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Introduction

Philadelphia chromosome–negative myeloproliferative 
neoplasms (MPNs) which include polycythemia vera (PV), 
essential thrombocytosis (ET), and primary myelofibrosis 
(PMF), are characterized by clonal proliferation of hemat-
opoietic stem and progenitor cells, resulting in the increase 
in the number of mature cells of one or more blood cell 
lineages. After the identification of Janus kinase 2 (JAK2) 
and myeloproliferative leukemia protein (MPL) mutations 
in patients with MPN in 2005 and 2006, respectively [1], 
these genetic alterations were recognized to constitutively 
activate cytokine receptors and cause tumorigenic transfor-
mation. These findings led to the use of JAK2 inhibitors for 
the treatment of patients with MPNs. However, approxi-
mately half of the patients with ET or PMF had unknown 
etiology as they were negative for JAK2 or MPL mutations. 
At the end of 2013, somatic mutations in the gene encod-
ing calreticulin (CALR) were identified in the majority of 
patients with ET and PMF lacking JAK2 and MPL muta-
tions [2, 3]. CALR is a molecular chaperone residing in the 
endoplasmic reticulum (ER), and rational models implicat-
ing the involvement of CALR in the pathogenesis of ET or 
PMF were absent. Based on the recent findings, the molec-
ular mechanism by which mutant CALR promotes MPN 
development will be described in this review.

Domain structures of wild‑type and mutant CALR

CALR was first identified as a calcium-binding protein 
from the ER fraction of rabbit skeletal muscle in 1974 
[4]. CALR is highly conserved among species and con-
sists of three domains: (i) an amino (N)-terminal lectin-
binding domain, which acts as a chaperone and contains a 
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zinc-binding site, (ii) a proline-rich P-domain, containing 
high-affinity binding sites for Ca2+, and (iii) a carboxy (C)-
domain containing multiple low-affinity Ca2+-binding sites 
[5] (Fig.  1). The localization and retention of CALR are 
defined by the N-terminal signal sequence and the C-ter-
minal ER-retention sequence KDEL. CALR is involved 
in a variety of intracellular (cytoplasm and nucleus), cell 
surface, and extracellular functions such as protein quality 
control, calcium metabolism, immune response, phagocy-
tosis, cell adhesion, and so on [6].

In 2013, recurrent somatic mutations in CALR were iden-
tified in a majority of patients with ET and PMF who were 
negative for JAK2 and MPL mutations that are known as 
driver mutations for MPN. Mutations in CALR identified 
in those patients are exclusively frameshift mutations resid-
ing in exon 9 of the gene [2, 3]. Although two mutations, a 
52-base deletion (type 1: c.1092_1143del, hereafter called 
del52) and 5-base insertion (type 2: c.1154_1155insTTGTC, 
hereafter called ins5), account for approximately 80% of all 
CALR mutations, more than 50 types of CALR mutation 
have been reported so far. All of them are small insertions or 
deletions that cause +2/−1 base-pair frameshift generating 
a mutant-specific 36 amino acid C-terminal tail found in all 
mutant proteins [2, 3] (Fig.  1). The mutant-specific C-ter-
minal lacks the KDEL ER-retention signal and contains an 
abundance of positively charged amino acids. Since CALR 
mutations are found recurrently in approximately 30% of 
patients with ET and PMF and are mutually exclusive to 
JAK2 and MPL mutations, they are believed to play a causal 
role in MPN development presumably via activation of the 
MPL and JAK2 signaling pathway.

Phenotypes of animal models

Mouse models were established and analyzed to exam-
ine the involvement of mutant CALR in MPN develop-
ment. Using a retroviral transduction system, human 
CALR with del52 mutation was introduced and expressed 
in lineage-negative [7] or c-Kit-enriched [8] bone mar-
row cells, which were then engrafted into lethally irra-
diated mice. Within 16  weeks after the transplantation, 
mice developed thrombocytosis with megakaryocytic 
hyperplasia in the bone marrow [7, 8], phenocopying ET. 
Upon prolonged observation, mice showed a decrease in 
blood count associated with myelofibrosis phenotypes 
such as bone marrow fibrosis and osteosclerosis [7]. In 
the transplanted mice, red blood cell and white blood 
cell counts did not increase significantly, suggesting that 
CALR del52 possesses megakaryocyte lineage-specific 
oncogenic property. In addition, hematopoietic stem and 
progenitor cells harboring CALR del52 expanded more 
in transplanted mice compared to those in control mice 
and or those harboring CALR ins5, indicating that CALR 
del52 confers growth advantage [7]. In contrast to CALR 
del52, transduction of CALR ins5 presented weaker phe-
notypes [7]. Although CALR del52 and ins5 exhibited 
significantly different phenotypes in mouse, the expres-
sion of any of these CALR-mutants led to ET and PMF 
phenotypes.

