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Summary

Aberrant JAK2 signalling plays an important role in the aetiology of myeloproliferative neoplasms 

(MPNs). JAK2 inhibitors, however, do not readily eliminate neoplastic MPN cells and thus do not 

induce patient remission. Further understanding JAK2 signalling in MPNs may uncover novel 

avenues for therapeutic intervention. Recent work has suggested a potential role for cellular 

cholesterol in the activation of JAK2 by the erythropoietin receptor and in the development of an 

MPN-like disorder in mice. This study demonstrates for the first time that the MPN-associated 

JAK2-V617F kinase localizes to lipid rafts and that JAK2-V617F-dependent signalling is 

inhibited by lipid raft disrupting agents, which target membrane cholesterol, a critical component 

of rafts. We also show for the first time that statins, 3-hydroxy-3-methyl-glutaryl coenzyme A 

(HMG-CoA) reductase inhibitors, widely used to treat hypercholesterolaemia, induce apoptosis 

and inhibit JAK2-V617Fdependent cell growth. These cells are more sensitive to statin treatment 

than non-JAK2-V617F-dependent cells. Importantly, statin treatment inhibited erythropoietin-

independent erythroid colony formation of primary cells from MPN patients, but had no effect on 

erythroid colony formation from healthy individuals. Our study is the first to demonstrate that 

JAK2-V617F signalling is dependent on lipid rafts and that statins may be effective in a potential 

therapeutic approach for MPNs.
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Somatic mutations in the gene encoding the JAK2 tyrosine kinase are prevalent in 

myeloproliferative neoplasms (MPNs) (Baxter et al, 2005; James et al, 2005; Kralovics et 

al, 2005; Levine et al, 2005; Zhao et al, 2005; Scott et al, 2007), a group of haematopoietic 

stem cell diseases characterized in part by expansion of one or more lineages in the myeloid 

compartment (Levine et al, 2007). Classical MPNs include polycythaemia vera (PV), 

essential thrombocythaemia (ET), and primary myelofibrosis (PMF). Patients with PV have 

a defect in the erythroid lineage, leading to overproduction of red blood cells (RBCs). The 

main cellular defect in ET lies within the thrombocytic lineage, resulting in an 

overproduction of platelets. In PMF, excessive blood cell formation in the bone marrow 

results in fibrosis of the bone marrow, which can impede proper haematopoiesis (Levine et 

al, 2007). A recurrent activating mutation in JAK2, JAK2-V617F is found in c. 95% of PV 

patients and about 50% of ET and PMF patients (Oh & Gotlib, 2010). Some JAK2-V617F-

negative MPN patients exhibit other mutations that alter JAK2 signalling. These include 

exon 12 mutations of JAK2, mutations of cytokine receptors that signal through JAK2, and 

mutations of other proteins that regulate JAK2 function. Importantly, many of these 

mutations can initiate an MPN-like syndrome in mouse models (Oh & Gotlib, 2010). 

Collectively, these data suggest that JAK2 dysregulation contributes to MPN formation.

While JAK2 inhibitors have had significant success in recent clinical trials due to their 

ability to reduce constitutional symptoms and thus relieve suffering of patients, they have 

not readily reduced the allele burden and thus do not induce remission in patients (Scherber 

& Mesa, 2011; Tefferi, 2012). Thus, alternative therapeutic approaches that enhance 

neoplastic cell killing are still needed for MPN patients. Further understanding the 

regulation of JAK2 signalling in MPN cells may uncover additional sites of potential 

therapeutic intervention that may be effective at treating MPNs.

JAK2 normally functions in signal transduction initiated by cytokine receptor activation. 

JAK2 associates with cytokine receptors and becomes activated following cytokine receptor 

stimulation by ligand (Jatiani et al, 2010). Cytokine binding to its receptor causes a 

conformational change in receptor-associated JAK2 proteins, which then trans-

phosphorylate each other leading to their full activation (Lu et al, 2008). Activated JAKs 

then phosphorylate the cytokine receptor, creating binding sites for downstream mediators 

like signal transducer and activator of transcription (STAT) molecules. STATs are then 

phosphorylated on tyrosines by activated JAKs (Jatiani et al, 2010). Phosphorylated STATs 

function as transcription factors, promoting expression of genes involved in growth, 

survival, differentiation, etc. In the case of JAK2-V617F, the phenylalanine to valine 

substitution at amino acid residue 617, allows for dysregulated kinase activity through loss 

of an autoregulatory function of the pseudokinase domain (Lee et al, 2009). This mutation 

effectively leaves JAK2 primed for activation by circumventing the need for a 

conformational change of the kinase induced by cytokine receptor stimulation. However, 

even though JAK2-V617F does not require cytokine stimulation to be activated, a cytokine 

receptor is still necessary for JAK2-V617F-mediated signalling and cell transformation (Lu 

et al, 2005, 2008). Thus, it is thought that cytokine receptors provide a scaffolding function 

for JAK2-V617F-initiated signalling.
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Erythropoietin receptor (EpoR) uses JAK2 to transduce signals initiated by erythropoietin 

(Epo) to promote RBC production (Witthuhn et al, 1993). We have recently shown that 

wild-type EpoR/JAK2 signalling requires lipid rafts (McGraw et al, 2012). Lipid rafts are 

microdomains of the plasma membrane that are enriched in cholesterol and sphingolipids 

(Galbiati et al, 2001). These microdomains are more rigid than the majority of the plasma 

membrane and have been shown to function in membrane trafficking, cytoskeletal 

arrangement (Simons & Ikonen, 1997), virus entry (Scheiffele et al, 1999; Waheed & Freed, 

2009), and cellular signalling (Simons & Toomre, 2000). Protein compartmentalization in 

membrane rafts facilitates protein interactions that regulate signal transduction activation, 

especially for some receptor-initiated signals at the cell surface (Simons & Toomre, 2000).

