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Two very recent reports'? made a tremendous breakthrough in
our understanding of the molecular basis of myeloproliferative
neoplasms (MPNs) without mutations in Janus kinase 2 (JAK2) and
myeloproliferative leukemia (MPL) virus oncogene genes. Klampfl
et al.' and Nangalia et al® independently identified recurrent
somatic mutation in the calreticulin (CALR) gene exclusively in
patients with JAK2 and MPL mutation-negative MPNs. Strikingly, all
these mutations were small deletions and insertions in exon 9 of
the gene leading to a shift in the open reading frame and
expression of peptides in which the wild-type C terminus was
substituted for a novel identical in all mutants C terminus and a
small mutant-specific portion of variable length. This specific

feature of CALR mutations necessitates further elucidation of
the mechanisms through which they promote neoplastic
transformation and might be particularly challenging to dissect
as CALR is involved in a plethora of intra- and extra-endoplasmic
reticulum (ER) cellular processes.

However, as pointed by the two reports, the C terminus of the
wild-type CALR has three important features: (i) its secondary
structure is disordered; (ii) it is acidic and binds calcium ions at low
affinity; (iii) it has an ER retention signal. Both Klampfl et al." and
Nangalia et al.? reported the loss of C-terminal ER retention signal
(KDEL) in the mutant proteins. However, both groups did not
observe significant changes in the subcellular distribution of
mutant CALR protein as compared with the wild type. A possible
explanation for their observation would be that as reported
previously,* CALR retro-translocation from ER to the cytoplasm is
also dependent on the C-terminal domain.
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Figure 1. Graphical representation of the probability for structural disorder of full-length wild-type and selected mutant CALR proteins.
The horizontal line designates the generally accepted cut-off for structural disorder of 0.5, whereas the vertical line designates the position of
the common Q361 amino-acid residue. The plots were generated using the basic graphical functions of R statistical environment (http://www.
r-project.org/).
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Here, we used a straightforward bioinformatic approach to
address the question of whether the mutant peptides share the
first two of the abovementioned features, which may then help
point to the possible molecular processes that these mutant
proteins are involved in. We applied two commonly used
computational prediction tools to verify the presence of
structurally disordered domains in proteins. These were PONDR-
FIT (http://www.disprot.org/pondr-fitphp)®> and RONN (http://
www.app.strubi.ox.ac.uk/RONN/?p=RONN&HTTP_VARS).® As shown
in Figure 1, both predictors confirmed the structurally disordered
C terminus of the wild-type CALR. Furthermore, the C-terminal
domains of all mutant proteins showed significant probability of
disordered sequence as well. Therefore, we concluded that it is
unlikely that changes in the structural disorder of the mutant C
terminus are the cause of its altered cellular functions, as the loss
of chaperone function of CALR is not responsible for the
embryonic lethality of CALR knockout mice (see below). We then
used a peptide charge calculator to assess the isoelectric points
(pl) of the C termini of the wild-type and mutant proteins. As
shown in Table 1, the highly acidic nature of the wild-type C
terminus was substituted for the highly basic mutant C termini
(P=10.0001). This was because of the loss of aspartic and glutamic
acid residues and the presence of a 12 arginine residues in the
common mutant C-terminal sequence. Another important obser-
vation is the higher pl values of deletion mutants compared with
those with insertions and complex rearrangements (Table 1). One
can speculate that this difference might account for the higher
relative frequency of deletion mutations because of the strong
positive selection of mutants with greater loss of calcium binding
activity (that is, higher pl) (see below).

The highly basic C termini of the mutant CALR proteins
obviously have reduced binding activity toward the Ca® " cation.
This is expected to lead to structural and functional consequences

for several reasons. First, CALR C-terminal domain was experi-
mentally verified to have high-capacity and low-affinity calcium-
binding activity.” Furthermore, deletion of the C-terminal domain
or calcium depletion can enhance the ability of the CALR to exert
its function as a chaperone in the ERZ Related to the latter
observation is a more recent study by Villamil Giraldo et al.’
showing that Ca?* in concentrations higher than its average ER
concentration causes a switch in the C-terminal structure from
disordered peptide to a more rigid and compact conformation.
A more ordered structure of the C terminus was reported based
on modeling of small-angle X-ray scattering data but the effect of
Ca®* concentration on this model is unclear.'®