More recently, a transgenic mouse model, in which the 
expression of human CALR del52 is driven by a H-2K 
promoter, has been generated and analyzed [9]. Similar 
to the retroviral transduction model, these mice showed 
an increase in platelet count, but not in hemoglobin level 
or white blood count, with an expansion of mature mega-
karyocytes in the bone marrow, phenocopying ET. How-
ever, these mice did not exhibit the bone marrow fibrosis 
phenotype. Furthermore, the hematopoietic stem and pro-
genitor cells harboring CALR del52 did not outgrow the 
wild-type counterparts in a competitive serial transplan-
tation assay [9]. The differential phenotypes observed 
in these mouse models may be due to the differential 
strength of the promoters. Nevertheless, these studies 
demonstrated that CALR mutation is an oncogenic driver 
mutation in vivo.

The activation of MPL by mutant CALR

Although Klampfl et  al. reported that expression of 
mutant CALR induced cytokine-independent prolifera-
tion in Ba/F3 cells that is associated with an increase 
in levels of phospho-STAT5 [3], the molecular mecha-
nism underlying this observation was not elucidated. 
Later, the oncogenic properties of mutant CALR were 

Fig. 1   Domain structure of wild-type and mutant CALR. Wild-
type  CALR (CALRwt) consists of a signal peptide (SP), N-domain 
(N), P-domain (P), and C-domain (C) with the ER-retention signal 
KDEL. Because of +2/−1 frameshift mutation, all types of CALR 
mutant  (CALRmut) lose KDEL sequence and gain a novel positively 
charged amino acid tail. The mutant-specific C-terminal domain 
interferes with the P-domain and allows interaction between the 
N-domain and MPL for activation. The numbers refer to the positions 
of amino acid residues in the amino acid sequence
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demonstrated by inducing cytokine-independent growth 
in human UT-7/TPO [10], UT-7 [8], and mouse Ba/F3 
[7, 8, 11, 12] and 32D [13] cells in a manner depend-
ent on the expression of MPL, a thrombopoietin (TPO) 
receptor. The phenotypes observed in these cell lines 
recapitulated the formation of endogenous megakaryo-
cytic colonies formed by the cells derived from bone 
marrow of patients with ET harboring CALR mutations 
[14]. The MPL-dependent mutant oncogenic property of 
CALR was then demonstrated in vitro using iPS [10] as 
well as peripheral blood-origin CD34+ [15] cells derived 
from the patients harboring CALR mutation. The lineage-
negative mouse bone marrow cells transduced with CALR 
mutants showed similar results both in vitro and in vivo 
[7]. The induction of cytokine-independent growth in the 
cells was apparently because of the activation of JAK2 
and downstream signaling molecules including ERK1/2 
and STAT5 (Fig. 2) [7–11, 15]. Conversely, the treatment 
of cells with JAK inhibitor inhibited the mutant CALR-
dependent activation of downstream molecules [10]. 
These data defined CALR mutation as a gain-of-function 
mutation that induces the JAK2 activation and subsequent 
cytokine-independent growth. In addition, this provided a 
rationale to the efficacy of JAK2 inhibitors used to treat 
the patients with MPNs harboring CALR mutation.

Based on the evidences that mutant CALR exhibited 
MPL-dependent oncogenic property, physical interaction 

between mutant CALR and MPL was examined. The inter-
action between MPL and the mutant, but not the wild-type 
CALR, has been demonstrated [8, 10]. Since mutant CALR 
preferentially interacts with MPL, it was expected that the 
mutant-specific C-terminus sequence is the binding site for 
MPL. Interestingly, the N-domain harboring the N-glycan 
binding property, and not the C-terminus domain, is shown 
to interact with MPL [10], which is caused by a presump-
tive structural change induced by the mutation. Domain 
analysis suggested that the mutant-specific domain blocks 
the P-domain, which interferes with N-domain binding to 
MPL in the wild-type CALR, but allows the mutant CALR 
to preferentially interact with MPL (Fig. 1) [10].

In agreement with the binding of the N-domain of 
mutant CALR to MPL, amino acid substitutions (D135L/
Y109F) of key residues of the glycan   binding site in the 
N-domain of the CALR mutant abrogated MPL activation 
[15]. Reciprocally, MPL harboring a substitution in the 
N-glycosylation site (N117Q) was not activated by mutant 
CALR [15]. These data strongly suggest that mutant CALR 
recognizes N-glycosylated MPL in the course of activa-
tion. Interestingly, MPL harboring D261A/L265A substitu-
tions that abolish TPO-binding capacity responds to mutant 
CALR [15], suggesting that the manner of MPL activation 
differs between mutant CALR and TPO.

