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ABSTRAC Approximately 20% of patients with myeloproliferative neoplasms (MPN) harbor

mutations in the gene calreticulin (CALR), with 80% of those mutations classified as
either type | or type Il. While type Il CALR-mutant proteins retain many of the Ca®* binding sites present
in the wild-type protein, type | CALR-mutant proteins lose these residues. The functional consequences
of this differential loss of Ca?* binding sites remain unexplored. Here, we show that the loss of Ca?*
binding residues in the type | mutant CALR protein directly impairs its Ca®* binding ability, which in
turn leads to depleted endoplasmic reticulum (ER) Ca%* and subsequent activation of the IRE1a,/XBP1
pathway of the unfolded protein response. Genetic or pharmacologic inhibition of IRE1o/XBP1 signal-
ing induces cell death in type | mutant but not type Il mutant or wild-type CALR-expressing cells, and
abrogates type | mutant CALR-driven MPN disease progression in vivo.

SIGNIFICANCE: Current targeted therapies for CALR-mutated MPNs are not curative and fail to dif-
ferentiate between type |- versus type ll-driven disease. To improve treatment strategies, it is critical
to identify CALR mutation type-specific vulnerabilities. Here we show that IRE1a,/XBP1 represents a

unique, targetable dependency specific to type | CALR-mutated MPNs.

INTRODUCTION

Myeloproliferative neoplasms (MPN) are clonal hemato-
poietic disorders that arise in the stem cell compartment
and result in the excess production of mature myeloid
cells. They include polycythemia vera (PV; increased red cell
production, hemoglobin, and hematocrit), essential throm-
bocythemia (ET; increased megakaryocyte and platelet pro-
duction), and primary myelofibrosis [PMF; characterized by
the overproliferation of megakaryocytes and granulocytes
with abnormal collagen deposition in the bone marrow
(BM) stroma; refs. 1-3]. Approximately 40% of patients
with ET and PMF harbor somatic, heterozygous mutations
in the gene calreticulin (CALR), which encodes a calcium
(Ca?")-binding chaperone protein that primarily resides in
the endoplasmic reticulum (ER; refs. 4, 5). CALR contains
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three distinct domains: the globular N-domain and proline-
rich P-domain are responsible for the chaperone func-
tion of the protein, although the P domain also contains
one high-affinity Ca?* binding site; the highly disordered
C-terminal domain binds Ca** with a series of acidic amino
acids, and terminates at an ER retention signal (KDEL;
ref. 6; Fig. 1A, top left). All CALR mutations occur as +1
base pair frameshift-induced indels in exon 9 of the gene,
which encodes the C-terminal Ca** binding domain, and
produce an identical 36 amino acid mutant C-terminal tail.
The mutant C-terminus is characterized by the replacement
of the acidic Ca®* binding residues with positively charged
arginine and lysine residues, and loss of the KDEL sequence
(Fig. 1A, bottom left). This neomorphic sequence is required
for the oncogenic activity of mutant CALR, wherein the
mutant protein aberrantly binds to the thrombopoietin
receptor MPL to constitutively activate pathogenic JAK/
STAT signaling and drive the disease (7-9).

Eighty percent of CALR mutations are classified as either
type I (52 bp deletion; CALRdel52) or type II (S bp inser-
tion; CALRins5). Despite their shared mutant C-termini
and mutual ability to bind and activate MPL, patients with
type I and type II CALR mutations display significant clini-
cal and prognostic differences. Type I mutations are more
common in PMF, and are associated with a higher risk of
fibrotic transformation from ET, while type II mutations
are primarily associated with ET (10, 11). The mechanisms
underlying these divergent clinical phenotypes remain
unknown, but suggest that the molecular pathogenesis is
not limited to activation of the MPL/JAK/STAT signaling
axis. To date, however, there has been no identification of
differentially activated pathways or dependencies in type I
versus type II mutant CALR-driven disease. Although
patients with CALR" MPNs can be treated with JAK2 inhibi-
tors, these drugs are not curative and primarily alleviate
symptom burden without altering the natural course of
the disease due to an inability to eradicate the malignant
clone (12-19). Thus, to improve treatment strategies for
patients with CALR* MPNs, it is critical to identify specific
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Figure 1. Type | CALRdel52 mutations differentially activate the IRE1o,/XBP1 pathway of the unfolded protein response (UPR). A, Left, structural
comparison of wild-type (top) and mutant (bottom) calreticulin (CALR). CALR contains three distinct domains: the N-domain and P-domain are responsi-
ble for the chaperone function of the protein, although the P domain also contains one high-affinity Ca?* binding site; the C-terminal domain binds Ca®*
with a series of acidic amino acids (denoted by blue circles), and terminates at an ER retention signal (KDEL). SP, ER signal peptide. CALR mutations

occur in the C-terminal Ca?* binding domain, and produce an identical 36 amino acid mutant C-terminal tail (red shaded region). The mutant C-terminus

is characterized by the replacement of the acidic Ca?* binding residues with positively charged residues (denoted by red circles), and loss of the KDEL
sequence. SP, ER signal peptide. Right, schematic depicting C-terminal amino acid sequence of CALRwt versus type | CALRdel52 and type Il CALRins5.
CALRins5 retains many of the Ca?* binding residues present in the wild-type protein, which are lost in the del52-mutant protein (highlighted in blue). 36
amino acid mutant C-terminal tail shared between all CALR-mutant proteins is depicted in red. B, Left, schematic depicting workflow for RNA-sequencing
(RNA-seq) experiment in Ba/F3-MPL cells expressing CALR variants in MSCV-IRES-GFP (MIG) backbone. Right, GSEA plots for IRE1o-mediated UPR in
Ba/F3-MPL-CALRdel52 cells versus Ba/F3-MPL-CALRwt cells (top) and Ba/F3-MPL-CALRins5 cells (bottom). C, Top, XBP1 splicing assay performed in
Ba/F3-MPL cells and MPN patient cells. Top band shows the spliced form of XBP1 (s), bottom bands show the Pst1-digested unspliced form of XBP1 (us).
Bottom, quantification of spliced XBP1 band. D, Western blot analysis for phospho-IRE1a, total IRE1e, and spliced XBP1 (XBP1s) in Ba/F3-MPL and UT-
7-MPL cells expressing CALR variants. B-Actin was used as a loading control. E, Western blot analysis for XBP1s in CALR-expressing Ba/F3-MPL nuclear
and cytosolic extracts. LSD1 was used as a nuclear marker and MEK was used as a cytosolic marker. F, gPCR for XBP1 targets DNAJB9, ADAM10, and
SERPI1 in UT-7-MPL cells. Each bar represents the average of three replicates. Error bars, SD. Significance was determined by two-tailed Student t test
(*, P<0.05;*, P<0.01;** P<0.001).

dependencies unique to CALR mutation type that can be by significantly increased store-operated Ca** entry (SOCE)
exploited for therapeutic gain. activity, a regulator of Ca®" flux into the cell (11). A subse-

Type I and type II CALR mutations are classified on the = quent study reported that this abnormal SOCE activity is a
basis of the extent of amino acid homology with the wild- result of diminished interaction between mutant CALR and
type protein. While type II CALR-mutant proteins retain stromal interaction molecule 1 (STIM1; ref. 20), a protein
many of the Ca?* binding sites present in the wild-type of SOCE machinery that functions as a Ca®" sensor in the

protein, type I CALR-mutant proteins lose these residues ER (21). However, this study did not identify any significant
(Fig. 1A, right). Importantly, it has not yet been shown that differences in SOCE activation between type I and type II

type I mutations directly result in a loss of Ca?* binding mutant CALR megakaryocytes. This suggests that there may
ability. It has, however, been demonstrated that patients be other regulatory mechanisms at play that mediate intra-
with type I CALR mutations, but not those with type II, cellular Ca?* signaling in type I versus type II mutant CALR-
exhibit abnormal intracellular Ca?* signals, characterized expressing cells outside of SOCE machinery. Moreover, in
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addition to understanding how Ca?" signaling differs in
type I versus type II mutant CALR cellular contexts, and
whether differential signaling is a direct result of the loss of
Ca** binding sites on the type I mutant protein, it is critical
to understand the functional consequences of these differ-
ences. Ca®" affects myriad cellular pathways, but those which
are differentially regulated by abnormal Ca®" signaling in
type I versus type II mutant CALR have yet to be explored.

Perturbations in ER Ca?* concentration can cause accumu-
lation of misfolded proteins in the ER. In response, activa-
tion of stress sensors IRE1la, PERK, and ATF6 triggers the
unfolded protein response (UPR), which activates gene pro-
grams aimed at restoring ER function and adapting to micro-
environmental changes. If ER stress becomes irremediable,
the UPR commits the cell to apoptosis (22). Sustained ER
stress has been documented in many cancer types, and some
tumor cells exploit the UPR to withstand stress and promote
survival (23, 24). Although CALR, as an ER chaperone, is
an important UPR effector, the role of the UPR in mutant
CALR-driven MPNs remains unclear, with previous studies
demonstrating both impairment (25) and upregulation (26,
27) of the UPR in mutant CALR cells.