While we have shown that wildtype EpoR/JAK2 signalling requires membrane rafts for 

proper signalling (McGraw et al, 2012), the role of cholesterol and membrane rafts in 

pathological signalling by JAK2-V617F in MPNs has never been reported, and this is what 

we explored in this study. We show for the first time that JAK2-V617F is localized to lipid 

rafts and JAK2-V617F-dependent signalling requires membrane cholesterol. By utilizing 

JAK2-V617F-dependent MPN model cell lines as well as primary cells from JAK2-V617F-

positive MPN patients, we also show that JAK2-V617F-mediated transformation is sensitive 

to statins, inhibitors of the cholesterol-producing mevalonate pathway. Our data showing the 

requirement of cholesterol for JAK2-V617F-mediated signalling and the sensitivity of MPN 

cells to statins suggests that statins could potentially be incorporated into a therapeutic 

strategy for MPNs.

Materials and methods

Immunofluorescence studies

HEL cells were treated with 10 mmol/l methyl-β-cyclodextrin (MBCD; Sigma-Aldrich, St 

Louis, MO, USA) for 30 min at 37°C and 5% CO2. Cells (2 × 106) were washed with 

chilled RPMI medium supplemented with 10% fetal bovine serum (FBS), followed by a 10-

min incubation with 1 μg/ml cholera toxin B (CTB)-conjugate (Vybrant Lipid Raft Labeling 

Kit, Life Technologies, Carlsbad, CA, USA) in chilled RPMI/10% FBS for 10 min at 4°C. 

Cells were washed three times with chilled phosphate-buffered saline (PBS). For 

experiments in which Imgenex Corp. (San Diego, CA, USA) JAK2 antibody was utilized, 

anti-CTB antibody (Vybrant Alexa Fluor 594 Lipid Raft Labeling kit, component B) was 

then added for 10 min at 4°C. Cells (2·5–5 × 104) were cytospun onto glass microscopes 

slides, fixed using Cytofix Fixation Buffer (BD Biosciences, San Jose, CA, USA) for 10 min 

at 37°C and washed with room temperature (RT) PBS. Cells were then permeabilized for 5 

min using 2 drops of 0·5% Triton X-100 in PBS. Slides were washed using RT PBS and 

subsequently blocked with 2% BSA in PBS for 30 min at RT and washed with RT PBS. 

Primary antibody incubation followed, using a 1:200 dilution (in 2% BSA/PBS) for JAK2 

(D2E12, Cell Signaling Technology Inc., Boston, MA, USA) or (IMG-3007, Imgenex, 

Corp.) overnight at 4°C. Slides were washed with RT PBS. Secondary antibody for JAK2 

ensued using Alexa® Fluor 488 goat-anti-rabbit (Life Technologies, #A11008) at 1:500 

dilution (in 2% BSA/PBS) for 1 h at RT for the JAK2 (Cell Signaling Technology Inc.) 

primary, or DyLight 488 Conjugate donkey-anti goat secondary antibody (705-486147, 
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Jackson Immunoresearch Laboratories, West Grove, PA, USA) at a 1:500 dilution for JAK2 

(Imgenex, Corp.) primary. Slides were washed with RT PBS. Mounting media (ProLong® 

Gold antifade reagent with DAPI, Life Technologies ) was added to each slide and covered 

with a cover slip. Confocal microscopy with a Leica TCS SP5 AOBS laser scanning 

confocal microscope (Leica Microsystems, Mannheim, Germany) was used to image cells as 

previously described (McGraw et al, 2012). Definiens Developer version 1.5 (Definiens AG, 

Munich, Germany) was used to perform Pearson’s Correlation analysis for colocalization 

between lipid raft and JAK2 staining on an average of 102 cells per image of four or five 

images per sample. Briefly, the software was used to first segment lipid raft staining areas 

within each cell and then perform the colocalization analysis on each pixel within these 

areas.

Detergent-resistant membrane (DRM) isolation

SET-2 cells (12·5 × 106) were washed 3 times with chilled PBS and lysed in 250 μl of 

0·75% Triton X-100 in TNE (25 mmol/l Tris pH 7, 150 mmol/l EDTA, 1 mmol/l 

dithiothreitol, 150 mmol/l NaCl) plus protease and phosphatase inhibitors (1 mmol/l sodium 

vanadate, 10 μg/ml leupeptin, 2 mmol/l sodium pyrophosphate, 2 μg/ml aprotinin, 1 mmol/l 

phenylmethylsulfonyl fluoride) and incubated on ice for 5 min. Cell lysate was sonicated 

three times for 10 s each (FS60 Fisher Scientific Sonicator, Thermo Scientific, Suwanee, 

GA, USA). Lysate (200 μl) was added to 400 μl of 60% OptiPrep™ (Sigma-Aldrich ) in 

TNE buffer, and this mixture was loaded into ultra clear ultracentrifuge tubes. Lower density 

OptiPrep™ solutions were loaded on top of 40% layer in decreasing order, 35%, 30%, 25%, 

20% and 0%, final volume of 600 μl per layer. Samples were spun at 20 000 × g for 20 h at 

4°C (Beckman Coulter Optima L-90K ultracentrifuge). Fractions (600 μl) were then 

removed from top to bottom of each gradient.

