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A new role for hematoxylin:
targeting CALR

Julia E. Maxson | Oregon Health & Science University

In this issue of Blood, Jia et al' identify hematoxylin as an inhibitor of the

glycan binding domain of calreticulin (CALR).

The discovery of CALR mutations in my-
eloproliferative neoplasms (MPNs) filled
in a missing piece of the pathobiological
puzzle for these disorders.2* Mutations in
Janus activated kinase 2 and the throm-
bopoietin receptor (MPL) had been pre-
viously identified as important molecular
drivers of disease, but they did not ex-
plain all classical MPN cases.* Mutations
in CALR were identified in a large fraction
of these remaining cases,?® but their bi-
ological role in driving myeloproliferation
was not immediately apparent.

CALR is an endoplasmic reticulin (ER)-
resident protein with multifaceted bi-
ological roles, including mediating proper
protein folding and regulating calcium
homeostasis. CALR has a lectin (glycan
binding) domain, which allows it to serve
as a chaperone by interacting with glycans
on nascently synthesized proteins. MPN-
associated insertions or deletions in
the CALR coding region cause a + 1-bp
frameshift, which alters the amino acid
sequence of the C terminus.® This changes
a negatively charge C terminus to one
enriched in positively charged amino
acids. This frameshift also abolishes an

In silico docking of hematoxylin onto the glycan
binding domain of CALR.? See Figure 2B in the article
by Jia et al that begins on page 1920.

ER-retrieval motif, which would normally
enable CALR to be retrieved from the Golgi
back to the ER.> In the absence of this motif,
CALR fails to maintain its ER residency and
travels toward the cell surface.

How do these changes to the protein
sequence promote a myeloproliferative
disorder? Expression of mutant CALR in
murine models leads to thrombocytosis.’
CALR mutations confer cytokine inde-
pendence and cellular transformation in
a MPL-dependent manner.¢® Frameshift
mutations alter the conformation of CALR
to enable robust interaction of its lectin
domain with MPL.2 This stabilizes MPL as
an dimer,” activating the receptor to en-
hance downstream signaling and drive
myeloproliferation.

Jia et al set out to precisely target this
molecular interaction. To do this, they
hamessed existing crystal structures of
CALR to make an in silico model of the
glycan binding domain (see figure). They
used this model for molecular docking
studies to predict drugs that might in-
teract with the glycan binding domain.
Intriguingly, one of these identified mole-
cules, hematoxylin, selectively inhibits the
growth of CALR-mutant-expressing BaF3
cells. Hematoxylin is long familiar to he-
matologists as a dye used in hematoxylin
and eosin staining. When used as a dye,
hematoxylin is further modified by oxida-
tion and complexed with metals. Hema-
toxylin, as used in these studies, is the
unmodified form. As an extension of these
findings, they show that other compounds
in the same class as hematoxylin (catechols)
also show selectivity toward CALR-mutant
cells, although none quite as impressive as
hematoxylin itself.

In a coculture model, CALR wild-type
cells outcompeted CALR-mutant cells in
the presence of hematoxylin. Hematox-
ylin also induces the apoptosis of CALR-
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mutant cells. To evaluate whether these
effects of hematoxylin are indeed due to
interaction with the CALR glycan binding
domain, the authors created substitu-
tions at critical residues in this domain.
These glycan binding domain mutations
abrogate the effects of hematoxylin. Fi-
nally, they show that hematoxylin re-
duces the colony-forming unit potential
of CALR-mutant human leukemia sam-
ples in culture.

At the molecular level, Jia et al demon-
strate using a bioluminescence resonance
energy transfer assay that hematoxylin in-
hibits the interaction of mutant CALR with
MPL. This is consistent with idea that
binding of hematoxylin to the lectin do-
main disrupts its ability to interact with
MPL's glycans. Furthermore, the disruption
of this interaction dampens activation of
STAT5 downstream of MPL. Together,
these data show that small-molecule
binding to the lectin domain of CALR
can prevent it from interacting with MPL
and thus block aberrant MPL activation.

Glycans are often underappreciated
players in biology, but nevertheless, they
make up a substantial portion of the
structure of membrane proteins. Glycans
dictate membrane protein folding, con-
fer structure, and mediate interactions
with other molecules. The story of MPL
and mutant CALR elegantly highlights the
importance of glycans and their interacting
lectins. Lectins have been targeted in my-
eloid malignancy before. Gemtuzumab
ozogamicin, a drug developed for acute
myeloid leukemia, targets the sialic acid
binding lectin CD33." However, the
specific disruption of lectin binding to its
target to hamper malignant function is an
exciting next step in the modulation of
glycan-protein interactions for therapeutic
benefit.