Here, we sought to first functionally validate whether
the UPR is indeed activated by CALR mutations. Further-
more, given the differences in both amino acid composition
and clinical phenotype between type I and type II CALR
mutants, we examined whether the UPR is differentially
activated between mutation types, and in doing so provide
the first evidence for unique molecular dependencies in
type I versus type II mutant CALR-driven MPNs. In addi-
tion, although traditionally considered gain-of-function
mutations, we sought to directly answer the enduring ques-
tion of whether type I CALR mutations serve as loss-of-
function mutations in the context of Ca** binding ability.
Finally, we show that the functional consequence of the dif-
ferential loss of Ca?* binding sites induced by type I versus
type II CALR mutations is the activation of and dependency
on the IRE1a/XBP1 pathway of the UPR, and that this path-
way can be targeted for therapeutic intervention in type I
mutant CALR-driven disease.

RESULTS

Type | CALRdel52 Mutations Differentially
Activate the IRELo,/XBP1 Pathway of the UPR

To identify whether the UPR is differentially regulated in
mutant versus wild-type CALR (CALRwt)-expressing cells,
and in type I CALRdel52 versus type II CALRinsS-expressing
cells, we performed whole-transcriptome RNA sequencing
(Fig. 1B, left) using the Ba/F3 cell line model system in
which we previously dissected the molecular mechanisms
underlying mutant CALR-mediated hematopoietic trans-
formation (9, 28). IREla—regulated UPR transcripts were
enriched in CALRdel52 cells as compared with both CALRwt
and CALRinsS-expressing cells (Fig. 1B, right; Supplementary
Table S1).

To validate these findings, we employed an XBP1 splic-
ing assay (29) in CALRwt, CALRdel52, and CALRinsS cells.
Consistent with our RNA-sequencing (RNA-seq) results, we
found that CALRdel52-expressing Ba/F3-MPL (Fig. 1C, left),

human megakaryocytic UT-7-MPL (Supplementary Fig. S1),
and primary peripheral blood mononuclear cells (PBMC)
from patients with MPNs (Supplementary Table S2) dem-
onstrate increased levels of spliced XBP1 (XBP1s) compared
with CALRwt- and CALRinsS-expressing cells (Fig. 1C, right).
We further validated activation of this pathway at the protein
level by Western blot analysis in Ba/F3-MPL and UT-7-MPL
cells (Fig. 1D).

To assess XBP1s nuclear localization as a metric for its
activity as a transcription factor, we performed nuclear/
cytosolic  fractionation of Ba/F3-MPL cells expressing
CALRwt, CALRdel52, or CALRinsS. Increased nuclear XBP1s
was observed in CALRdel52-expressing cells compared
with CALRwt or CALRinsS (Fig. 1E). Finally, we performed
quantitative PCR (qPCR) of canonical XBP1 target genes
in UT-7-MPL cells. In accordance with our previous results,
CALRdel52-expressing cells displayed significantly increased
expression of XBP1 target genes DNAJBY9 (Fig. 1F, left),
ADAM10 (Fig. 1F, middle), and SERPI (Fig. 1F, right), com-
pared with CALRwt and CALRins5-expressing cells. Together,
these results confirm that the IRElo/XBP1 pathway of the
UPR is differentially activated in CALRdel52 compared with
CALRwt and CALRins5 cells.

Type | CALRdel52 Mutations Lead to Loss
of Ca?* Binding Function, Resulting
in ER Ca?* Depletion

Given the differential activation of IRElo/XBP1 by
CALRdel52 compared with CALRins5, we hypothesized that
the molecular mechanism underlying this activation may
be related to the loss of Ca?* binding residues unique to the
CALRdel52 protein (Fig. 1A, right). We first analyzed our
RNA-seq data for global transcriptomic changes in Ca®*
signaling pathways between CALRdel52 versus CALRwt or
CALRinsS-expressing cells. Ca®*" signaling pathway genes
were significantly enriched in CALRdel52- as compared
with CALRwt- (Fig. 2A, top) and CALRinsS-expressing cells
(Fig. 2A, bottom; Supplementary Table S1). This suggests
that there are indeed differences in Ca?* regulation unique to
CALRdel52 cells.

Next, we asked whether the CALRdel52 protein does in
fact lose its ability to bind Ca?" as a result of the loss of Ca?*
binding residues in the C-terminus. To examine this, we per-
formed a Stains-All assay as a metric of Ca?" binding ability
(30). Incubation of purified, recombinant CALR proteins
(rCALR) with Stains-All led to similar increases in absorb-
ance in CALRwt and CALRins5 protein-dye complexes com-
pared with Stains-All alone, suggesting similar Ca*" binding
capabilities between the two proteins. However, CALRdel52
protein-dye complexes resulted in a significantly decreased
absorbance compared with CALRwt and CALRins5, and no
significant increase in absorbance compared to Stains-All
alone (Fig. 2B). Together, this suggests that CALRdel52 muta-
tions, but not CALRinsS mutations, lead to loss of Ca?* bind-
ing function.

To assess the functional effects of the loss of CALRdel52
Ca?" binding ability, we performed Ca®" imaging studies
using a genetically encoded ER-targeted red fluorescent
Ca®" indicator, R-CEPIAler (31). This sensor is designed
to bind free intraluminal ER Ca?" that is not bound by
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Figure 2. Type | CALRdel52 mutations lead to loss of Ca?* binding function, resulting in ER Ca?* depletion. A, GSEA plots for Ca2* signaling pathway
in Ba/F3-MPL-CALRdel52 cells versus Ba/F3-MPL-CALRwt cells (top) and Ba/F3-MPL-CALRins5 cells (bottom). B, Left, absorbance (640 nm) of 20 ug
of recombinant CALRwt, CALRdel52, CALRins5 incubated with 0.025% Stains-All solution to indirectly measure the Ca?* binding ability of each rCALR
protein. Each bar represents the average of three independent replicates. Error bars, SD. Significance was determined by two-tailed Student t test (*,

P <0.05;*, P<0.01). Right, Western blot analysis for calreticulin (CALR; which detects both wild-type and mutant CALR) and mutant CALR (which only
detects the mutant C-terminus) for rCALR proteins used in Stains-All assay. C, Quantification of relative fluorescence of Ca** sensor in U20S cells
expressing iV2-CALRwt, CALRdel52, and CALRinsS. Each bar represents the average of five individual cells. Error bars, SD. Significance was determined

by two-tailed Student t test (*, P < 0.05; *

*,P<0.01). D, Immunofluorescence of FLAG-tagged CALR variants (green) and ER marker calnexin (red) in U20S

cells. Nuclear staining with DAPI is shown in blue. Merge column depicts the overlay of FLAG-CALR in green with the ER in red to demonstrate colocaliza-

tion (yellow). Scale bar, 10 um.

other proteins, and thus serves to qualitatively measure
ER Ca?" concentration. Here, we used the human bone
osteosarcoma cell line U20S, an adherent cell line with
abundant ER that has been shown to be optimal for live
imaging studies. Cells were transiently cotransfected with
plasmids encoding CALRwt, CALRdel52, and CALRinsS
in a backbone expressing Venus fluorescent protein (iV2;
ref. 32) and the plasmid encoding the R-CEPIAler Ca**
sensor 48 hours prior to imaging. Cell imaging studies
revealed that cells transfected with CALRdel52 plasmid
demonstrated significantly decreased fluorescence of the
ER Ca®" sensor, indicating decreased ER Ca®" concentra-
tion, compared with cells expressing CALRwt or CALRins5
(Fig. 2C; Supplementary Fig. S2A and S2B). Notably, this
was not due to an inability of CALRdelS52 to localize to the
ER, as immunofluorescence studies demonstrated simi-
lar ER localization of FLAG-tagged CALRwt, CALRdel52,

and CALRins5, evidenced by the overlap of staining for
ER marker calnexin (red) with anti-FLAG (green; Fig. 2D).
Together, these data suggest that loss of Ca?" binding sites
on the CALRdel52 protein leads to a loss of Ca** binding
function, resulting in diminished ER Ca®" storage capacity
and depleted ER Ca?" levels.