GM1 dot blots

Aliquots (5 μl) of each gradient fraction were dotted on nitrocellulose membrane, allowed to 

dry, and the membrane was washed with PBS. Membranes were blocked in 5% non-fat dry 

milk/PBS for 30 min at RT. GM1 detection in dot blots was performed using horseradish 

peroxidase conjugated CTB (Sigma-Aldrich, C3741) at a 1:10 000 dilution in 5% non-fat 

dry milk/PBS, and incubated overnight at 4°C. Dot blots were washed 3 times with 0·3% 

Tween-20/PBS and developed with ECL Plus (Thermo Scientific ).

Immunoblotting

For DRM experiments, 50 μl of fractions were analysed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). For signalling studies, 2–5 × 106 cells 

were washed with chilled PBS and lysed in lysis buffer (25 mmol/l Tris, pH 7·4, 150 mmol/l 

NaCl, 25 mmol/l NaF, 1% Triton X-100, plus protease and phosphatase inhibitors). Lysed 

cells were centrifuged at 14 500 × g for 5 min at 4°C. Protein concentration was determined 

using Pierce BCA reagent (Thermo Scientific) and lysates run on SDS-PAGE. Primary 

antibodies utilized for immunoblotting included: JAK2 (Cell Signaling Technology Inc., 

#3230), phospho-(P-) JAK2 (pY-1007/1008; Santa Cruz Biotechnology, Santa Cruz, CA, 

USA, sc-16566), P-STAT5 (pY694; BD Biosciences, #611964), STAT5 (Santa Cruz 
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Biotechnology, sc-835), Hsp90 (Santa Cruz Biotechnology, sc-7947), P-ERK (pT202/Y204; 

Cell Signaling Technology Inc., #4370), ERK (Santa Cruz Biotechnology, sc-93), P-AKT 

(pS473; Cell Signaling Technology Inc., #4060), AKT (Santa Cruz Biotechnology, 

sc-8312), and Flotillin-1 (Cell Signaling Technology Inc., #3253). Secondary antibodies 

were from Thermo Scientific. Immunoprecipitation experiments were done using JAK2 

antibodies (Cell Signaling Technology Inc., #3230) and Protein-A agarose (Thermo 

Scientific). All blots were developed using West Pico Chemilluminescence, ECL Plus, or 

Super Signal West Femto Chemilluminescence (Thermo Scientific).

Cell growth curves

HEL or SET-2 cells were plated at 0·15 or 0·2 × 106 cells/ml and treated with dimethyl 

sulfoxide (DMSO) or simvastatin (Sigma-Aldrich, #S6196 ). DMSO content was kept 

constant at 0·1% for all samples. Total cells and viability were determined by trypan blue 

exclusion.

Annexin V staining

HEL cells (1 × 106) were treated with 1 or 5 μmol/l simvastatin for 24 and 48 h. Cells were 

washed with PBS and resuspended in 100 μl 5% BSA in PBS. Fifty μl of cells were added to 

50 μl 2× Annexin V Binding Buffer (BD Biosciences ) and 11 μl staining solution (8 μl of 

10ug/ml propidium iodide (BD Biosciences) plus 3 μl Annexin V-fluorescein isothiocyanate 

(FITC) (BD Biosciences). Cells and staining solution were incubated for 15 min at RT, 

followed by addition of 300 μl of 1× Annexin V Binding Buffer. Samples were analysed by 

flow cytometry.

Cholesterol measurement

Cells (2 × 106) were treated with 1 or 5 μmol/l simvastatin for 96 h. Non-viable cells were 

removed by ficoll centrifugation. Cholesterol was measured using Amplex Red Cholesterol 

Assay kit (Life Technologies ), per manufacturer’s directions. Fluorescence was measured 

on a Synergy HT fluorometer (Bio Tek Inc., Winooski, VT, USA) using 560/590 excitation/

emission settings.

Colony formation assay

Peripheral blood mononuclear cells (MNCs) were isolated by ficoll separation. Cells (0·5–1 

× 105) were then plated in methylcellulose containing recombinant human (rh) stem cell 

factor, rh interleukin 3, and rh granulocyte-macrophage colony-stimulating factor (Stem Cell 

Technologies, #H4534), with DMSO (0·1%) or 5 μmol/l simvastatin. For healthy controls, 

Epo was included at 3 u/ml. Cells were incubated for 12 d at 37°C with 5% CO2. Erythroid 

burst-forming unit (BFU-E) colonies were enumerated. All patients samples were obtained 

and utilized under informed consent through a Moffitt Cancer Center Scientific Review 

Committee approved protocol.
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Results

JAK2-V617F co-localizes with lipid rafts

HEL and SET-2 cells are widely used as MPN model cell lines to study JAK2-V617F-

mediated transformation in MPNs. Each of these patient-derived cell lines expresses 

endogenous JAK2-V617F and requires this activated JAK2 for growth (Walz et al, 2006; 

Jedidi et al, 2009). We first assessed if JAK2-V617F co-localized with lipid rafts in cells by 

utilizing immunofluorescence. We stained HEL cells, which are homozygous for JAK2-