This study provides us with an important
proof of principle that the glycan binding
domain of calreticulin is targetable. With
micromolar potency and as-yet-unclear
in vivo tolerability, hematoxylin itself
likely serves as a starting point for further
drug development. However, with these
studies, mutant calreticulin has revealed
itself as vulnerable, and that is something
celebrate.
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PHAGOCYTES, GRANULOCYTES, AND MYELOPOIESIS

Comment on Frey et al, page 1932

Rare disease + lots of
sequencing = mechanism?

Gary M. Kupfer | Georgetown University

In the age of DNA next-generation sequencing, we have come to take for

granted the availability of a prodigious amount of data that seemingly sheds

light upon disease. However, the reams of sequences that are often produced

exceed our ability to understand the biological relevance and the disparate

disease states associated with those data. Researchers often make descrip-

tive observations that incorporate hematologic data, but we are sometimes

left wanting for the mechanisms involved. In this issue of Blood, Frey et al
have elucidated the mechanism of the vacuolar protein sorting 45 homolog
(VPS45)-Rab GTPase axis, which impacts the biology of embryogenesis and
causes congenital neutropenia and myelofibrosis.’

Over the years, the Frey group has an-
notated numerous mutant genes asso-
ciated with neutropenia and has followed
the science wherever it leads. Herein,
Frey et al have provided an elegant study
that explains the epistasis seen among
the partners of the complex, as observed
by microscopy as well as biochemically in
the protein level regulation of the com-
posite partners and as suggested by
previously reported observations on an
isolated family pedigree.?

Furthermore, their study supports the
notion of how defects on each end of the

developmental axis can be manifested
because of a genetic mutation. Paradoxi-
cally, neutropenia that results from defects
in trafficking of the granulocyte colony-
stimulating factor receptor is empirically
associated with differentiation defects, yet
VPS45 and Rab gene mutations that result
in severe defects with embryonic lethality
in the mouse model have the likelihood for
hypomorphic expression needed for re-
ported clinical cases.

Itis perhaps not so surprising that defects
in VPS45-Rab result in a wide-ranging
phenotype, given the observed defects

in endocytic trafficking. Fascinatingly, it is
not only the effect of differentiation that
seems to give rise to neutrophil effects.
Inherent defects in the neutrophils them-
selves with respect to phagosome pro-
cessing suggest a wider-ranging defect in
innate immunity.® Given the implications
for endosomes across the immune sys-
tem,* the phenotype of VPS45-Rab protein
dysfunction in adaptive immunity needs to
be investigated.

With the occurrence of severe neuro-
cognitive defects seen in VPS45-Rab protein
dysfunction with hematologic abnormalities,
the effects of dependent endosomal func-
tion in neurologic pathways also need
to be determined.® Again, the empirical
basis for such work is evident, because
axonal transport of critical proteins is
necessary for early growth and devel-
opment. Ironically, the most obvious
phenotypic and cursory findings for
VPS45-Rab protein dysfunction provide a
window for understanding how pervasive
this pathway is for nonhematopoietic and
hematopoietic functions alike. Equally so
is the unlikely insight such work opens to
common diseases of the elderly such as
Parkinson disease and Alzheimer disease.®
VPS45-Rab complexes figure prominently
in their pathogeneses, and endosomes
are discretely noted microscopically in
diseased neurons.

Although a defect in a basic process that
leads to early embryonic death has been
empirically observed, it is not clear why
that defect can have such specificity in its
effects in, for example, granulopoiesis.
Why do patients with these defects not
exhibit a low platelet count or anemia
rather than simply neutropenia? If em-
bryonic lethality occurs, then why is late
differentiation also affected? The asso-
ciation with myelofibrosis has long been
observed, yet a connection to leukemia
is less than obvious. The more common
genetic associations of MPN gene mu-
tations, such as JAK2, MPL, and CALR,
make biological sense with respect
to signal transduction pathways,” but
endosome trafficking does not fit neatly
into this paradigm. Conversely, cell stress
and forced stem cell proliferation are
thought to play a role in the increased
leukemia predisposition of even generic
aplastic anemia,® not to mention the
inherited bone marrow failure syndromes,
such as Fanconi anemia, dyskeratosis
congenita, and Diamond-Blackfan ane-
mia.? Thus, convergence on the health of
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