Type | Mutant CALRdel52-Driven ER Ca%*
Depletion Activates the IRELo/XBP1 Pathway

We next tested whether differential activation of IRElo/
XBP1 by CALRdel52 is due to CALRdel52-induced ER Ca?*
depletion. For this, we generated a rescue construct designed
to restore CALR-mediated Ca®*-binding capacity to the
ER. The construct encodes the ER signal peptide at the
N-terminus, followed by the P- and C-domains of CALRwr,
which govern all of its Ca** binding function and contain
the KDEL ER retention signal (Fig. 3A). Notably, the P- and
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Figure 3. Type | mutant CALRdel52-driven ER Ca?* depletion activates the IRE1o/XBP1 pathway. A, Schematic of the P+C rescue construct. The
ER signal peptide was cloned just prior to the P domain to ensure proper localization of the protein. B, Immunofluorescence of empty GFP-expressing
vector or P+C rescue construct in GFP-expressing backbone (green) and ER marker calnexin (red) in U20S cells. Nuclear staining with DAPI is shown
in blue. Merge column depicts the overlay of P+C in green with the ER in red to demonstrate colocalization (yellow). Scale bar, 10 um. C, Quantifica-
tion of relative fluorescence of Ca?* sensor in U20S cells expressing CALRwt + empty vector (control), CALRwt + P+C, CALRdel52 + empty vector, or
CALRdel52 + P+C. Each bar represents the average of five independent replicates. Error bars, SD. Significance was determined by two-tailed Student
t test (*, P<0.05;**, P<0.01). D, Top, Western blot analysis for spliced XBP1 (XBP1s) in Ba/F3-MPL cells expressing calreticulin (CALR) variants and
either empty vector (=) or P+C (+) rescue construct. B-Actin was used as a loading control. Bottom, quantification of XBP1s band relative to B-actin
control from two independent Western blots (shown above and in Supplementary Fig. S3B). Analysis was performed using Thermo Fisher Scientific
iBright Analysis Software. Each bar represents the average of two independent replicates. Error bars, SD. Significance was determined by two-tailed
Student t test (*, P<0.05). E, qPCR for XBP1 targets ADAMI10, and SERP1 in Ba/F3-MPL cells expressing CALRwt and CALRdel52 with or without the
P+C rescue construct. Each bar represents the average of three independent replicates. Error bars, SD. Significance was determined by two-tailed
Student t test (**, P<0.01; ** P <0.001).

C-domains alone, when expressed as a recombinant protein vector or the P+C rescue construct and cotransfected with iV2-
in bacteria, have been shown to bind Ca?" at concentrations CALRwt plasmids and the R-CEP1Aler sensor were included
equal to the full-length protein (33). as controls. ER Ca?* levels in CALRdel52-expressing cells were
First, we performed immunofluorescence to confirm that completely rescued upon introduction of the P+C rescue con-
the protein encoded by the P+C rescue construct does indeed struct compared with introduction of the empty vector alone.
localize to the ER. Here, U20S cells were transiently transfected (Fig. 3C; Supplementary Fig. S3A).
with either empty vector or the P+C rescue construct in a GFP- With the function of our Ca*" binding rescue construct
expressing backbone, and stained with a calnexin antibody to established, we next investigated its effects on the IREla/

detect the ER (red). We observed overlap between staining for XBP1 pathway. We stably expressed empty vector or the P+C
calnexin and GFP in the presence of the P+C construct, sug- rescue construct in Ba/F3-MPL-CALRwt, CALRdel52, and

gesting that the rescue construct does indeed localize to the CALRinsS cells, and performed a Western blot analysis for
ER (Fig. 3B). Finally, to confirm that expression of the P+C XBP1s. XBP1s levels were markedly decreased in CALRdelS2
rescue construct is sufficient to restore Ca?* binding ability to cells expressing the P+C rescue construct compared with

the ER, we performed imaging studies using the Ca®" sensor CALRdel52 cells expressing the empty vector (Fig. 3D, top;
described in Fig. 2. U20S cells stably expressing either an Supplementary Fig. S3B, quantified below). Notably, we
empty vector or the P+C rescue construct were cotransfected found that the Ca?* binding domain of CALRins5 was also
with iV2-CALRdel52 plasmids and the R-CEP1Aler sensor 48 capable of rescuing CALRdel52 XBP1s levels (Supplementary
hours prior to imaging. U20S cells stably expressing an empty Fig. S3C). In addition, mRNA expression of XBP1 targets
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ADAM10 and SERPI were also significantly decreased upon
introduction of the CALRwt P+C rescue construct (Fig. 3E).
Together, these data suggest that depletion of ER Ca*' by
CALRdel52 mediates activation of the IRE1o/XBP1 pathway,
and that this activation can be rescued by introduction of a
functional CALR Ca?* binding construct.

Type | Mutant CALRdel52-Expressing Cells Are
Dependent on Depleted ER Ca?* to Activate
IREla/XBP1, Which Promotes Cell Survival Via
Upregulation of BCL-2

Having discerned the mechanism of ER stress underlying
activation of the IRE10,/XBP1 pathway in CALRdel52 cells, we
next asked whether this pathway represents a unique molecu-
lar dependency that promotes CALRdel52 cell survival.

Because we previously observed that the P+C rescue con-
struct led to downregulation of XBP1s expression levels in
CALRdel52 cells, we first asked how cell viability is affected in
response to this rescue phenotype. We performed a cell viabil-
ity assay in Ba/F3-MPL cells expressing CALRwt, CALRdel52,
and CALRinsS with empty vector or stable expression of the
P+C rescue construct. Because Ba/F3-MPL cells expressing
CALRwt die upon withdrawal of IL3, we included Ba/F3-
MPL-CALRwt cells in the presence of IL3 to determine
whether the P+C rescue construct has any detrimental effects
on cell viability in the absence of CALR mutations. All other
cells were subjected to IL3 withdrawal to induce mutant
CALR-driven IL3 independent cell growth. As expected,
CALRwt-expressing cells in the absence of IL3 died, while
CALRwr cells in the presence of IL3 were unaffected by intro-
duction of the P+C rescue construct. Likewise, CALRins5
cells displayed no growth defect in the presence of the P+C
rescue construct. CALRdel52 cells, however, exhibited sig-
nificantly decreased cell viability in the presence of the P+C
rescue construct compared with CALRdel52 cells expressing
an empty vector (Fig. 4A). This suggests that CALRdel52 cells
are dependent on depleted ER Ca** levels to activate IREla/
XBP1 signaling, which promotes cell survival.

To further interrogate the specific requirement of
IRElo and XBP1s for CALRdel52 cell survival, we gener-
ated shRNA knockdowns against IRElo and XBP1 in Ba/
F3-MPL cells. Knockdown efficiency of the top scoring
shRNAs against IREla (Fig. 4B, top) and XBP1 (Fig. 4B,
bottom) were validated by Western blot analysis. Trypan
blue exclusion cell counting assays demonstrated that cell
viability was significantly decreased only in CALRdel52
cells upon knockdown of IRElo (Fig. 4C, left) and XBP1
(Fig. 4C, right), suggesting that this pathway is required
by CALRdel52 cells, but not CALRwt or CALRins5 cells
for survival.

To understand how the IREla/XBP1 pathway promotes
CALRdel52 cell survival, we focused on the antiapoptotic
protein BCL-2. Although its function is best characterized in
mitochondria, BCL-2 has also been shown to localize to the
ER (34), where it plays a role in the control of Ca?* homeo-
stasis. Interestingly, BCL-2 overexpression has been shown
to inhibit apoptosis in the face of depleted ER Ca*" (35-37).
Given the CALRdel52-driven phenotype of ER Ca?* depletion
and consequential IRE10/XBP1 activation we observed, we
asked whether BCL-2 may act downstream of IREla/XBP1

to promote continued cell survival. Notably, BCL-2 has been
shown to regulate the IRE1o/XBP1 pathway, where BCL-2
enhances IRElo endonuclease activity to promote sustained
production of XBP1s (38). However, whether BCL-2 can also
act downstream of IRElo/XBP1 to promote cell survival
remains unclear.

To address this question, we first analyzed our RNA-seq
data (Fig. 1A) for BH (BCL-2 homology) domain binding sig-
natures in CALRwt-, CALRdel52-, and CALRinsS-expressing
cells. BH domain binding genes were significantly enriched
in CALRdel52 cells compared with CALRwt (Fig. 4D, left;
Supplementary Table S1), with BCL-2 expression increased
in CALRdel52 compared with both CALRwt and CALRinsS
(Fig. 4D, right).

To validate BCL-2 upregulation in CALRdel52 cells, we
performed qPCR for BCL-2 in Ba/F3-MPL cells (Fig. 4E,
left), UT-7-MPL cells (Fig. 4E, middle), and primary MPN
patient PBMCs (Fig. 4E, right; Supplementary Table S2).
Significant upregulation of BCL-2 mRNA expression was
observed in each cell type expressing CALRdel52 compared
with those expressing CALRwt or CALRins5. Similarly,
all MPN patient samples harboring a CALRdel52 muta-
tion demonstrated significantly increased BCL-2 mRNA
expression compared with healthy donor (HD). Likewise,
all but one CALRdel52 sample demonstrated significantly
increased BCL-2 mRNA expression compared with both
samples harboring a CALRinsS mutation. We confirmed
this finding at the protein level by Western blot analysis
in UT-7-MPL cells (Fig. 4F). To determine whether the
observed BCL-2 upregulation is mediated by the IRElo/
XBP1 pathway, we performed qPCR in both the stable P+C
rescue cell line (Fig. 4G) and qPCR (Fig. 4H, left) and West-
ern blot analysis (Fig. 4H, right) for BCL-2 in XBP1 knock-
down cells, which both display downregulation of XBP1
(Fig. 3E; Fig. 4C). In all cases, we saw significantly decreased
BCL-2 expression in CALRdel52 cells when XBP1 levels
were downregulated. Having validated that BCL-2 is down-
stream of XBP1 in CALRdel52 cells, we next confirmed
that XBP1 upregulates BCL-2 to promote cell survival in
CALRdel52 cells. To do this, we treated cells with BCL-2
inhibitor venetoclax and performed Annexin V/PI staining
to assay for apoptosis (Fig. 4I). We found that while neither
CALRwt nor CALRinsS5 cells exhibited a significant increase
in apoptosis upon venetoclax treatment, CALRdel52 cells
underwent significant apoptotic cell death upon treatment.
We validated this finding in primary MPN patient cells
(Supplementary Fig. S4). This suggests that the IRElo/
XBP1 pathway mediates upregulation of BCL-2 specifically
in CALRdel52 cells to promote cell survival in the face of
CALRdel52-driven ER Ca?" depletion.

