)
16 h EdU incorporation in the presence of TPO and with or without CD (3 mM), CD-Chol
(3 mM CD) pretreatment for 30 min or rHDL (20 ug/ml) for 16 h. (i) BM was isolated from
WTD-fed BMT Ldlr~/~ recipients and cell surface c-MPL levels quantified after treatment
with or without the LYN activator Tolimidone (10 uM) in the presence of TPO for 2 hours.
() p-ERK1/2, p-AKT and p-STAT-5 levels with or without TPO for 10 minutes. TPO was
30 ng/ml for all the assays shown. Data are means + SEM, *P<0.05 WT vs Abcgd ™~ TPO
and "P<0.05 for treatment effect.
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rHDL suppresses platelet production in an ABCG4-dependent fashion in vivo. WTD-fed
LdIr~'= recipient mice (n=5) received a single infusion of vehicle or rHDL (100 mg apoA-
I/kg BW). 5 days post infusion (a) platelet counts were determined using a hematology
analyzer. Flow cytometry was used to determine (b) abundance of BM MKkPs and (c) BM
MKP c-MPL experssion. (d) WT mice were transplanted with donor BM cells from WT

(n=10) or Abcg4~~mice (n=10), both transduced with MpI"W515L, Platelet counts were

monitored weekly and at 9 weeks post-transplant mice received two weekly infusions of
rHDL (100mg apoA-I/kg BW) or vehicle as indicated (n=5 per subgroup). Data are means +
SEM, *P<0.05 WT versus Abcgd '~ and ~P<0.05 for treatment effect. (e, f) Patients with
peripheral vascular disease received a single infusion of rHDL (80mg/kg BW) or placebo.
(e) Platelet counts were measured pre- and 5 days post-infusion. (f) Data is presented as
mean decrease in total platelets post-infusion (n=7/group). (g) Schematic model depicting

the involvement of ABCG4 in the regulation of c-MPL levels.
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