CALR ablation in mice is embryonically lethal.'’ A series of
studies (reviewed by Coe et al.'®) showed that Ca®>" binding
activity of CALR is more important for this phenotype than the loss
of chaperone function. In the absence of CALR, the nuclear
localization of nuclear factor of activated T cells (NFAT) is
abrogated. Notably, this phenotype can be rescued by
overactivation of calcineurin.'®> Furthermore, a recent study14
showed that the calcineurin—-NFAT axis acts as a negative
regulator of myeloid development at the level of hematopoietic
progenitors. Another study showed that in vivo suppression of
NFATc leads to increased megakaryopoiesis,”> which was in
accord with an earlier report that an endogenous inhibitor of
calcineurin called FKBP51 was 2-8 times overexpressed in
megakaryocytes from primary myelofibrosis (PMF) patients.'
Calcineurin is also associated with downstream signaling of
erythropoietin (Epo) receptor during erythropoiesis. However, it
is having a role in Epo-induced differentiation through c-myb
suppression and not proliferation.” In other words the lower
activity of calcineurin—-NFAT signaling in erythroid progenitors is
not providing a proliferative advantage. Therefore, it is tempting
to speculate that in hematopoietic stem/progenitor cells, mutated

Table 1. Isoelectric points (pl) for wild-type and mutant CALR peptides (reported by Nangalia et al.?) derived from the C terminus (from the common
Q361 residue onwards). Calculations were performed using the Scripps Institute’s on-line Protein Calculator v.3.3 (http://www.scripps.edu/
~ cdputnam/protcalc.html)
Designation Sequence pl
Wild-type QDEEQRLKEEEEDKKRKEEEEAEDKEDDEDKDEDEEDEEDKEEDEEEDVPGQAKDEL 3.98°
Deletions
L367fs*46 QDEEQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 12
E370fs*43 QDEEQRLKEVMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.76
E370fs*48 QDEEQRLKEQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.96
L367fs*48 QDEEQRQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 12.05
L367fs*44 QDEERRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.95
K368fs*51 QDEEQRLRRRQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 12.18
L367fs*52 QDEEQRRRRRQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 12.21
R366fs*53 QDEEQKRRRRQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 12.8
E371fs*49 QDEEQRLKEERQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.91
K368fs*43 QDEEQRLMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.88
E370fs*37 QDEEQRLKERMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.66
D373fs*47 QDEEQRLKEEEERTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.63
K374fs*53 QDEEQRLKEEEEDKRRRRQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.79
E371fs*49 QDEEQRLKEERTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.85
Mean 11.97°¢
Insertions
K385fs*47 QDEEQRLKEEEEDKKRKEEEEAEDNCRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 10.09
K385fs*47 QDEEQRLKEEEEDKKRKEEEEAEDLCRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 10.09
Mean 10.09¢
Complex
R376fs*55 QDEEQRLKEEEEDKKLCKRRRRQRTRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 11.71
K385fs*47 QDEEQRLKEEEEDKKRKEEEEAEDSCRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 10.09
E381fs*48 QDEEQRLKEEEEDKKRKEEEDPCRRMMRTKMRMRRMRRTRRKMRRKMSPARPRTSCREACLQGWTEA 10.54
Mean 10.78
2P—=0.0001 vs all mutants. °P=0.03 vs mutants with insertions. ?=0.01 vs mutants with complex rearrangements. °P=0.33 vs mutants with complex
rearrangements.
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CALR may not mediate the Ca?* export from the ER thus keeping
the calcineurin-NFAT signaling pathway significantly less active,
which in turn favors myeloid/megakaryocyte lineage commitment
and not erythroid lineage proliferation. This may explain the
observation that among the classical MPNs, CALR mutations are
found only in PMF and essential thrombocythemia and are not
associated with erythrocytosis. Furthermore, Klampfl et al.'
showed that in two PMF patients with multiple mutations, the
CALR mutations were early events, that is, they had already been
present in the proliferative phase of PMF. Finally, if the hypothesis
for the role of calcineurin signaling in CALR-mutated MPN cases is
true, it may open the way toward a specific treatment. For
instance, it was shown that compounds such as chlorogenic acid
can cause calcineurin activation in a calmodulin-dependent
manner.'®

In conclusion, based on a bioinformatic analysis of structural
and electrochemical properties of the recently identified mutated
C termini of CALR, we propose that the loss of Ca®>" binding
activity may contribute significantly to the pathogenetic mechan-
isms of these mutations. However, as CALR is a protein with
versatile cellular functions, this might be just one of several
mechanisms. This will hopefully lead to innovative therapies for
this subset of MPN patients.
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