XBP1 Upregulates the IP3 Receptor to Induce a
Positive Feedback Loop of Sustained Depleted ER
Ca?* and IRELo,/XBP1 Pathway Activation in Type |
CALRdel52-Expressing Cells

We next turned our focus to how CALRdel52 cells sustain
depleted ER Ca?" in order to promote continued activation of
IRE10/XBP1 survival signaling. Inositol 1,4,5-trisphosphate
(IP3) receptors (IP3R), the main Ca?**-release channels in
the ER, and play a key role in the control of Ca®* signaling
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Figure 4. Type | mutant CALRdel52-expressing cells are dependent on depleted ER Ca?* to activate IRELo,/XBP1, which promotes cell survival via
upregulation of BCL-2. A, Total viable cell number at 48 hours post IL3 withdrawal in Ba/F3-MPL cells expressing calreticulin (CALR) variants and either
empty vector or P+C rescue construct. Ba/F3-MPL-CALRwt cells grown in the presence of IL3 was included as a control. Each bar represents the average
of three independent replicates. Error bars, SD. Significance was determined by two-tailed Student t test (*, P < 0.05). B, Top, Western blot analysis for
IRELloand XBP1s in Ba/F3-MPL cells expressing CALR variants and either a scrambled shRNA or shRNA against IRE1a. Bottom, Western blot analysis
for XBP1 in Ba/F3-MPL cells expressing CALR variants and either a scrambled shRNA or shRNA against XBP1. C, Total viable cell number at 48 hours
post IL3 withdrawal in Ba/F3-MPL cells expressing CALR variants and either a scrambled shRNA or shRNA against IRELc (left) or XBP1 (right). Ba/
F3-MPL-CALRwt cells grown in the presence of IL3 were included as a control. Each bar represents the average of three independent replicates. Error
bars, SD. Significance was determined by two-tailed Student t test (**, P<0.01; ***, P <0.001). D, Left, GSEA plots for BH domain binding in Ba/F3-MPL-
CALRdel52 cells versus Ba/F3-MPL-CALRwt cells. Right, Heat map displaying relative expression levels of BCL-2 family genes BCL-2, BCL-xL, and MCL-1
in Ba/F3-MPL cells expressing CALR variants. E, qPCR for BCL-2 expression in Ba/F3-MPL cells (left) and UT-7-MPL cells (middle) expressing CALRwt,
CALRdel52, and CALRins5, and in peripheral blood mononuclear cells (PBMC) from a healthy donor (HD) or patients with myeloproliferative neoplasms
(MPN; patient number depicted below each bar) with CALRdel52 or CALRins5 mutations (right). Each bar represents the average of three independent
replicates. Error bars, SD. Significance was determined by two-tailed Student t test (¥, P < 0.05; ***, P < 0.001). F, Western blot analysis for BCL-2 in UT-
7-MPL cells expressing CALR variants. B-Actin was used as a loading control. G, qPCR for BCL-2 expression in Ba/F3-MPL cells expressing CALR variants
and either empty vector or P+C rescue construct. Each bar represents the average of three independent replicates. Error bars, SD. Significance was
determined by two-tailed Student t test (**, P<0.01). H, Left, gPCR for BCL-2 expression in Ba/F3-MPL cells expressing CALR variants and a scramble
shRNA or shRNA against XBP1. Each bar represents the average of three independent replicates. Error bars, SD. Significance was determined by two-
tailed Student t test (***, P <0.001). Right, Western blot analysis for BCL-2 in Ba/F3-MPL cells expressing CALR variants and a scramble shRNA (=) or
shRNA against XBP1 (+). I, Quantification of flow cytometric analysis for Annexin V/PI double positivity in Ba/F3-MPL cells expressing CALR variants and
treated with or without venetoclax (1 umol/L for 24 hours). Each bar represents the average of three independent replicates. Error bars, SD. Significance
was determined by two-tailed Student t test (***, P < 0.001).

(39). Notably, IP3Rs initiate SOCE, which has been shown XBP1 activation, which upregulates BCL-2 to promote cell
to be differentially regulated in mutant versus wild-type survival independent of IP3R inhibition.

CALR expressing cells (11, 20). Interestingly, BCL-2 has been To first assess whether IP3R is upregulated in CALRdel52-
shown to bind IP3R to inhibit Ca** release from the ER, expressing cells, we performed qPCR for the IP3R gene ITPRI
which in turn prevents apoptosis (40). Here, we hypothesized in Ba/F3-MPL cells (Fig. SA, left), UT-7-MPL cells (Fig. 5A,
that because CALRdel52 mutations engender dependency on middle), and primary MPN patient PBMCs (Fig. 5A, right).
depletion of ER Ca?*, this mechanism is rewired to promote Significant upregulation of ITPRI mRNA expression was
IP3R-regulated Ca** release from the ER and sustain IRElc/ observed in each cell type expressing CALRdel52 compared
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Figure 5. XBP1 upregulates the IP3 receptor to induce a positive feedback loop of sustained depleted ER Ca2* and IRE10,/XBP1 pathway activation
in type | CALRdel52-expressing cells. A, gPCR for ITPR1 in Ba/F3-MPL cells (left) and UT-7-MPL cells (middle) expressing CALRwt, CALRdel52, and
CALRins5, and in peripheral blood mononuclear cells (PBMC) from a healthy donor (HD) or patients with myeloproliferative neoplasms (MPN; patient
number depicted below each bar) with CALRdel52 or CALRins5 mutations (right). Each bar represents the average of three independent replicates. Error
bars, SD. Significance was determined by two-tailed Student t test (**, P<0.01; *** P <0.001). B, Western blot analysis for IP3R in Ba/F3-MPL and UT-
7-MPL cells expressing calreticulin (CALR) variants. B-Actin was used as a loading control. C, gPCR for ITPR1 expression in Ba/F3-MPL cells expressing
CALR variants and either empty vector or P+C rescue construct. Each bar represents the average of three independent replicates. Error bars, SD. Signifi-
cance was determined by two-tailed Student t test (**, P < 0.01). D, Top, qPCR for ITPR1 expression in Ba/F3-MPL cells expressing CALR variants and a
scramble shRNA or shRNA against XBP1. Each bar represents the average of three independent replicates. Error bars, SD. Significance was determined
by two-tailed Student t test (¥, P < 0.05). Bottom, Western blot analysis for IP3R in Ba/F3-MPL cells expressing CALR variants and a scramble shRNA (=)
or shRNA against XBP1 (+). E, Quantification of relative fluorescence of Ca?* sensor in U20S cells expressing iV2-CALRdel52 treated with or without
2-APB (100 pumol/L for 1.5 minutes). Each bar represents the average of three independent replicates. Error bars, SD. Significance was determined by
two-tailed Student t test (*, P < 0.05). F, Top, XBP1 splicing assay performed in Ba/F3-MPL cells expressing CALR variants treated with or without 2-APB
(100 pumol/L for 24 hours). Top band shows the spliced form of XBP1 (s), bottom bands show the Pst1-digested unspliced form of XBP1 (us). Bottom,
quantification of spliced XBP1 band. Analysis was performed using Thermo Fisher Scientific iBright Analysis Software. G, gPCR for ADAM10 and SERP1
expression in UT-7-MPL cells expressing CALR variants treated with or without 2-APB (100 umol/L for 24 hours). Each bar represents the average of
three independent replicates. Error bars, SD. Significance was determined by two-tailed Student t test (**, P < 0.01). H, Quantification of flow cytometric
analysis for Annexin V/PI double positivity in Ba/F3-MPL cells expressing CALR variants and treated with or without 2-ABP (100 umol/L for 72 hours).
Each bar represents the average of three independent replicates. Error bars, SD. Significance was determined by two-tailed Student t test (***, P<0.01).
I, Western blot analysis for BCL-2 in Ba/F3-MPL cells expressing CALR variants and treated with or without 2-ABP (100 umol/L for 24 hours). B-Actin

was used as a loading control.
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with those expressing CALRwt and CALRinsS. Likewise, all
MPN patient samples harboring a CALRdel52 mutation dem-
onstrated significantly increased ITPRI mRNA expression
compared with healthy donor (HD) and to both samples
harboring a CALRinsS mutation. We confirmed this finding
at the protein level by Western blot in Ba/F3-MPL and UT-
7-MPL cells (Fig. 5SB). To determine whether this upregulation
is mediated by the IRE1a/XBP1 pathway, we performed qPCR
in the stable P+C rescue cell line (Fig. 5C) and qPCR (Fig. 5D,
top) and Western blot analysis (Fig. 5D, bottom) for ITPR1
in XBP1 knockdown cells. ITPRI mRNA and IP3R protein
expression were both decreased only in CALRdel52 cells upon
XBP1 downregulation. This suggests that CALRdel52 cells
mediate upregulation of IP3R at least in part via the IRElo/
XBP1 pathway.