V617F (Quentmeier et al, 2006), for GM1 ganglioside (red fluorescence), a lipid raft-

associating lipid and JAK2 (green fluorescence) and used single z plane images from 

confocal microscopy to visualize localization. Yellow in HEL cell images represented green 

and red fluorescence overlap, suggesting JAK2 co-localization with lipid rafts (Fig 1A). The 

lipid raft disrupting agent MBCD acts by binding to cholesterol and removing it from the 

membrane (Ostermeyer et al, 1999). When HEL cells were treated with MBCD and stained 

for JAK2 and lipid rafts, single z plane images from confocal microscopy showed disruption 

of red staining, indicative of lipid raft disruption and thus confirming our raft staining (Fig 

1A). To reduce the possibility of false-positive staining, we used a second JAK2 antibody 

and obtained similar results (Fig 1B). To ensure the antibodies used in staining JAK2 in Fig 

1A and 1B were specific for JAK2, we immunoblotted HEL cell lysates with the same JAK2 

antibodies (Cell Signaling Technology, Inc. used in Fig 1A and Imgenex, Corp. in Fig 1B). 

Only a single band at the expected molecular weight for JAK2 (c. 125 kDa) was detected, 

demonstrating the JAK2 specificity of the antibodies (Fig 1C). These same two JAK2 

antibodies were also used in a recent study that utilized immunofluorescence to study JAK2 

subcellular localization in MPN cells (Dawson et al, 2009).

We next employed a second method to detect the presence of JAK2V617F protein in lipid 

rafts. Lipid rafts are resistant to Triton X-100 solubilization and are referred to as DRMs 

because of these properties. They can be isolated by ultra-centrifugation based on their 

differential buoyant density compared to other membranes and cellular constituents (Simons 

& Toomre, 2000). We utilized an iodixanol gradient to isolate DRMs from Triton X-100 

solubilized SET-2 whole cell lysate. After centrifugation, fractions were removed from the 

top of the gradient, resulting in lower density fractions being present in the lower numbered 

fractions. Equal volumes of each fraction were analysed by dot blot analysis to identify the 

fractions containing the resident raft lipid marker GM1 ganglioside (Fig 2A). GM1 was 

detected predominantly in fraction 2, as well as in fractions 3, 5, and 6. Separation of GM1 

between fractions 3 (lower buoyant density) and 5 (higher buoyant density) suggests that 

DRMs separated from the whole cell lysate (fractions 5 and 6), and identifies the lower 

buoyant density fractions as raft-containing fractions (fractions 2 and 3) (Fig 2A). We then 

analysed each fraction by immunoblotting for JAK2. Although the majority of JAK2 was 

present in the lower/cell lysate fraction (fraction 6), JAK2 was detectable in the raft fraction 

(fraction 2) in the untreated SET-2 cells (Fig 2C). A resident raft protein, Flotillin-1 was 

primarily detected in fraction 2, supporting our raft fraction designation. However, when 

SET-2 cells were treated with MBCD, JAK2 was no longer found in the lower buoyant 

density fraction 2, but solely in the higher buoyant density non-raft fractions (higher 

numbered fractions), suggesting that raft disruption by MBCD altered JAK2 protein 
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localization (Fig 2C). MBCD treatment also shifted the raft marker Flotillin-1 from raft 

fractions to higher density buoyant fractions (higher fraction numbers), demonstrating 

effective disruption of lipid rafts (Fig 2C). Based on our immunofluorescence and DRM 

isolation data, we conclude that JAK2-V617F can be detected in lipid rafts, and the lipid 

raft-disrupting agent, MBCD, can abrogate this sub-cellular localization.

Lipid raft disrupting agents downregulate JAK2/STAT5 activation in JAK2V617F-
dependent cell lines

Because JAK2-V617F localization in lipid rafts was abrogated by the raft-disrupting agent, 

MBCD, we next investigated the effect lipid raft disrupting agents had on signalling induced 

by JAK2-V617F. To test this we treated the JAK2-V617F-dependent patient-derived cell 

lines HEL, SET-2, and Uke1 with lipid raft disrupting agents, which function by affecting 

membrane cholesterol. These cell lines express JAK2-V617F and JAK2 signalling, 

including STAT5 activation, is dependent on JAK2-V617F (Jedidi et al, 2009). MBCD 

treatment of HEL cells decreased P-JAK2 as shown by immunoblotting for P-JAK2 in total 

cell lysates (Fig 3A) and in JAK2 immunoprecipitations (Fig 3A, right panel). Activation/

phosphorylation of STAT5 was effectively eliminated by MBCD treatment. Additionally, 

MBCD treatment resulted in a marginal decrease in P-Akt, another downstream effector of 

JAK2-V617F activity, in HEL cells (Fig 3A). Similar results were seen in SET-2 cells where 

MBCD treatment significantly decreased P-JAK2, P-STAT5, and P-Akt (Fig 3A). Likewise, 

MBCD treatment decreased P-STAT5 and P-Akt levels in Uke1 cells (Fig 3A). To test the 

effect of lipid raft disruption in a non-JAK2-V617F transformed myeloid cell line, we 

treated K562 cells, which display constitutive JAK2/STAT5 signalling due to the activated 

BCR-ABL1 tyrosine kinase, with MBCD. MBCD treatment did not significantly affect 

activation of JAK2 or STAT5 in K562 cells (Fig 3B),

Filipin complex is a lipid raft disrupting agent that functions through a different mechanism 

than MBCD. While MBCD removes cholesterol from the membrane, filipin complex binds 

to cholesterol in the membrane thereby interfering with proper lipid raft integrity (Brown, 

2006). Filipin complex is a weaker lipid raft disruptor than MBCD (Awasthi-Kalia et al, 

2001; Monastyrskaya et al, 2005). Filipin complex treatment of HEL cells also led to a 

decrease in JAK2/STAT5 activation, with a modest effect on P-JAK2 but a significant 

reduction of P-STAT5 (Fig 3C).

