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The unifying theme of myeloproliferative neoplasm (MPN) driver mutations, including 

JAK2V617F(1–4), CALR(5, 6), MPL(7), and SH2B3(8) is activation of thrombopoietin 

receptor signaling, highlighting the critical importance of this pathway in the pathogenesis 

of MPN. JAK2V617F associates with a number of homodimeric type I cytokine receptors, 

including erythropoietin receptor (EPOR), thrombopoietin receptor (MPL), and granulocyte-

colony stimulating factor receptor (G-CSFR) leading to constitutive activation(9), whereas 

mutant CALR has been found to only associate with MPL and leads to its constitutive 

activation(10, 11). This selectivity for activation of MPL explains why CALR mutations are 

seen in essential thromobocythemia (ET) and myelofibrosis (MF) but not polycythemia vera 

(PV).

Ba/F3 cells are a useful tool to dissect cytokine receptor signaling pathways and to test the 

oncogenicity of mutations. Parental Ba/F3 require IL-3 to provide a survival signal utilizing 

endogenous IL-3R(12). Ectopic expression of activated tyrosine kinases or constitutively 

active cytokine receptors provide Ba/F3 cells with a survival signal which obviates the 

need for supplemental IL-3(9, 13). We find that in vivo passage of Ba/F3 cells expressing 

either CALR type 1 (52 base pair deletion, CALRDEL) or type 2 (5 base pair insertion, 

CALRINS) mutations selects for the outgrowth of cells which have upregulated endogenous 

MPL allowing these cells to expand in mice. These findings solidify the exclusivity of MPL 

as the requisite cytokine receptor binding partner for CALR mediated transformation and 

highlight the central role for activation of thrombopoieitin receptor (MPL) signaling in the 

pathogenesis of MPN.
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We created Ba/F3 cells stably expressing hCALRDEL, hCALRINS, hCALRWT, or empty 

vector using an MSCV-IRES-GFP (MIG) based retrovirus. Ba/F3 cells expressing mMPL 

using an MSCV-IRES-hCD4 vector were also produced. BCR-ABL p210 MIG Ba/F3 

cells were used as a positive control for cytokine independent growth. Consistent with 

other reports(10, 11), expression of CALRDEL or CALRINS was not sufficient to render 

Ba/F3 cells cytokine independent in vitro (Supplemental Figure 1). To further evaluate the 

oncogenic potential of Ba/F3 cells expressing mutant calreticulin we injected CALRDEL, 

CALRINS, and CALRWT Ba/F3 cells into BALB/c mice (2.5×106 cells each) and monitored 

for expansion of GFP+ cells in the peripheral blood. GFP+ cells emerged in the peripheral 

blood in two out of ten mice each injected with CALRDEL or CALRINS cells, but not in mice 

injected with CALRWT cells. Expansion of GFP+ cells caused mice to become moribund 

and require sacrifice (Figure 1A, Supplemental Table 1).

We retrieved GFP+ cells by flow cytometry from the bone marrow of moribund mice 

and tested their ability to grow in vitro in the absence of cytokines. GFP+ cells retrieved 

from mice (referred to hereafter as post-mouse) injected with CALRDEL Ba/F3 cells 

were able to grow in the absence of cytokines, however GFP+ cells retrieved from mice 

injected with CALRINS Ba/F3 cells did not grow in the absence of cytokines (Figure 

1B) but grew well with supplemental IL-3 (Supplemental Table 2). We tested the ability 

of multiple cytokines, including thrombopoietin (TPO), erythropoietin (EPO), granulocyte-

macrophage colony-stimulating factor (G-CSF), interleukin-11 (IL-11), interleukin-7 (IL-7), 

interleukin-11 (IL-11), Stem Cell Factor (SCF), and Interferon-gamma (IFNγ) to support 

growth of post-mouse Ba/F3 CALRINS, only TPO was able to support growth of post-mouse 

Ba/F3 CALRINS cells (Figure 1D, Supplemental Table 2).

This suggested that the Ba/F3 cells which expanded in vivo expressed endogenous MPL. 

Indeed, we found that all post-mouse cell lines expressed MPL (Figure 2A) on Western 

Blot. Next, we stimulated the cell lines with TPO and measured activation of ERK and 

STAT5 (Figure 2B). All post-mouse cells activated ERK and STAT5 upon TPO stimulation, 

providing further evidence for presence of MPL on the cell surface. had Activation of 

ERK and STAT5 was present without stimulation in CALRDEL post-mouse cells as well 

as CALRDEL cells with ectopic MPL, consistent with constitutive activation of MPL 

signaling. CALRINS post-mouse cells also had activation of STAT5 without TPO suggesting 

constitutive activation of MPL.