Next, we tested whether IP3R is the channel by which
CALRdel52-expressing cells mediate efflux of ER Ca®" to
sustain ER Ca?* depletion. To do so, we utilized the allos-
teric IP3R inhibitor, 2-aminoethoxydiphenyl borate (2-APB),
which inhibits IP3R Ca?* release (41). U20S cells transiently
cotransfected with CALR variants and the CEPIAler Ca?
sensor were treated with vehicle or 2-ABP for 90 seconds and
imaged as previously described in Figs. 2 and 3. We found
that CALRdel52-expressing cells treated with 2-APB dem-
onstrated significantly increased ER Ca?* levels compared
with CALRdel52 cells treated with vehicle, as measured by
fluorescence of the ER Ca®" sensor (Fig. SE; Supplementary
Fig. SSA). This suggests that IP3R is at least partially respon-
sible for the depleted ER Ca*" stores in CALRdelS2 cells.

Finally, we tested the hypothesis that XBP1 upregulates
IP3R to produce a positive feedback loop whereby IP3R
sustains ER Ca?* depletion to promote continued activation
of IRE1o/XBP1 in CALRdel52 cells. To do this, we treated
Ba/F3-MPL cells with 2-APB and measured XBP1 splicing
as previously described in Fig. 1. Strikingly, we found that
inhibition of IP3R with 2-APB led to decreased levels of
XBP1s mRNA only in CALRdel52 cells, suggesting that not
only does XBP1 up-regulate IP3R, but IP3R activity pro-
motes IRE1lo/XBP1 signaling in a positive feedback loop
(Fig. 5F). To interrogate the effects of IP3R inhibition on
XBP1 transcriptional activity, we performed qPCR for XBP1
targets ADAMI10 and SERPI, and found that 2-APB treatment
led to significantly decreased expression of both genes in
CALRdel52 cells (Fig. 5G). Finally, to determine whether IP3R
activity is important for the survival of CALRdel52 cells, we
treated UT-7-MPL cells with 2-APB and performed Annexin
V/PI staining to measure apoptosis. We found that while
2-APB had no significant proapoptotic effect on CALRwt or
CALRinsS-expressing cells, CALRdel52 cells displayed signifi-
cantly increased Annexin V/PI positivity in response to 2-APB
treatment (Fig. SH). To determine whether this increased
cell death is mediated through downregulation of BCL-2,
we performed a Western blot analysis for BCL-2 in 2-ABP
treated UT-7-MPL cells. Indeed, we found that BCL-2 expres-
sion is decreased in CALRdel52 cells upon 2-ABP treatment
(Fig. SI, quantified in Supplementary Fig. S5B). Together,
these results indicated that CALRdel52 cells promote ER Ca**
depletion via XBP1-mediated up-regulation of IP3R, which
in turn leads to continued activation of IRE10o/XBP1 to pro-
mote cell survival through BCL-2.

The IRE1a./XBP1 Pathway Represents a Potential
Target for Therapy in CALRdel52-Driven MPNs

Given the dependence of CALRdel52 cells on the IRElo/
XBP1 pathway, we reasoned that IRElo. may represent a
potential target for therapy in CALRdel52-driven MPNs. To
test this, we employed the highly selective IREla. inhibitor,
KIRAS, that binds to the kinase domain of IREla and allos-
terically inhibits its RNase activity (42).

To first determine the lowest dose at which KIRA8 inhib-
its IRE1o/XBP1 signaling, we performed a dose-response
assay for XBP1 splicing (Supplementary Fig. S6A), as well as
Western blot analysis for phospho-IREla. (Fig. 6A and B). A
dose of 5 pmol/L was sufficient to inhibit IREla phosphoryl-
ation and XBP1 splicing. KIRAS8 specifically inhibited viabil-
ity of and induced apoptosis in CALRdel52-expressing Ba/
F3-MPL cells (Fig. 6C), UT-7-MPL cells (Fig. 6D), and primary
MPN patient PBMCs (Fig. 6E; Supplementary Table S2),
without affecting cells expressing CALRwt or CALRinsS. This
suggests that inhibiting IRElo. may have minimal off-target
effects on cells not expressing CALRdel52. Finally, to assess
the effects of KIRAS8 treatment on XBP1 targets BCL-2 and
IP3R, we performed Western blot analysis in KIRA8-treated
Ba/F3-MPL-CALR cells. We found that KIRAS8 treatment led
to downregulation of BCL-2 (Fig. 6F, quantified in Supple-
mentary Fig. S6B), phospho-IP3R, and total IP3R expression
levels (Fig. 6G, quantified in Supplementary Fig. S6C) in
CALRdel52 cells, confirming that KIRAS treatment is able to
mitigate the expression and activity of these critical targets
that drive CALRdel52 cell survival.

Inhibition of IREla Signaling Abrogates MPN
Disease Progression In Vivo

Finally, to study the effects of IREla inhibition in vivo, we
used a BM transplantation (BMT) model of mutant CALR-
driven ET as previously described (9, 43). Ten weeks post-
transplantation, mice were bled retro-orbitally to confirm
onset of thrombocytosis in CALRdel52 mice, then randomly
divided into two groups per genotype (n =S per group). Mice
from each group were treated with intraperitoneal injec-
tion of either vehicle or 50 mg/kg KIRA8 on a 7 day on/7
day off dose schedule for a total of 6 weeks (Fig. 7A). At 16
weeks posttransplantation, mice were sacrificed for end point
analysis, which included complete blood counts (CBC) and
histopathological analysis. CBC analysis revealed that, as
expected, mice receiving CALRdel52-expressing cells dem-
onstrated significantly increased platelet (PLT) counts at 16
weeks, compared with mice receiving CALRwt and CALRinsS-
expressing cells. Notably, although CALRins5 mutations are
associated with ET in human patients, this oncogene has
been shown to be a weaker driver of ET in mice, with no
detectable thrombocytosis at 16 weeks in a BMT model (43).
Likewise, we saw no evidence of thrombocytosis in CALRins5
mice at this time point. Remarkably, we found that just 7
days of KIRA8 treatment in CALRdel52 mice was sufficient
to induce a significant decrease in platelet counts (Fig. 7B,
left). Hematocrit (HCT; Fig. 7B, middle) and white blood cell
(WBC) counts (Fig. 7B, right) were generally consistent across
all genotypes, as previously reported (15), and unaffected by
KIRAS treatment.
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Figure 6. The IRE1o/XBP1 pathway represents a potential target for therapy in CALRdel52-driven MPNs. A, Western blot analysis for phospho-
IREla, total IRE1oand XBP1s in Ba/F3-MPL cells expressing calreticulin (CALR) variants treated with or without KIRA8 (5 umol/L for 4 hours). B-Actin
was used as a loading control. B, Western blot analysis for phospho-IRE1a, total IRE1a, and XBP1s in UT-7-MPL cells expressing CALR variants treated
with or without KIRA8 (5 umol/L for 4 hours). B-Actin was used as a loading control. C, Left, total viable cell number at 72 hours post IL3 withdrawal

in Ba/F3-MPL cells expressing CALR variants treated with or without KIRA8 (5 umol/L). Right, quantification of flow cytometric analysis for Annexin
V/PI double positivity in Ba/F3-MPL cells expressing CALR variants and treated with or without KIRA8 (5 umol/L for 48 hours). Each bar represents the
average of three independent replicates. Error bars, SD. Significance was determined by two-tailed Student t test (***, P < 0.001). D, Left, total viable cell
number at 72 hours post GM-CSF withdrawal in UT-7-MPL cells expressing CALR variants treated with or without KIRA8 (5 umol/L). Right, quantification
of flow cytometric analysis for Annexin V/PI double positivity in UT-7-MPL cells expressing CALR variants and treated with or without KIRA8 (5 umol/L
for 48 hours). Each bar represents the average of three independent replicates. Error bars, SD. Significance was determined by two-tailed Student t

test (**, P<0.01). E, Relative cell viability in peripheral blood mononuclear cells from a healthy donor (HD) or patients with myeloproliferative neoplasms
(MPN; patient number depicted below each bar) with CALRdel52 or CALRins5 mutations, treated with or without KIRA8 (500 nmol/L for 48 hours).
Viability was determined by CellTiter-Glo assay. Each bar represents the average of three independent replicates. Error bars, SD. Significance was
determined by two-tailed Student t test (*, P < 0.05; **, P< 0.01; *** P < 0.001). F, Western blot analysis for BCL-2 in Ba/F3-MPL cells expressing CALR
variants treated with or without KIRA8 (5 umol/L for 24 hours). B-Actin was used as a loading control. G, Western blot analysis for IP3R in Ba/F3-MPL
cells expressing CALR variants treated with or without KIRA8 (5 umol/L for 24 hours). B-Actin was used as a loading control.