Statins inhibit growth and viability of JAK2-V617F-dependent cells

HEL, SET-2, and Uke1 cells require JAK2-V617F signalling for growth (Walz et al, 2006; 

Jedidi et al, 2009) and our data indicates lipid raft disruption has a negative effect on JAK2-

V617F-dependent signalling (Fig 3). We next wanted to disrupt JAK2-V617F localization in 

lipid rafts in a longer term of study in order to analyse effects on growth and survival of 

these JAK2-V617F dependent cells. Statins inhibit the rate-limiting enzyme, HMG-CoA 

reductase, in the mevalonate pathway, which leads to cholesterol biosynthesis (Weng et al, 

2010) and can also be used to alter cholesterol-rich lipid rafts (Allen et al, 2007). In 

addition, statins have been shown to alter the localization of cytokine receptors (e.g. EpoR) 

to the plasma membrane, which could also affect JAK2-dependent signalling in lipid rafts 

(Hamadmad & Hohl, 2007). Simvastatin treatment of HEL cells, as well as SET-2 cells, led 
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to a dose-dependent reduction in total viable cell numbers over time (Fig 4A). Similar 

results were seen with lovastatin and atorvastatin (data not shown). Simvastatin treatment 

reduced the viability of HEL cells, while the viability of K562 cells was not significantly 

affected (Fig 4B). Given that we utilized statins to target cholesterol, we wanted to confirm 

cholesterol levels were indeed affected. We determined that the low dose of simvastatin 

utilized in this study did indeed decrease cholesterol levels in HEL cells (Fig 4C), with 5 uM 

simvastatin reducing cellular cholesterol by c. 34% after 4 d of treatment. Similarly, 

cholesterol reduction was observed with lovastatin and atorvastatin treatment (not shown). 

Finally, statin treatment inhibited the localization of JAK2-V617F to lipid rafts as 

determined by immunofluorescence (Fig 4D), however it did not disrupt lipid raft formation 

(data not shown).

Simvastatin induces apoptosis and downregulates JAK2/STAT5 activation in JAK2-V617F-
dependent cell lines

As we observed a decrease in cell viability with statin treatment, we next assessed if statins 

could induce apoptosis of JAK2-V617F-dependent cell lines. Simvastatin treatment (5 

μmol/l) induced apoptosis of HEL cells as measured by annexin V staining (Fig 5A). Poly 

(ADP-ribose) polymerase (PARP) cleavage after simvastatin treatment of HEL cells for 24 

and 48 h also demonstrated simvastatin-induced apoptosis in a dose and time-dependent 

manner, even at the very low dose of 1 μmol/l (Fig 5B). Induction of PARP cleavage was 

also seen in SET-2 cells treated with simvastatin (Fig 5B). Simvastatin treatment of HEL 

cells reduced the activated/phosphorylated levels of JAK2 and, to a less significant extent, 

STAT5 (Fig 5C). Similar results were seen in SET-2 cells (Fig 5C). However, JAK2/STAT5 

activation in K562 cells was less sensitive to simvastatin treatment than in JAK2-V617F-

dependent cells (Fig 5C).

Simvastatin inhibits Primary MPN Cell Growth

Haematopoietic progenitor cells from MPN patients form erythroid colonies in 

methylcellulose medium lacking Epo (Prchal & Axelrad, 1974). To test the effects of statin 

treatment on primary MPN cells we performed colony formation assay using mononuclear 

cells (MNCs) from peripheral blood of two JAK2-V617F-positive MPN patients. Thus, 

JAK2-V617F-positive erythroid progenitors will proliferate and differentiate to form 

erythroid colonies in the absence of Epo. Simvastatin reduced Epo-independent erthyroid 

colony formation of cells from three independent MPN patients tested (Fig 6A). These 

patients included a JAK2-V617F-positive PV patient (MPN 1), a JAK2-V617F-positive MF 

patient (MPN 2), and a JAK2-V617F-positive post-PV/MF patient (MPN 3). Inhibition of 

colony formation was seen with 5 μmol/l simvastatin. We utilized simvastatin at 2·5 μmol/l 

in the experiment with MPN 3 and this lower dose inhibited colony formation to a similar 

extent (c. 75%). Similar experiments performed with cells from normal healthy controls (n = 

4) suggested erythroid colony formation from normal progenitor cells is unaffected by statin 

treatment at the same dose that showed efficacy at reducing colony formation of cells from 

MPN patients (Fig 6B).
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Discussion

JAK inhibitor therapy was recently approved for the treatment of MF patients. JAK 

inhibitors have proven to be effective at improving constitutional symptoms and reducing 

spleen size in MPN patients. However, they do not appreciably decrease disease allele 

burden and thus do not induce remission in patients (Pardanani et al, 2011; Tefferi, 2012). 