After expansion in vitro post-mouse cell lines were injected back into BALB/c mice to 

compare the ability of pre- versus post-mouse cells to expand in vivo. Ba/F3 CALRDEL 

and CALRINS cells with ectopic expression of MPL (mMPL-MSCV-hCD4 vector) were also 

used as a comparator. We found that all post-mouse cell lines expanded and caused death 

with similar kinetics as Ba/F3 CALRDEL and CALRINS with ectopic expression of MPL 

(Figure 1D).

Here we demonstrate that in vivo passage of Ba/F3 cells expressing mutant CALR leads 

to the selection of cells which have upregulated endogenous MPL thus allowing for their 

subsequent expansion in mice. This work highlights the exclusivity of MPL as the requisite 
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scaffold cytokine receptor for mutant calreticulin and solidifies the central importance of 

activated MPL signaling in the pathogenesis of MPN.

MATERIALS AND METHODS:

Cell lines:

Ba/F3 cells were transduced with GFP- or human CD4-tagged MSCV retrovirus expressing 

murine MPL or human CALR wild-type (CALRWT), 52bp deletion (CALRDEL), or 5bp 

insertion (CALRINS). Cells were sorted for GFP or hCD4 positivity (FACSAria Fusion, 

BD Biosciences). For double-transduced cell lines, Ba/F3 cells expressing MPL were clone-

sorted and expanded prior to transduction with CALR retroviruses. Cells were maintained in 

RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin, 

streptomycin, and L-glutamine (PSL), and 5% WEHI-3 conditioned medium as a source of 

murine IL-3.

Mice:

BALB/c mice were retro-orbitally injected with Ba/F3 cells expressing CALRWT, 

CALRDEL (n=10), CALRINS (n=10), post-mouse cell lines (389, 502, 521, 774) (n=5 each), 

CALRDEL MPL (n=5) or CALRINS MPL (n=5). Mice were monitored for presence of 

Ba/F3 cells (GFP+ cells) in the peripheral blood every 1–2 weeks post-transplant. Mice 

with expanding GFP+ cells in the peripheral blood (>10%) were monitored twice daily and 

sacrificed once they appeared moribund at which time GFP+ cells were sorted from the bone 

marrow or spleen (FACSAria Fusion, BD Biosciences).

Cytokine independence assay:

Ba/F3 cells were washed four times with RPMI-1640 and plated at a concentration of 50,000 

cells/ml in duplicate in either cytokine-free R10 medium (RPMI-1640 + 10% FBS + Pen/

Strep/L-glutamine) or R10 supplemented with 5ng/ml murine TPO (BioLegend). Cells were 

counted daily by flow cytometry (Accuri C6, BD Biosiences) and dead cells were excluded 

by gating via FSC vs. SSC.

Western blotting:

Ba/F3 cells were plated in RPMI-1640 medium without FBS for 4 hours prior to stimulation 

with murine thrombopoietin (TPO) for 15 minutes. Cells were washed with PBS then 

lysed in RIPA buffer containing phosphatase and protease inhibitors (Sigma-Aldrich). 

Protein concentration was measured via BCA assay (Pierce). 30μg protein was run on 

12% polyacrylamide gels then transferred onto nitrocellulose membranes. Membranes 

were blocked with 5% BSA and probed with antibodies detecting phospho-STAT5 (BD 

Biosciences), phospho-ERK1/2, total ERK1/2 (Cell Signaling Technologies), MPL, β-

actin, and calreticulin (Abcam). Proteins were detected using HRP-conjugated secondary 

antibodies (Abcam) and chemiluminescence (Pierce) and visualized by a CCD imager (G 

Box, Syngene).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ba/F3 cells expressing CALRDEL and CALRINS mutations expand in a fraction of 
mice and gain cytokine independence.
(A) Survival of mice injected with 2.5 × 106 CALRWT, CALRDEL, or CALRINS Ba/F3 cells 

(n=10 mice each). All mice remaining mice were sacrificed at day 183 post-transplant, no 

GFP+ cells were detected in the peripheral blood, bone marrow, or spleen of any of these 

mice. (B) Growth of post-mouse cell lines in cytokine free media. (C) Growth of post-mouse 

cells lines in media supplemented with 10ng/mL TPO. (D) Survival of mice injected with 

2.5 × 106 post-mouse cell lines (389, 502, 521, 774), Ba/F3 CALRDEL MPL, or Ba/F3 

CALRINS MPL (n=5 each).
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Figure 2. Post-mouse cell lines have upregulated endogenous MPL.
(A) Western blot demonstrating MPL expression in post-mouse cell lines. (B) Western blot 

of cells stimulated with TPO (50ng/mL) or PBS and harvested 15 minutes later to assess 

activation of downstream signaling pathways.
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