Histopathologic analysis of mouse BM sections further that demonstrated a tendency towards clustering and signs
revealed that CALRdel52 mice displayed hallmark character- of emperipolesis. In contrast, BM from KIRAS8-treated
istics of ET, which were abrogated following 7 days of KIRA8 CALRdel52 mice show mostly normocellularity with mega-
treatment. BM from vehicle-treated CALRdel52 mice displayed karyocytes that are decreased in size, frequency, and clustering
hypercellularity with enlarged, hyperlobulated megakaryocytes (Fig. 7C and D). Finally, to validate that the effects of KIRA8
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Figure 7. Inhibition of IRE1a signaling abrogates myeloproliferative neoplasm (MPN) disease progression in vivo. A, Schematic of retroviral bone mar-
row transplantation assay (BMT). B, Platelet counts (PLT; left), white blood cell counts (WBC; middle), and hematocrit (HCT; right) at 16 weeks posttrans-
plantation in the peripheral blood of recipient mice receiving CALRwt, CALRdel52, or CALRins5-expressing c-KIT* BM cells treated as indicated (n=10 in
each group). Each bar represents the average of 5 mice. Error bars, SD. Significance was determined by two-tailed Student t test (**, P<0.01). C, Histo-
pathologic hematoxylin and eosin (H&E) sections of BM from representative CALRwt, CALRdel52, and CALRins5 mice treated with vehicle or 50 mg/kg/
day KIRA8 (20x magnification, black scale bars =100 um). D, Megakaryocyte counts per high-power field (HPF) in BM of CALRwt, CALRdel52, or CALRins5
mice treated with vehicle or 50 mg/kg/day KIRA8. Each bar represents the average of 5 mice. Error bars, SD. Significance was determined by two-tailed
Student t test (**, P<0.01). E, IHC analysis for XBP1 in BM from representative CALRwt, CALRdel52, and CALRins5 mice treated with vehicle or 50 mg/kg/
day KIRA8 (40x magnification, black scale bars = 25 um). F, Working model: left, type | CALRdel52 proteins exhibit loss of Ca?* binding function. This leads
to depleted ER Ca?*, which in turn activates the IRE1a/XBP1 pathway. XBP1 mediates upregulation of BCL-2, which promotes cell survival, and IP3R, which
facilitates continued ER Ca?* efflux to sustain ER Ca?* depletion and activation of IRE1a/XBP1, ultimately driving MPN. Inhibiting this pathway leads to
rapid cell death in vitro and abrogation of disease progression in vivo. Right, in contrast, CALRwt and CALRins5 cells retain calreticulin (CALR)-mediated
ER Ca?* binding function, and thus do not hijack IRE1o,/XBP1 to promote survival. Instead, canonical IRELo,/XBP1 signaling in these cells may be activated
upon ER stress, wherein this pathway would initially promote adaptation and survival to restore proteostasis, but commit cells to apoptosis if stress cannot
be resolved (figure created with BioRender).

on CALRdel52-driven disease attenuation were indeed medi- megakaryocytes. Importantly, KIRA8 treatment led markedly
ated through inhibition of IREla/XBP1 signaling, we per- decreased expression of XBP1 in CALRdel52 mouse BM.

formed THC for total XBP1 on mouse BM sections (Fig. 7E). Finally, given the upregulation of BCL-2 in CALRdel52-
In vehicle-treated CALRdel52 mouse BM, we saw prominent expressing cells, and the ability of BCL-2 inhibitor venetoclax
positive staining for XBP1, including nuclear expression in to induce apoptosis and reduce cell viability specifically in
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CALRdel52 cell lines and primary MPN patient samples,
respectively (Fig. 4; Supplementary Fig. S4; Supplementary
Table S2), we tested venetoclax in our BMT model to deter-
mine its efficacy in abrogating disease compared with KIRAS.
The BMT was performed as above, and 10 weeks posttrans-
plantation, mice were bled retro-orbitally to confirm onset of
thrombocytosis in CALRdel52 mice, then randomly divided
into two groups per genotype (n = 10 per group). Mice from
each group were treated for 5 days with vehicle, 50 mg/kg
KIRAS8 as described above, or 25 mg/kg venetoclax admin-
istered by oral gavage (Supplementary Fig. S7). At 11 weeks
posttransplantation, CBC analysis revealed that, as expected,
mice receiving CALRdel52-expressing cells demonstrated sig-
nificantly increased platelet (PLT) counts compared with mice
receiving CALRwt and CALRinsS5-expressing cells. KIRA8 and
venetoclax treatment both led to significant PLT reduction in
CALRdel52 mice, with KIRA8 showing slightly more efficacy
than venetoclax.

Together, these results demonstrate that pharmacologic
inhibition IRElo signaling, where targets include IRElo
itself as well as BCL-2, leads to substantial abrogation of
CALRdel52-driven MPN disease progression in vivo. Further
studies are warranted to more thoroughly test BCL-2 inhibi-
tion in this model (including treating mice until at least the
16-week end point). In addition, we conducted preliminary
studies to test the efficacy of combined IRElo. and BCL-2
inhibition on CALRdel52-driven disease, but found that the
combination at the doses used (50 mg/kg/day KIRA8 + 25
mg/kg/day venetoclax for 7 days) was lethal for all animals
tested. Thus, additional studies are warranted to identify a
therapeutic window for this combination that may result in
synergistic inhibition of CALRdel52-driven disease.

DISCUSSION

The identification of the distinct phenotypic and prog-
nostic outcomes of type I versus type II CALR mutations
has provided important insight into how these mutations
differ clinically, despite their shared mutant C-terminus (10,
11). However, since this finding, there has been little in the
way of understanding how these mutations differ in cellular
consequence, and what their differential molecular depend-
encies may be. Here, we show the first evidence of a unique
molecular dependency in type I versus type II CALR muta-
tions, and demonstrate that this dependency is a functional
consequence of the molecular difference between type I and
type II CALR mutations.

Because CALR mutations are classified based on extent
of homology with the C-terminal Ca** binding domain of
wild-type protein, we sought to investigate pathways that
would be most influenced by the loss of Ca®* binding sites
in the type I versus type II protein. This, together with the
fact that CALR is an ER chaperone that is heavily impli-
cated in the regulation of ER stress, led us to focus on the
UPR as a potential differential dependency between type I
and type II mutant CALR-expressing cells. In doing so, we
found that type I, but not type II CALR mutations lead to
activation of the most ancient and conserved arm of the
UPR, the IRE10/XBP1 pathway. We hypothesized that type I
CALR mutations may lead to depleted ER Ca®* due to the

inability of the type I mutant protein to bind and store Ca?*
in the ER. Indeed, we found that type I CALR-mutant pro-
teins demonstrate significantly impaired Ca** binding ability,
and that this results in chronically depleted ER Ca?* levels.
Furthermore, we found that this ER Ca®" depletion directly
activates the IRE1o,/XBP1 pathway of the UPR, and that the
ER Ca?* efflux receptor IP3R is upregulated downstream of
XBP1 to sustain a state of depleted ER Ca?**, which in turn
creates a positive feedback loop to maintain IRElo/XBP1
activation. We further show that this pathway represents a
unique molecular dependency for type I- compared to type
II-mutant CALR-expressing cells or wild-type cells, in part
through upregulation of BCL-2, and can be pharmacologi-
cally targeted both in vitro and in vivo to specifically induce
death of type I mutant CALR-expressing cells and abrogate
type I mutant CALR-driven disease (Fig. 7F).

Intriguingly, we found that the P+C rescue plasmid has
the opposite effect in CALRwt and CALRinsS cells com-
pared with CALRdel52 cells, where IRE10/XBP1 activity
is substantially increased (Fig. 3D). This is paradoxically
accompanied by decreased rather than increased ER Ca®*
in CALRwt cells (Fig. 3C), with no significant effect on cell
viability (Fig. 4A) nor ITRP1 expression (Fig. 5C). While
detailed analysis of this is outside the scope of the current
work, we speculate that introduction of the P+C rescue plas-
mid in cells with intact Ca?* signaling and homeostasis itself
causes ER stress, leading to increased IRE1lo/XBP1 activa-
tion. We expect this pathway to behave more canonically in
these cells, as it is not being hijacked to promote continued
cell survival here as it is in CALRdel52 cells. Thus, we antici-
pate that CALRwt and CALRins5 cells may activate this
pathway to rapidly restore Ca** homeostasis. Because these
cells stably express the P+C rescue plasmid, it is likely that
there is an acute increase in ER Ca*" and ITPRI expression,
and perhaps even cell death, to reestablish ER homeostasis.
However, over the course of selection for stably expressing
cells, we may also be selecting for cells that have already
gone through this acute rebalancing via their increased
IRE10o/XBP1 activation.