Although mutant CALR induces cytokine-independ-
ent growth in an MPL-dependent manner, this was not 

Fig. 2   Constitutive activation of MPL by mutant CALR. Mutant CALR interacts with MPL and activates downstream signaling molecules. Note 
that mutant CALR-dependent MPL activation may not occur on the extracellular membrane (see text)
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observed with receptors that share structural similarities 
with MPL such as the erythropoietin receptor (EPOR) 
[10] and granulocyte-colony stimulating factor recep-
tor (GCSFR) [7, 8]. The preferential activation of MPL 
by mutant CALR is further demonstrated by the reporter 
assay, in which the extracellular domain of MPL was 
shown to be indispensable for mutant CALR-dependent 
activation of the receptor [15]. Such receptor preference 
can be explained by the structural difference between MPL 
and EPOR or GCSFR, which determines the preferential 
binding of the CALR mutant to MPL, but not to others [8]. 
However, the CALR mutant interacts with all these recep-
tors [10], which agrees with the weak activation of GCSFR 
by mutant CALR [15]. These observations suggested that 
the preferential activation of receptor molecules is deter-
mined by the presumptive conformational change induced 
only in MPL (and in GCSFR at a weaker extent) after bind-
ing of mutant CALR [10].

Lack of paracrine capacity in the CALR 
mutant for the activation of MPL 

CALR was first isolated from the ER and has been used 
as an ER marker, but it also localizes to the cell surface 
and is even secreted from the cells. Similarly, cell surface 
accumulation [10] and secretion [13] of mutant CALR 
has also been shown. Although this observation suggested 
that mutant CALR may act as a cell surface-localized 
ligand or a cytokine, studies showed that it only exhibits 
autocrine capacity for MPL activation [10, 13]. Why can 
mutant CALR secreted in the media, not activate MPL 
on the cell surface? As described in the previous section, 
mutant CALR is likely to recognize the N-glycosylated 
MPL for activation. The N-glycosylation and subsequent 
glycan processing occurs during the receptor maturation 
in the ER and in the Golgi apparatus, which suggests that 
mutant CALR only interacts with MPL in certain steps of 
the maturation, and is thus unable to activate MPL on the 
cell surface where only the fully mature MPL accumulates. 
In agreement with this hypothesis, expression of mutant 
CALR blocked MPL maturation and induced an accumu-
lation of the immature form of MPL in Ba/F3 cells [15]. 
Furthermore, immature MPL was also accumulated on the 
surface of cells expressing the CALR mutant [15], suggest-
ing that CALR mutant and immature MPL complex may 
exist in those cells.

Studies showed that oncogenic mutant versions of recep-
tor tyrosine kinases such as FLT3-ITD and c-kit (D814Y) 
activate downstream targets in the cellular compartments 
other than cell surface [16, 17]. Because of the poten-
tial involvement of N-glycosylation in mutant CALR-
dependent MPL activation, a hypothesis for the premature 

activation of MPL in the ER and/or the Golgi apparatus 
has been proposed. Although no definitive answer for the 
location of MPL activation by mutant CALR is reported, 
evidence showed that  mutant, but not wild-type CALR, 
accumulated in the ER to Golgi intermediate compart-
ment (ERGIC) in mouse embryonic fibroblast cells lacking 
CALR [15]. Distinctive accumulation of mutant CALR in 
ERGIC is at least partly, if not completely, due to a loss-
of ER-retention signal by the frameshift mutation (Fig. 1). 
However, other evidence suggested that there is no signifi-
cant difference in the localization of the mutant and wild-
type CALR in COS-7 cells [2]. Nevertheless, detailed 
investigations for identifying the place(s) of MPL activa-
tion by mutant CALR is required for understanding the 
oncogenic event caused by the mutant chaperone.

Conclusions

Recent findings described here greatly advanced our under-
standing of the etiology of MPNs induced by CALR muta-
tions. The constitutive activation of the receptor by the 
mutant molecular chaperone is a novel molecular mecha-
nism for cell transformation. However, the precise molecu-
lar mechanism via which mutant CALR interacts and sub-
sequently activates MPL requires further  investigation. In 
addition, the intracellular location where mutant CALR 
induces MPL and subsequent activation of JAK2  is still 
ambiguous. These studies may lead to the development of 
novel therapeutic strategies for the patients with MPN har-
boring CALR mutation.
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