JAK inhibitors can block the aberrant JAK2 and JAK1 signalling induced by the cytokine 

storm associated with MPNs, and this may be the basis for improvement in MPN patients’ 

constitutional symptoms (Pardanani et al, 2011; Tefferi, 2012). With the inability of JAK 

inhibitors to decrease the allele burden in MPN patients, exploration of alternative 

therapeutic approaches for MPN patients continues.

We initiated our studies to further our understanding of the requirements for JAK2-V617F-

mediated signal transduction in an effort to uncover novel avenues for therapeutic 

intervention for MPNs. We recently demonstrated that EpoR/JAK2 signalling requires lipid 

raft formation (McGraw et al, 2012) and thus wanted to determine the potential role of lipid 

rafts in deregulated JAK2 signalling in MPNs. While previous studies support the notion 

that JAK2 functions in lipid rafts (Sehgal, 2003; McGraw et al, 2012), our studies are the 

first to demonstrate that the MPN driver JAK2-V617F co-localizes with lipid rafts (Figs 1 

and 2). Localization of this tyrosine kinase to lipid rafts is not seen in all cells, largely 

because not all cells exhibit raft staining (Fig 1). This may be due to the dynamic nature of 

lipid rafts, which is influenced by factors such as variability in raft size and half-life (Harder 

& Simons, 1997; Kurzchalia & Parton, 1999; Pralle et al, 2000; Edidin, 2001; Anderson & 

Jacobson, 2002). In addition, only a minor fraction of JAK2 was associated with DRMs. 

This is not surprising for multiple reasons. First, rafts are dynamic in nature and all cells did 

not display raft staining. Second, JAK2 is a cytoplasmic protein and more recently has been 

found in the nucleus of cells, including MPN cells (Dawson et al, 2009; Rinaldi et al, 2010). 

Third, our hypothesis is that JAK2-V617F is associated with a transmembrane receptor, 

such as a cytokine receptor (e.g. EpoR). Therefore, JAK2-V617F is not physically present in 

rafts per se, but rather associated with a protein in rafts. DRM isolation experiments utilized 

an overnight ultracentrifigation spin and it is likely that some JAK2 protein would not 

maintain its interaction with raft-associated proteins during this protocol and thus fractionate 

with the remainder of the JAK2, which is non-raft associated.

Using agents that disrupt cholesterol in the plasma membrane, we found that JAK2 and 

STAT5 activation in JAK2-V617F-dependent cells were dependent on cholesterol in the 

plasma membrane, while JAK2 and STAT5 activation in K562 cells, which express 

wildtype JAK2, were not (Fig 3). JAK2-V617F requires cytokine receptors for activation 

(Lu et al, 2005, 2008) while wildtype JAK2 activation in K562 cells is probably induced by 

the BCR-ABL1 tyrosine kinase (Xie et al, 2001; Hantschel et al, 2012). We believe that 

JAK2 activation by mechanisms that involve a cell surface receptor may be more sensitive 

to lipid raft disruption than activation of JAK2 by non-receptor mechanisms, such as BCR-

ABL1. The BCR-ABL1-induced constitutive JAK/STAT signalling may not rely on lipid 

rafts because the cytoplasmic BCR-ABL1 tyrosine kinase may activate or signal to these 

molecules directly (Xie et al, 2001; Hantschel et al, 2012). Lipid rafts may play an integral 

role in the receptor scaffolding function for JAK2-V617F activation by coordinating the 
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proper molecular complexes at the cell surface (Simons & Toomre, 2000; Lu et al, 2005, 

2008).

MPN model cell lines are also more sensitive to statin treatment than BCR-ABL1 positive 

K562 cells. We find MPN cells are sensitive to single digit micromolar statins, which is 

similar to certain acute myeloid leukaemia cell lines, but significantly less than cells from a 

variety of solid tumours (Dimitroulakos et al, 1999). This may, in part, be due to the 

inherent driving oncogenic lesions in these cells, compared to other cancers. Statin treatment 

also inhibited the growth of primary MPN cells. Importantly, the growth of primary MPN 

cells is more sensitive to statins than cells from healthy controls (Fig 6). This is in agreement 

with other studies looking at the effect of statins on normal and neoplastic haematopoietic 

cell growth, where normal haematopoietic cells are not sensitive to statins until high doses 

are achieved (Newman et al, 1997; Dimitroulakos et al, 1999; Dai et al, 2007). This 

suggests statins may be considered as a potential therapeutic agent for MPNs, although the 

effect of statins on JAK2-V617F-negative MPNs needs to be determined.

Although a requirement for lipid rafts in JAK2 signalling could provide a mechanistic 

rationale for the use of statins to inhibit MPN cells, cholesterol is not the only end product of 

the mevalonate pathway (Demierre et al, 2005). While we have not obtained evidence that 

statins inhibit lipid raft formation in our cell systems, we showed that statins do appear to 

inhibit the localization of JAK2-V617F to lipid rafts (Fig 4D), which in effect also targets 

the requirement of rafts for signalling. Importantly, statins also inhibit protein prenylation by 

inhibiting the production of farnesyl pyrophosphate and geranygeranyl pyrophosphate, two 

other end products of the mevalonate pathway downstream of HMG-CoA reductase. 