Additional outstanding questions relate to the mecha-
nisms underlying BCL-2 and IP3R in this model. BCL-2
has been shown to bind to the IP3 receptor to inhibit Ca?*
release from the ER, which in turn prevents apoptosis. In
contrast, we show that although BCL-2 is upregulated by
XBP1, IP3R is also upregulated and activated by this pathway,
and in fact serves to sustain IRE1o/XBP1 survival signaling.
Further investigation into this paradoxical rewiring of BCL-
2-mediated regulation of IP3R and its underlying mecha-
nisms in the context of type I CALR mutations is certainly
warranted.

Taken together, this work is the first to demonstrate that
type I and type II mutant CALR-expressing cells display dif-
ferential molecular dependencies, and that those differential
dependencies can be targeted for therapeutic gain in type I
versus type II-driven MPNs. Moreover, this study answers an
enduring question regarding the functional consequence of
the loss of Ca?* binding sites on the type I mutant CALR pro-
tein, and demonstrates how type I CALR mutant-expressing
cells rewire the UPR and downstream Ca?* signaling and
apoptotic pathways to drive MPN.
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METHODS

Cell Lines and Cell Culture

293T and U20S cells were obtained from ATCC and their iden-
tity was authenticated by short tandem repeat (STR) profiling.
Ba/F3 cells and UT-7 cells were purchased from German Collec-
tion of Microorganisms and Cell Cultures (DSMZ) and were not
further authenticated. All cell lines were intermittently tested for
Mycoplasma. 293T and U20S cells were cultured in DMEM (Corning)
medium with 10% FBS (Corning) and penicillin/streptomycin (Corn-
ing). Ba/F3 and UT-7 cells were cultured in RPMI1640 medium with
10% FBS and penicillin/streptomycin. Ba/F3 cells were supplemented
with 2 ng/mL murine IL3 (R&D Systems); UT-7 cells were supple-
mented with 10 ng/mL human GM-CSF (R&D Systems). All cell
lines were grown at 37°C, 5% CO,, 95% humidity. Cells are tested for
Mycoplasma bi-monthly.

Stable Overexpression Cell Line Generation

Ba/F3 and UT-7 cell lines stably expressing the thrombopoi-
etin receptor (MPL) were generated by retroviral transduction. In
brief, retroviral supernatants were generated by cotransfection of
pMSCV-hygro-hMPL with packaging plasmids in 293T cells. Viral
supernatants were collected at 24 and 48 hours posttransfection. Ba/
F3 or UT-7 cells were subjected to spin infection with viral super-
natants, followed by 7 days of hygromycin selection at 1 mg/mL.
Stable expression of CALR variants was achieved by cotransfect-
ing pMSCV-neo-FLAG-tagged-CALR variants (pMSCV-neo-signal
peptide-FLAG-CALRwt, -CALRdel52, -CALRinsS5), pMSCV-IRES-
GFP-CALR variants, or pMSCV-puro-P+C with packaging plasmids
in 293T cells. Viral supernatants were collected at 24 and 48 hours
posttransfection. Ba/F3, UT-7, or U20S cells were subjected to spin
infection with viral supernatants, followed by 7 days of antibiotic
selection (neomycin 1 mg/mL; puromycin 2 pg/mL), or cell sorting
for GFP positivity.

RNA-Seq

The sequencing procedure was carried out using the NovaSeq 6000
sequencing (Illumina) at the University of Chicago Genomics Facil-
ity (Chicago, IL). RNA extracted from Ba/F3-MPL cells was prepared
following the standard protocols recommended by the RNeasy Mini
Kit (Qiagen) and sequenced in two runs to generate paired-end 100
bp reads. For each sample, the raw FASTQ files from two flow cells
were combined before downstream processing. RNA-seq data was
processed using a local Galaxy 20.05 instance for the following steps:
quality and adapter trimming were performed on the raw sequenc-
ing reads using Trim Galore! 0.6.3. The reads were mapped to the
mouse genome (GRCm38.p4 with GENCODE annotation) using
RNA STAR 2.7.5b. The resulting mapped reads from each sample
were counted by featureCounts 1.6.4 for per gene read counts.

Statistical Analysis for RNA-Seq

The raw counts were analyzed for differential expression between
experimental conditions using DESeq2 1.22.1, which also gener-
ated a normalized gene expression matrix. Gene expression data
normalized by DESeq2, where the transcripts had previously been
mapped to the genome and relevant genes as described in RNA-
seq method, were used for gene-set enrichment analyses and heat
mapping using Morpheus from the Broad Institute; gene sets uti-
lized for gene-set enrichment analysis were those predetermined
from the GO and KEGG databases referenced in Supplementary
Table S1. For calculation of percent spliced XBP1, mapped reads
for XBP1 gene were used from RNA-seq replicates 1 and 3 to cal-
culate the extent of alternative splicing for each genotype. Specifi-
cally, the percentage of spliced reads for a sample was calculated
by diving the number of alternatively spliced reads over the total

number of XBP1 reads for that sample. Splicing data was analyzed
and plotted using Prism.

Accession Number

Gene expression data are available in the GEO database with the
accession number GSE173805.

XBP1 Splicing Assay

Total RNA was isolated from cells following the standard proto-
cols recommended by the RNeasy Mini Kit (Qiagen) or the Abso-
lutely RNA Nanoprep Kit (Agilent) depending on cell yield. cDNA
was synthesized from RNA templates using Reverse Transcriptase
and Reverse Transcriptase Reaction Mix (Bio-Rad). Real-time RT-
PCR was performed in the Applied Biosystems ProFlex PCR System
using GoTaq Green Master Mix 2X (Promega) and XBP1 forward
primer (5-AGG AAA CTG AAA AAC AGA GTA GCA GC-3') and
reverse primer (5-TCC TTC TGG GTA GAC CTC TGG-3’). Samples
were subject to 1 hour of incubation at 37°C with PST1-HF restric-
tion enzyme diluted in CutSmart Buffer (NEB). Samples were run on
a 3% agarose gel for 1 hour at 120V.

Cell Fractionation

Cells were harvested and prepared using NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Pierce) according to the manu-
facturer’s instructions. LSD1 was used to confirm purity of nuclear
extract, and MEK was used to confirm purity of cytoplasmic extracts.

Western Blotting

Cells were harvested in ice-cold PBS and lysed in Nonidet P-40
lysis buffer supplemented with phosphatase and protease inhibitors.
Cell lysates were clarified by centrifugation, and supernatants were
normalized via Bradford assay using BSA as a standard. Normalized
lysates were resolved by SDS-PAGE and transferred to nitrocel-
lulose membranes utilizing the iBlot 2 Gel Transfer Device. Mem-
branes were probed using the designated antibodies and visualized
with either SuperSignal Wester Dura Extended Duration Substrate
(Thermo Fisher Scientific) or SuperSignal West Pico PLUS Chemilu-
minescent Substrate (Thermo Fisher Scientific).

Quantitative PCR

Total RNA was extracted from cells using the PureLink RNA Mini
Kit (Invitrogen). cDNA was synthesized from 1 pug of RNA template
using the iScript cDNA Synthesis Kit (Bio-Rad). qPCR was performed
using 2X SYBR Green qPCR Master Mix (Applied Biosystems). Prim-
ers used for qPCR are listed below. B-Actin was used for normaliza-
tion. See Supplementary Table S3 for qPCR primer sequences.

Protein Purification

CALR variants were cloned into the pBAD-DEST49 expression
vector, then transformed into One Shot BL21 (DE3) chemically
competent E. coli cells. Transformed cells were grown in LB under
ampicillin selection followed by the addition of 0.02% L-arabinose
for induction of CALR expression. After 4 hours, cells were harvested
and lysed via sonication. Proteins were purified using ProBond resin
(Invitrogen). Purification was performed as directed by the ProBond
purification system (Invitrogen). The eluted proteins were validated
via Western blot analysis.

Stains-All Assay

Purified recombinant proteins were incubated in 0.025% Stains-All
solution (Sigma) at room temperature in the dark for 30 minutes.
Samples were then read for spectral absorbance in a plate reader.
Absorbance from wavelengths ranging from 610 to 650 nm were
analyzed for each of the samples.
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Immunofluorescence

U20S cells were grown onto 13 mmol/L Deckgliser Cover
Glasses. After transient transfection using FLAG-tagged CALR
variants or P+C constructs, cells were washed twice with PBS and
fixed with 4% paraformaldehyde for 10 minutes at room tempera-
ture. Cells were permeabilized with 0.1% triton X-100 and blocked
in normal donkey serum for 1 hour at room temperature. Cells
were then incubated with the corresponding primary antibodies
overnight in 4°C. Cells were washed twice and incubated with sec-
ondary antibody for 1 hour at room temperature. The cells were
then washed twice and mounted onto slides using ProLong Gold
Antifade Reagent with DAPL

Intracellular Ca? Imaging

U20S cells were seeded at 0.5 x 10° cells per 1 mL of DMEM. After
24 hours, cells were transiently cotransfected with venus fluorescent
iV2-CALR variant plasmids and red fluorescent pCMV-R-CEPIAer,
which was a gift from Masamitsu lino (Addgene plasmid # 58216;
http://n2t.net/addgene:58216; RRID:Addgene_58216). Cells were
imaged on the Leica Stellaris 8 Laser Scanning Confocal the follow-
ing day.

