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Abstract

The daily production of billions of platelets must be regulated to avoid spontaneous bleeding or 

arterial occlusion and organ damage. Complex mechanisms control platelet production and 

clearance in physiological and pathological conditions. This review will focus on the mechanisms 

of platelet senescence with specific emphasis on the role of post-translational modifications in 

platelet life-span and thrombopoietin production downstream of the hepatic Ashwell-Morrell 

receptor.
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Platelet clearance

Multiple mechanisms mediate platelet clearance. One mechanism appears to function via 

aging (senescence) induced signals, i.e. via glycan degradation and apoptotic mechanisms. 

Platelets are also removed by immune responses, i.e. via antibody or T-cell dependent 

mechanisms. This review will focus on senescence related platelet clearance mechanisms via 

the hepatic Ashwell-Morell Receptor (AMR) leading to regulation of thrombopoietin (TPO), 

the primary regulator of thrombopoiesis [1], in hepatocytes.

Senescence-induced platelet clearance by the Ashwell-Morrell receptor

Changes in the glycan composition are one mechanism for inducing platelet clearance [2, 3]. 

Sialic acid (SA) depletion is one determinant for the removal of senescent circulating 

platelets [4]. SA loss is likely mediated by upregulation of sialidases, Neu1 and Neu3, which 

platelets express in granular compartments [5]. The sialidase inhibitor oseltamivir phosphate 

(Tamiflu®), which is clinically used to treat influenza, has also been shown to increase 

platelet counts in 2 patients with ITP, as well as in a large cohort of patients from the 

Erasmus Medical Center, Rotterdam, independently of influenza diagnosis [6–8]. These 

studies indicate that platelets may regulate their SA content and survival using intrinsic 
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sialidase activity. Our unpublished data show that injections of sialidase inhibitors into wild-

type mice increase platelet life-span, supporting the notion that endogenous sialidase activity 

mediates loss of SA by platelets leading to clearance.

The highly conserved hepatic Ashwell-Morell receptor (AMR), originally termed 

asialoglycoprotein receptor (ASGPR), is a transmembrane heteroligomeric glycoprotein 

complex composed of two ASGPR1 and one ASGPR2 subunits. Its expression is restricted 

to hepatocytes. The AMR is one of the multiple lectins of the C-type family involved in 

recognition, binding, and clearance of asialoglycoproteins. It was the first cellular receptor 

to be identified and isolated, and the first lectin to be detected in mammals. It has largely 

been regarded as an endocytic receptor responsible for the removal of circulating plasma 

glycoproteins or glycolipids lacking SA [9]. Surprisingly, mice lacking a functional AMR 

due to genetic deletion of either ASGPR1 or ASGPR2 subunits, showed no increase in 

circulating glycolipids or glycoproteins [9]. The physiological role of the AMR has therefore 

remained unclear since its discovery for four decades until recent studies demonstrated that 

the AMR is responsible for the clearance of platelets with reduced α2,3-linked SA, such as 

during sepsis, after cold storage (in vitro aging), or in mice lacking the sialyltransferase 

ST3GalIV [10–13].

These findings led subsequently to the discovery that clearance of senescent, SA-deprived 

platelets is mediated by the hepatic AMR. Furthermore, this removal drives mRNA 

expression of TPO in hepatocytes in vivo and in HepG2 cells in vitro to increase the 

numbers of platelet precursors, bone marrow megakaryocytes (MKs), and de novo platelet 

production [4]. TPO mRNA expression is regulated via phosphorylation and activation of 

the tyrosine kinase JAK2 and the acute phase response signal transducer and activator of 

transcription STAT3 downstream of the AMR.

The notion that loss of SA determines platelet life span is not novel [10, 11, 13–16], 

however, the recent study elucidates that aged, desialylated platelets regulate hepatic TPO 

mRNA production in vivo via the AMR. This feedback mechanism presents the AMR-

desialylated platelet pair as an important control point for TPO homeostasis and shows that 

TPO expression in hepatocytes is regulated and not constitutive, as previously believed 

(Figure 1). The detailed mechanisms will be discussed below.

TPO regulation

TPO is the primary regulator of platelet production, supporting the survival, proliferation 

and differentiation of the bone marrow MKs [1, 17, 18]. TPO, acting through its receptor, 

Mpl, is required for hematopoietic stem cell maintenance and megakaryopoiesis. Since the 

discovery of TPO many molecular mechanisms of thrombopoiesis have been identified, 

including the development of polyploidy and proplatelet formation, the final fragmentation 

of the MK cytoplasm to yield blood platelets, and the regulation of this process [17, 19–22].