Interestingly, it has been shown that EpoR cell surface expression requires protein 

geranylgeranylation (Hamadmad & Hohl, 2007). It is possible that the effects of statins in 

MPN cells may be mediated through protein prenylation, perhaps through inhibition of a 

requisite cytokine receptor for JAK2-V617F-mediated signalling. In our efforts to ascertain 

further details regarding the mechanism of statin affects on MPN cells, we have determined 

that adding back geranylgeranyl pyrophosphate to cells can reduce the statin-induced loss of 

viability of cells, but does not significantly restore proliferation of cells (not shown). Thus, 

while the mechanistic details by which statins inhibit MPN cell growth are probably 

complex and remain to be elucidated, our data suggest that statins may be a candidate to be 

used as a potential therapeutic strategy to target MPN cells. While these details will be the 

focus of future studies, it is important to note that statins induce MPN cell apoptosis (Fig 5A 

and B). This is significant because JAK2 inhibitors fail to decrease allele burden in patients 

and additional therapeutic approaches to complement JAK2 inhibitors are needed, especially 

ones that can contribute to an apoptotic response in MPN cells.

While our work is the first to directly investigate the role of lipid rafts and cholesterol in 

MPN cells, there is additional evidence that suggests cellular cholesterol levels could play a 

role in MPN cell biology. Mice deficient in cholesterol efflux transporters ABCA1 and 

ABCG1 display an MPN-like phenotype (Yvan-Charvet et al, 2010). This suggests that an 

increase in cellular cholesterol in haematopoietic cells can lead to an MPN-like phenotype. 

In fact, Yvan-Charvet et al (2010) demonstrated that haematopoietic stem and progenitor 

cells from these mice displayed aberrant proliferation, and that removal of cholesterol from 
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these cells restored a normal proliferative phenotype. These studies clearly indicate that 

cellular cholesterol can regulate growth control pathways of haematopoietic stem and 

progenitor cells, and that increasing cholesterol levels can lead to aberrant 

myeloproliferation. Thus, cellular cholesterol may play an important role in the development 

of human MPNs. Our work, showing that alteration of membrane cholesterol with lipid raft 

disrupting agents inhibits JAK2-V617F signalling, together with the results reported by 

Yvan-Charvet et al (2010), suggests that altering cholesterol in haematopoietic stem and 

progenitor cells may affect cell signalling that leads to JAK2-V617F-driven myelopoiesis. 

Thus, altering cellular cholesterol or inhibiting localization of JAK2-V617F to lipid rafts, 

perhaps through the use of statins, may be an effective approach to target the aberrant 

myelopoiesis associated with MPNs.

The use of statins to treat MPN patients has been previously rationally suggested 

(Hasselbalch & Riley, 2006; Hasselbalch, 2012). This hypothesis is based on the 

antithrombotic, antiproliferative, proapoptotic, and antiangiogenic effects of statins and the 

role thrombohaemorrhagic complications play in MPNs. The use of statins in the treatment 

of MPNs has been discussed in the context of the potential role of chronic inflammation in 

the development of MPNs. The antiinflammatory effects of statins may be advantageous to 

MPN patients as chronic inflammation may be a driving force toward clonal evolution as 

well as a deadly myelofibrotic state (Hasselbalch & Riley, 2006; Hasselbalch, 2012). For 

example, tumour necrosis factor α (TNFα) may contribute to clonal expansion of MPN cells 

(Fleischman et al, 2011) and simvastatin lowers TNFα expression in myeloid cells in 

patients (Ferro et al, 2000). Also, MPN patients have an increased risk of developing both 

haematological and non-haematological secondary cancers and this may be due to the 

elevated inflammation associated with MPNs (Vannucchi et al, 2009; Frederiksen et al, 

2011). Thus, in addition to the potential direct effects of statins on MPN cells, statins may 

also contribute to the amelioration of disease through their antiinflammatory effects.

In summary, we found that JAK2-V617F is associated with lipid rafts and that signalling by 

this constitutively activated kinase is dependent on proper lipid raft formation. Statins 

reduce JAK2 localization to lipid rafts, induce apoptosis of MPN cells, and inhibit colony 

formation of primary cells from MPN patients. Given that JAK inhibitors have not had 

success at reducing allele burden in MPN patients, additional therapeutic approaches are 

needed in order to induce remission in these patients. Our work suggests that statins might 

be an effective component of a therapeutic strategy for MPN patients. Additional studies are 

needed to investigate the potential efficacy of statins, alone and in combination with JAK 

inhibitors, as a potential therapeutic option for MPNs.
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Fig. 1. 
Mutant JAK2 co-localizes with lipid rafts in JAK2-V617F-positive cells. (A) HEL cells, 

untreated (left) or treated with MBCD (10 mmol/l, 30 min, right), were stained with 

antibodies that recognize JAK2 (Cell Signaling Technology Inc.) (green) and lipid rafts were 

detected by CTB, which binds to the lipid raft lipid GM1 ganglioside (red). Co-localization 

is demonstrated by merging green and red images, creating yellow. 4′, 6-diamidino-2-

phenylindole (DAPI) was used to stain the nucleus (blue). Cells were analysed by confocal 

microscopy and single z plane images are shown. (B) The experiment in (a) was repeated 

using a different JAK2 antibody (Imgenex Corp.) (C) Immunoblot analyses showing total 

JAK2 expression in HEL cells using the two different JAK2 antibodies, Cell Signaling 

