
Increased phospho-mTOR expression in megakaryocytic cells
derived from CD34+ progenitors of essential thrombocythaemia
and myelofibrosis patients

The mammalian target of rapamycin (mTOR) is a serine/

threonine kinase that forms different multiprotein complexes

with diverse subunit compositions, downstream substrates

and biological effects (Ma & Blenis, 2009). As mTOR is a

key regulator of cell growth and metabolism, its improper

activation has been previously linked to carcinogenesis

(Meric-Bernstam & Gonzalez-Angulo, 2009).

Polycythaemia vera (PV), essential thrombocythaemia

(ET) and primary myelofibrosis (PMF) are BCR-ABL1-nega-

tive myeloproliferative neoplasms (MPNs). ET is character-

ized by megakaryocytic bone marrow hyperplasia and a

sustained elevation of platelet count with a tendency for

thrombosis and haemorrhage (Levine & Gilliland, 2008).

PMF can arise ‘de novo’ or evolve from PV or ET. In PMF,

the abnormal proliferation of an aberrant clone eventually

leads to the replacement of the normal bone marrow with

connective tissue fibres (Tefferi & Vainchenker, 2011). As the

molecular culprit(s) of these disorders still need(s) to be

elucidated, current treatment options are not curative and

have yet to produce clear benefits in terms of increasing

overall survival (Tefferi & Vainchenker, 2011).

Mammalian target of rapamycin is a pivotal downstream

target of the thrombopoietin receptor (Drayer et al, 2006).

Thus, it is not surprising that several studies have previously

demonstrated critical contributions of mTOR signalling in

the proliferation and differentiation of normal megakaryocyte

(MK) cultures (Drayer et al, 2006; Raslova et al, 2006). How-

ever, the role of mTOR in the megakaryopoiesis of ET and

PMF cells remains to be investigated. As thrombocytosis is a

common clinical feature of both ET and PMF, we wanted to

establish whether mTOR activation was involved in the

increased platelet counts observed in these MPNs.

To this end, CD34-positive (CD34+) progenitors were

employed to reproduce the different stages of human MK

differentiation that generate morphologically and function-

ally mature platelets (Guerriero et al, 1995; Deutsch &

Tomer, 2006). After acquiring informed consent, human

CD34+ cells were isolated from healthy donors, ET and

PMF patients using the midi-MACS immunomagnetic

separation system (Miltenyi Biotec, Auburn, CA, USA)

obtaining a >90% pure cell population. Megakaryocytic

differentiation was then induced by growing these cells for

14 d in serum-free medium in the presence of bovine

serum albumin, insulin, human transferrin, human low-den-

sity lipoprotein, and 100 ng/ml thrombopoietin (PeproTech,

London, UK).

The expression of the CD34 and CD61 surface markers

was evaluated by flow cytometry, collecting cells at different

time-points (days 0, 3, 12) and using a fluorescein isothiocy-

anate-labelled anti-CD34 antibody and an anti-CD61 anti-

body bound to phycoerythrin (Miltenyi Biotec). A gradual

decrease in the CD34 signal associated with increased expres-

sion of the MK-specific CD61 marker confirmed the purity

of the initial population and its progressive megakaryocytic

differentiation (Figure S1A). Morphological observations

after May–Grunwald Giemsa staining (Sigma, St Louis, MO,

USA) correlated with the flow cytometry data, showing large

polynucleated MK cells after 12 d of culture (Figure S1B).

A unilineage system was subsequently employed to establish

if MK cells isolated from patients with ET or PMF expressed

higher levels of phosphorylated mTOR (p-mTOR) when com-

pared to healthy individuals. We initially performed an immu-

nofluorescence (IF) analysis in which cells were stained with

an anti-p-mTOR (recognizing serine 2448) antibody (Cell Sig-

naling, Danvers, MA, USA) after 3 and 12 d of culture. While

we found no differences in mTOR phosphorylation after 3 d

(Fig 1A, top panels), p-mTOR was increased in MKs from ET

and PMF patients obtained after 12 d of culture (Fig 1A, bot-

tom panels), but not in cells derived from healthy donors. To

quantify the qualitative differences detected by IF, we analysed

mTOR phosphorylation by flow cytometry, evaluating the x-

fold increase in median fluorescence intensity over the isotype

control (D’Asaro et al, 2010). This analysis confirmed higher

p-mTOR expression in ET and PMF-derived MKs generated

after 12 d of culture (Fig 1B).

To further confirm these data, we performed an anti-p-

mTOR immunohistochemical analysis on 35 bone marrow

specimens derived from patients diagnosed with ET (n = 14)

or PMF (n = 21). Three micrometre-thick sections were

incubated with the same anti-p-mTOR antibody employed

for the IF analyses. We found higher p-mTOR expression in

34 of 35 bone marrow samples as compared to the mostly

negative staining observed in healthy individuals (Fig 2).

The present study provides the first comparison of

p-mTOR expression in MK cells derived from the CD34+
progenitors of healthy donors, ET and PMF patients. Recent

evidence suggests that targeting mTOR with the oral

inhibitor everolimus may be clinically useful for patients
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developing PMF. Indeed, 25% of PMF patients successfully

normalized their platelet counts while on everolimus

(Guglielmelli et al, 2011). Our findings provide a mechanistic

rationale for these results, demonstrating increased mTOR

phosphorylation during the megakaryocytic differentiation of

ET and PMF progenitors, and confirming a role for mTOR

targeting in individuals affected by these MPNs.
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Fig 1. Increased p-mTOR expression during MK differentiation of CD34+ cells isolated from ET and PMF patients. (A) Immunofluorescence ana-

lysis of p-mTOR expression in CD34+ progenitors of healthy controls (HC), essential thrombocythaemia (ET) and primary myelofibrosis (PMF)

patients during MK differentiation (days 3 and 12). Cells were harvested at the specified times, fixed and stained with an anti p-mTOR (green)

antibody. DNA (blue) was coloured using 4′6-diamidino-2-phenylindole (Sigma). (B) mTOR phosphorylation analysis by flow cytometry. Cells,

collected after the indicated days of culture, were stained for p-mTOR and subsequently incubated with a fluorescein isothocyanate (FITC)-

conjugated secondary antibody. Experiments were analysed using the FACSAria II flow cytometer (Becton-Dickinson, Franklin Lakes, NJ).
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Fig S1. Flow-cytometric and morphological evaluation of

MK cultures derived from CD34+ progenitors of healthy

donors, ET or MF patients.

Please note: Wiley-Blackwell are not responsible for the

content or functionality of any supporting materials supplied

by the authors. Any queries (other than missing material)

should be directed to the corresponding author for the

article.

Fig 2. Increased p-mTOR expression in immunohistochemical analyses performed on bone marrow samples of ET and PMF patients. Immuno-

histochemical analysis of p-mTOR expression in formalin-fixed paraffin-embedded bone marrow samples from healthy controls (HC) and

essential thrombocythaemia (ET, n = 14) and primary myelofibrosis (PMF, n = 21) patients. Slides were incubated with the previously indicated

p-mTOR antibody and counterstained with haematoxylin. Each slide was scored by two pathologists blinded to the patient’s characteristics.

Staining was defined as cytoplasmic localization above background level and scored as follows: A = weak; B = moderate; C = strong. The

absence of cytoplasmic staining was reported as negative. Percentage of stained cells was assessed as follows: 1 = 1–25%; 2 = 25–50%;

3 = >50%.
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