One unanswered question is the regulation of TPO production under steady state and under 

pathologic conditions. Multiple organs display TPO mRNA transcripts, with hepatocytes 

having the highest levels and being the primary cells responsible for the production and 
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secretion of TPO into the bloodstream (Figure 1). TPO production has long been thought to 

be constitutive, with TPO plasma levels maintained solely by its uptake and metabolism by 

platelets and MKs [23–27]. TPO is taken up by platelets through Mpl-mediated endocytosis 

[20, 28]. Circulating TPO levels are elevated in patients with Congenital Amegakaryocytic 

Thrombocytopenia (CAMT), which is caused by germline Mpl mutations [29, 30], 

Thrombocytopenia-Absent Radius (TAR) syndrome [31],or acquired aplastic anemia [32, 

33]. In these cases, circulating TPO levels are inversely correlated to platelet counts. Thus, 

the removal and destruction of TPO released into the bloodstream depends on platelet and 

MK mass and Mpl surface expression (Figure 1).

This model is supported by mouse models recently generated to specifically lack Mpl 

(Mplfl/fl Pf4-Cre mice) or Mpl-regulatory proteins in MKs and platelets, i.e. the Mpl-

associated tyrosine kinase JAK2 (Jak2fl/fl Pf4-Cre mice) and the large endocytic GTPase 

dynamin 2 (Dnm2fl/fl Pf4-Cre mice), which plays a critical role in Mpl endocytosis and 

JAK2 signaling [20, 34, 35]. Mplfl/fl Pf4-Cre mice and Jak2fl/fl Pf4-Cre mice display 

profound megakaryocytosis and thrombocytosis with a remarkable expansion of MK-

committed and multipotential progenitor cells, which normally express Mpl and JAK2 

respectively. Multipotential progenitor cells display biological responses and a gene 

expression signature indicative of chronic TPO overstimulation as the underlying causative 

mechanism [34, 35]. This is an intriguing finding as Mplfl/fl Pf4-Cre mice and Jak2fl/fl Pf4-
Cre mice are obviously able to “bypass” the respective lack of Mpl and JAK2 in the MK 

lineage. The studies conclude that TPO signaling in MKs is dispensable for platelet 

production, and that the key role of TPO signaling is in controlling platelet numbers via 

generation and stimulation of the bipotential MK precursors. On the other hand, Mpl 

expression in MKs and platelets is essential to prevent megakaryocytosis and 

myeloproliferation by restricting the amount of TPO available to stimulate the production of 

MKs from the progenitor cell pool. Even more surprising was the normal circulating TPO 

levels in these mice, presenting more evidence that circulating TPO levels are regulated in a 

complicated manner.

Dnm2fl/fl Pf4-Cre mice have impaired Mpl-mediated endocytosis, resulting in elevated 

plasma TPO levels and constitutive phosphorylation of JAK2, although JAK2 expression is 

reduced in Dnm2fl/fl Pf4-Cre platelets [20]. Dnm2fl/fl Pf4-Cre mice develop MK 

hyperplasia, myelofibrosis, extramedullary hematopoiesis, and severe and rapid (<3 weeks) 

splenomegaly. However, Dnm2fl/fl Pf4-Cre mice develop macrothrombocytopenia, not 

thrombocytosis, as DNM2 plays an additional critical role in the formation of the MK 

demarcation membrane system required for platelet formation. The low blood platelet 

numbers of Dnm2fl/fl Pf4-Cre mice and their inability to clear circulating TPO likely 

exacerbate their severe myelofibrosis phenotype.

A growing body of evidence lends credence to the assertion that platelet TPO metabolism is 

not the sole determinant of plasma TPO levels in humans. In contrast to the “autoregulation” 

model of blood TPO levels described above, serum TPO levels are lower than expected in 

patients with Immune Thrombocytopenia (ITP) [36, 37], and high in patients with Essential 

Thrombocythemia (ET) [38, 39]. In patients with thrombocytopenia little of the hepatocyte 

produced TPO is presumed to be removed by platelets and TPO blood levels rise. In 

Hoffmeister and Falet Page 3

Thromb Res. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contrast, thrombocytosis should be accompanied by low steady-state levels of blood TPO, 

because platelet-mediated TPO destruction surpasses its production [23–27]. However, Mpl 

expression levels on the membrane surface of platelets are strongly decreased in patients 

with ET presenting the somatic JAK2 mutation V617F [40, 41], which can explain 

decreased TPO uptake and high circulation TPO levels.