Technology Inc. (CS) (left blot) and Imgenex Corp. (IMG) (right blot), used in (A) and (B) 

respectively, are shown. Molecular weights are indicated in kDa. Immunoblots demonstrate 

antibody specificity to JAK2 (C. 125 kDa).
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Fig. 2. 
JAK2 is present in fractions containing detergent resistant membranes. (A) SET-2 cell 

lysates were analysed by density buoyant gradient fractionation. Fractions were removed 

from the top of the gradient and thus lower fraction numbers correspond to lower buoyant 

density fractions. Each fraction was analysed by dot blot for GM1 ganglioside, a resident 

raft lipid, using CTB as a probe. Separation of GM1 into lower and higher buoyant fractions 

suggests separation of DRMs. Highest detection of GM1 is present in fraction 2, thus 

designating fraction 2 as the raft fraction. (B) Immunoblot analyses of gradient fractions of 

untreated cells to detect JAK2 or the resident lipid raft marker, Flotillin-1. (C) Immunoblot 

analyses for JAK2 and Flotillin-1 as in (B), but utilizing MBCD-treated SET-2 cells. MBCD 

treatment redistributed JAK2 and Flotillin-1 to the higher density non-raft fractions. 

Molecular weights are indicated in kDa.
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Fig. 3. 
Lipid raft disrupting agents downregulate signalling in JAK2-V617F-dependent MPN model 

cell lines. (A) The JAK2-V617F-dependent cell lines HEL, SET-2, and Uke1 were left 

untreated (−) or were treated with MBCD (10 mmol/l) for 30 min (+). Lysates were analysed 

by immunoblotting with antibodies that recognize phosphorylated/activated (P-) JAK2, P-

STAT5, and P-Akt, as well as total JAK2, STAT5, and Akt, as indicated. Arrow indicates 

mobility of JAK2 (125 kDa) in SET-2 cells. (B) K562 cells, a BCR-ABL1-positive CML 

cell line that has wild-type JAK2 but constitutive JAK2/STAT5 activation, were left 

untreated (−) or were treated with MBCD (+) as in (A) and analysed by immunoblotting 

with antibodies that recognize P-JAK2, JAK2, P-STAT5, and STAT5, as indicated. (C) HEL 

cells were left unreated (−) or were treated with filipin complex (1 μg/ml) for 15 min (+). 

Lysates were analysed by immunoblotting with antibodies that recognize P-JAK2, JAK2, 

PSTAT5, and STAT5 as indicated.
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Fig. 4. 
Simvastatin reduces JAK2-V617F-dependent cell viability and growth. (A) HEL (left graph) 

or SET-2 (right graph) cells were treated with 0 (0·1% dimethyl sulfoxide, DMSO) to 10 

μmol/l simvastatin (Sim). Trypan blue exclusion was used to enumerate total viable cells 

over time. (B) Percent viability of HEL (left graph) and K562 (right graph) cells was 

determined by trypan blue exclusion over time following either DMSO (0·1%) or 5 μmol/l 

simvastatin (Sim) treatment. Data shown is representative of three independent experiments. 

(C) Cholesterol was measured in HEL cells after 4 d of 0 (DMSO, 0·1%), 1 μmol/l, and 5 

μmol/l simvastatin treatment. Error bars indicate standard deviation and p value was 

determined by T-test (GRAPHPAD Software, Inc.). This experiment is representative of three 

independent experiments. (D) Colocalization of JAK2-V617F and lipid rafts in HEL and 

SET-2 cells was performed as in Fig 1A and Pearson’s correlation analysis for 

colocalization was determined using Definiens Developer software. Data represent the 

average (with standard deviation) correlation coefficient for four to five images for each 

condition for each cell line (see methods).
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Fig. 5. 
Simvastatin induces apoptosis and downregulates JAK2/STAT5 activation in JAK2-V617F-

dependent cells. (A) HEL cells were treated with 0 (DMSO, 0·1%), 1 μmol/l, and 5 μmol/l 

simvastatin for 24 and 48 h and stained with Annexin V and analysed by flow cytometry to 

detect Annexin V-positive cells. Error bars indicate standard deviation of triplicate samples. 

This experiment was performed four times with similar results. (B) Immunoblot analysis to 

detect PARP cleavage after 0 (DMSO, 0·1%), 1 μmol/l, and 5 μmol/l simvastatin treatment 

of HEL (top blot) and SET-2 (bottom blot) cells for 24 and 48 h. Arrows indicate migration 

of cleaved PARP. (C) HEL, SET-2, and K562 cells were treated with 5 μmol/l simvastatin 

for 4 d and cellular lysates were analysed by immunoblotting for P-JAK2, JAK2, P-STAT5, 

STAT5, and HSP90 (as an additional loading control), as indicated.
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Fig. 6. 
Simvastatin reduces erythroid colony formation of primary MPN cells. (A) Colony 

formation assay performed using mononuclear cells (MNCs) isolated from peripheral blood 

of MPN patients (n = 3). MNCs were plated in cytokine-containing methylcellulose medium 

without Epo and Epo-independent erythroid colonies [as erythroid burst-forming units 

(BFU-Es)] were enumerated after 12 d of incubation. The experiment was performed with 

either 0·1% DMSO, 2·5 μmol/l simvastatin (Sim) or 5 μmol/l simvastatin in the medium, as 

indicated. Data is presented as number of BFU-Es per 105 cells plated. MPN Patients 1, 2 

and 3 are a JAK2-V617F-positive PV patient, a JAK2-V617F-positive MF patient, and a 

JAK2-V617F-positive post-PV/MF patient, respectively. (B) The same experiment as in (A) 

was performed with cells from healthy controls (n = 4) and with erythropoietin in the 

medium. All error bars represent the standard deviation of replicate plates.
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