Ca?* Imaging Analysis

Venus-expressing cells were segmented using the ROI manager on
ImageJ. The intensity of the red fluorescent expression for each cell (5
cells per condition) was calculated and then averaged.

Generation of shRNA Stable Knockdown Cell Lines

Stable knockdown of endogenous IREla or XBP1 was achieved
using pLKO.1-based lentiviral vector shRNA constructs targeting
mouse IREla (sh-1 5" CCG GGC TCG TGA ATT GAT AGA GAA
ACT CGA GTT TCT CTA TCA ATT CAC GAG CTT TTIT 3/, sh-2
CCG GCC CACTTCTCT TTC TTT CTA ACT CGA GTT AGA AAG
AAA GAG AAG TGG GTT TTT 3’) or mouse XBP1 (sh-1 5' CCG GAG
ATA GAA AGA AAG CCC GGATCT CGA GAT CCG GGCTTT CTT
TCT ATC TTT TTT 3, sh-2 5 CCG GCC AGG AGT TAA GAA CAC
GCT TCT CGA GAA GCG TGT TCT TAA CTC CTG GTT TTT 3'). A
scrambled shRNA was used as a control. Lentivirus was produced by
cotransfecting the shRNA construct with packaging plasmids VSVG
and psPAX2 into 293T cells using TransIT LT-1 Reagent (Mirus
Bio). Twenty-four hours posttransfection, medium was replaced by
fresh complete medium. Lentivirus from the supernatant was then
collected at 24 and 48 hours. Ba/F3-MPL-CALR cells growing in IL3
were transduced with lentiviral supernatant in the presence of 8 pg/
mL polybrene (Sigma). Cell selection began 48 hours posttransduc-
tion with 2 pg/mL puromycin (Gibco). Selected cells were then
expanded and validated by qPCR and Western blot analyses.

Cell Proliferation Assay

Cultured Ba/F3-MPL or UT-7-MPL cells were washed four
times with PBS to starve of cytokine, then grown in RPMI1640
supplemented with 10% FBS (Ba/F3) or 20% FBS (UT-7) and 5%
penicillin/streptomycin. Cells were then seeded in triplicate with
the indicated treatments at 1.25 x 10° cells/mL in the presence or
absence of cytokine for the indicated time points. Living cells were
counted at each time point using a Vi-CELL automated cell counter
(Beckman Coulter).

Mice

All animal use and experiments performed were approved by
Institutional Animal Care and Use Committee (ACUP#72596) at
the University of Chicago. Six- to 8-week-old C57BL/6 female
mice were purchased from The Jackson Laboratory. For BMT

experiments, retroviral supernatants were generated by transient
cotransfection of 293T cells with MSCV-IRES-GFP-CALRwt,
-CALRdel52 or -CALRins5 and EcoPak constructs using TransIT
LT-1 Reagent (Mirus Bio). Viral supernatant was collected 24 and
48 hours after transfection. Two days before the transplant, BM
cells were collected from the femurs and tibia of donor mice. Cells
were incubated with CD117 (c-KIT) MicroBeads (Miltenyi Biotec)
and subjected to positive selection using an autoMACS Pro Sepa-
rator (Miltenyi Biotec). c-KIT-enriched cells were then cultured
overnight in SFEM medium supplemented with 50 ng/mL recom-
binant murine TPO, 50 ng/mL recombinant murine SCF, 10 ng/mL
recombinant murine IL3, and 10 ng/mL recombinant murine IL6.
Eighteen hours later, cells were infected with retroviral supernatant
by spin infection on RetroNectin-coated plates (Takara Bio) and
cultured overnight in SFEM media containing 50 ng/mL recom-
binant murine TPO, 50 ng/mL recombinant murine SCF, 10 ng/
mL recombinant murine IL3, and 10 ng/mL recombinant murine
IL6. The following day, cells (1 x 10° per mouse) were resuspended
in Hank Balanced Salt Solution and injected retro-orbitally into
lethally irradiated (900 cGy) C57 BL/6 recipient mice. Peripheral
blood was collected retro-orbitally at indicated time points to
measure CBC.

Human Material

Peripheral blood cells from 7 patients with MPNs were kindly pro-
vided by Steffen Koschmieder (RWTH Aachen University, Aachen,
Germany). Peripheral blood cells from 6 additional patients with
MPNs were kindly provided by and Elisa Rumi and Daniela Pietra,
University of Pavia and Fondazione Istituto di Ricovero e Cura a
Carattere Scientifico Policlinico San Matteo, Pavia, Italy. Inclusion
criteria for sample collection were diagnosis of an MPN and pres-
ence of a CALR mutation. Peripheral blood samples from patients
with MPNs were collected on the dates indicated in Supplementary
Table S2, and stored at the central biomaterial bank of the Faculty
of Medicine at RWTH Aachen University (Aachen, Germany), or the
Hematology Oncology Division Fondazione Istituto di Ricovero e
Cura a Carattere Scientifico Policlinico San Matteo (San Matteo,
Italy). Samples were obtained after written informed consent and
approval of the local ethics committee according to the Declaration
of Helsinki.

CellTiter-Glo Assay

PBMCs were cultured in StemSpan serum-free expansion medium
(SFEM; StemCell Technologies) supplemented with 1% penicillin/
streptomycin (Corning), SCF (50ng/mL), Flt3-L (50ng/mL), IL3
(10ng/mL), and IL6 (10ng/mL) for 24 hours prior to treating with
KIRA8 (500 nmol/L) and seeding in a 96-well white-walled plate
(10,000 cells per well). CellTiter-Glo Luminescent Cell Viability Assay
(Promega) was used to determine cell viability via ATP lumines-
cence. One-hundred microliter of CellTiter-Glo Reagent was added to
PBMCs in 100 uL of media. Cells were lysed via orbital shaking and
luminescence was recorded.

Annexin V/Propidium lodide Stain Flow Cytometry

Ba/F3-MPL or UT7-MPL cells were harvested, washed three times
with PBS and stained with FITC-Annexin V (BD) and propidium
iodide, and incubated in the dark at room temperature for 20 min-
utes. Cells were then re-suspended in 1x Annexin V Binding Buffer
(BD) and the percentage of apoptotic and dead cells was measured
on the Beckman CytoFLEX S flow cytometer.

Drug Treatments

Venetoclax (ABT-199) was purchased from Abcam. 2-Aminoeth-
oxydiphenyl borate (2-APB) was purchased from Santa Cruz Biotech-
nology. KIRA8 was a gift from Scott Oakes.
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IHC

Spleens and BM were resected, fixed in formalin, and embedded
in paraffin before being mounted onto Vectabond-coated Superfrost
Plus Slides. Slides were baked at 60°C overnight, deparaffinized by
S-minute washes three times in xylene, hydrated in a graded series
of ethanol washes, and rinsed with distilled water. Epitopes were
retrieved by heating samples in 10 mmol/L Tris-EDTA buffer, pH
9 on high until boiling followed by 10 minutes on low. For XPB1
staining, sections were incubated in an XBP1 antibody (Abcam),
diluted 1:500 using RTU horse serum overnight at 4°C. After incuba-
tion in the primary antibody, sections were washed and incubated
in ImmPRESS secondary antibody for 1 hour at room temperature.
Sections were then washed three times and nuclear stained with
hematoxylin before two graded series of ethanol washes and one
xylene wash for 30 minutes prior to mounting using Permount.
Images were captured using the Zeiss Axioskop upright histology
microscope at 40x magnification and analyzed using ImageJ software
and 3D hisTECH.

Histopathology

Mouse tissues (BM and spleen) were fixed in 10% neutral buffered
formalin, embedded in paraffin, and stained with hematoxylin and
eosin (H&E). Images of histologic slides were obtained on the CRi
Pannoramic MIDI scanner (Cambridge Research and Instrumenta-
tion). BM megakaryocytes were analyzed and quantified by two
independent pathologists who were blinded to mouse genotype,
and represent an average megakaryocyte count from 10 high-power
fields assessed.

CBC Analysis

Mice were bled retro-orbitally every 4 weeks post BM transplant.
Seventy-five microliters of blood was collected in heparinized capil-
lary tubes and transferred to EDTA tubes for analysis. Complete
blood counts were obtained by running the blood on the Hemavet
950 FS Auto Blood Analyzer (Drew Scientific).

Statistical Analysis

All comparisons represent two-tailed unpaired Student ¢ test analy-
sis unless otherwise specified (*, P < 0.05; **, P<0.01; *** P <0.001).

Data Sharing Statement

Gene expression data are available in the GEO database with the
accession number GSE173805.
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