The notion that TPO production is regulated, rather than autonomous, is further supported 

by data showing that marrow stromal cells produce TPO in response to thrombocytopenia 

both in mice and in humans [42, 43]. Selective liver irradiation in mice stimulates hepatic 

TPO production [44]. Further, in addition to marrow stromal cell TPO production, a number 

of inflammatory states, e.g. ulcerative colitis, rheumatoid arthritis, ovarian cancer, are 

associated with increased blood TPO levels and thrombocytosis [38, 42, 45–52]. This 

inflammation-induced increase in TPO expression is mediated by interleukin 6 (IL-6), which 

stimulates hepatic TPO mRNA expression and production both in hepatocytes in vivo and in 

HepG2 and Hep3B cells in vitro [49–51, 53, 54]. If hepatic TPO regulation by IL-6 is now 

well characterized, the ligand-receptor pair regulating hepatic TPO production at steady-

state has remained elusive. The new model detailed below furthers our understanding of the 

regulation of blood TPO levels and thrombopoiesis: desialylated, senescent platelet 

clearance via the hepatic AMR enhances hepatic TPO production (Figure 1).

The AMR-IL-6R connection

Interestingly, the AMR signaling cascade shares similarities with that of IL-6, as it involves 

JAK2 and STAT3 tyrosine phosphorylation and STAT3 translocation to the nucleus (Figure 

2) [4, 55]. Binding of IL-6 to its hepatic receptor, IL-6R/gp80, engages the signal 

transducing subunit gp130, leading to STAT3 tyrosine phosphorylation and activation by 

gp130-associated JAK1, and to a lesser extent JAK2. Thus, both desialylated platelets and 

IL-6 lead to STAT3-mediated hepatic TPO mRNA expression downstream of the AMR-

JAK2 and IL-6R-JAK1 signaling cascades, respectively.

Importantly, disruption of AMR-desialylated platelet signaling by the JAK1/2 inhibitors 

adversely affects hepatic TPO mRNA expression and secretion in mouse hepatocytes in vivo 
and in human HepG2 cells in vitro [4]. Thrombocytopenia is a common adverse event of 

JAK1/2 inhibitor treatment, which is clinically used in myeloproliferative neoplasms 

(MPNs) [56, 57]. JAK1/2 inhibitors target hematopoietic stem and precursor cell mutant 

JAK2-V617F as well as wild-type JAK2, activation of which is essential for red blood cell 

and platelet production [58, 59]. This new study indicates that inhibition of TPO production 

downstream of the hepatic AMR-JAK2 signaling cascade could additionally contribute to 

the thrombocytopenia associated with JAK1/2 treatment. Clinical studies are necessary to 

investigate this notion, particularly to determine whether MPN patients treated with JAK1/2 

inhibitors have low circulating TPO levels.

Hepatic STAT3 controls the transcription of mRNA for acute phase plasma proteins [60]. It 

is therefore tempting to speculate that acute phase proteins are produced in response to 

AMR ligation, which would establish clearance of desialylated platelets as a component of 

the acute phase response. Consistent with this hypothesis, the AMR-mediated removal of 
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desialylated platelets improves the probability of host survival during sepsis [9]. Separate 

studies have shown that liver regeneration following injury is promoted by platelets [61] and 

requires AMR and hepatic STAT3 function [62]. Thus, the platelet-AMR-JAK2-STAT3 

signaling cascade may connect desialylated platelet to inflammatory responses.

Conclusion

Recent evidence shows that the hepatic AMR recognizes senescent, desialylated platelets 

under steady-state conditions. Desialylated platelets and the AMR are the physiological 

ligand-receptor pair regulating hepatic TPO mRNA production, as AMR-mediated removal 

of desialylated platelets regulates hepatic TPO synthesis by recruiting JAK2 and STAT3 to 

increase thrombopoiesis. Further studies will continue to elucidate the mechanisms 

regulating billions of platelets that are produced and cleared daily.
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Figure 1. Scheme of hepatic TPO production via JAK2-STAT3 signaling after desialylated 
platelet uptake by the AMR
Bone marrow megakaryocytes produce and release young sialic acid (purple ring)-

containing platelets into the blood stream. Young platelets maximally internalize TPO via 

Mpl-mediated endocytosis. Circulating platelets become desialylated by active blood-borne 

sialidases as they age (dashed purple ring) and are recognized by the hepatic AMR. 

Desialylated platelet ingestion signaling positively stimulates hepatic TPO mRNA 

expression via JAK2-STAT3 activation, releasing TPO into plasma, thereby regulating bone 

marrow homeostasis and thrombopoiesis.
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Figure 2. Comparison between the AMR and IL-6R signaling pathways to hepatic TPO mRNA 
expression
Binding of desialylated platelets to the hepatic AMR composed of one ASGPR2 and two 

ASGPR1 subunits activates JAK2. IL-6 binding to its hepatic receptor composed of one 

gp80 and two gp130 subunits activates gp130-associated JAK1, and to a lesser extent JAK2. 

Both JAK1 and JAK2 phosphorylate STAT3, resulting in its translocation to the nucleus 

where it stimulates mRNA expression of TPO and acute phase response proteins. It is 

unclear whether JAK2 directly associates with ASGPR1 and whether STAT3 directly binds 

to the TPO promoter.
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