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CALR-mutated cells are vulnerable to combined inhibition of
the proteasome and the endoplasmic reticulum stress response
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Cancer is driven by somatic mutations that provide a fitness advantage. While targeted therapies often focus on the mutated gene
or its direct downstream effectors, imbalances brought on by cell-state alterations may also confer unique vulnerabilities. In
myeloproliferative neoplasms (MPN), somatic mutations in the calreticulin (CALR) gene are disease-initiating through aberrant
binding of mutant CALR to the thrombopoietin receptor MPL and ligand-independent activation of JAK-STAT signaling. Despite
these mechanistic insights into the pathogenesis of CALR-mutant MPN, there are currently no mutant CALR-selective therapies
available. Here, we identified differential upregulation of unfolded proteins, the proteasome and the ER stress response in
CALR-mutant hematopoietic stem cells (HSCs) and megakaryocyte progenitors. We further found that combined pharmacological
inhibition of the proteasome and IRE1-XBP1 axis of the ER stress response preferentially targets Calr-mutated HSCs and
megakaryocytic-lineage cells over wild-type cells in vivo, resulting in an amelioration of the MPN phenotype. In serial
transplantation assays following combined proteasome/IRE1 inhibition for six weeks, we did not find preferential depletion of Calr-
mutant long-term HSCs. Together, these findings leverage altered proteostasis in Calr-mutant MPN to identify combinatorial
dependencies that may be targeted for therapeutic benefit and suggest that eradicating disease-propagating Calr-mutant LT-HSCs

may require more sustained treatment.
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INTRODUCTION

Myeloproliferative neoplasms (MPN) comprise chronic bone
marrow (BM) cancers, due to the acquisition of MPN driver
mutations arising in the hematopoietic stem cell (HSC) compart-
ment [1]. MPN phenotypic driver mutations occur in JAK2, CALR or
MPL, typically in a mutually exclusive manner, and all lead to
constitutively active JAK-STAT signaling. CALR mutations are found
in patients with the MPN subtypes Essential Thrombocytosis (ET)
and myelofibrosis (MF) and are detectable in 20-25% of all MPN
patients [2, 3]. Next-generation sequencing studies in patients [4]
and multiple mutant CALR MPN mouse models have shown that
CALR mutations alone are sufficient to cause MPN [5-7].

CALR is an endoplasmic reticulum (ER) chaperone aiding the
quality control of newly synthesized proteins. Mutant CALR,
however, gains a novel mutant-specific C-terminus resulting from
frameshift mutations, caused by either deletion (Type 1) or
insertion (Type Il) mutations [2, 3]. Of these mutations, a 52-base

pair (bp) deletion (CALR**?) is the most frequent [2, 3, 8]. The
underlying disease-initiating mechanism involves the binding of
the mutated CALR protein to the thrombopoietin receptor MPL,
and constitutive activation of downstream JAK-STAT signaling [5].
MPL is mainly expressed on HSCs and megakaryocytes, hence
these cell populations are predominantly affected by the CALR
mutation. Mutant CALR-MPL signaling leads to clonal expansion
and increased megakaryopoiesis, resulting in elevated platelet
counts and sometimes subsequent development of MF, as
recapitulated in a mutant Calr**?> knockin mouse model [7].
Another key function of the wild-type CALR protein is to
maintain ER calcium homeostasis through the predominantly
negatively charged C-terminus. The C-terminus of the mutant
CALR protein does not harbor the ER retention signal (“"KDEL") and
its amino acid composition changes from a predominantly
negative to a positive charge [2, 3]. These changes in amino acid
composition interfere with the ability of mutant CALR to retain
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calcium within the ER [8]. A recent study demonstrated that
impaired ER calcium retention in Type | CALR mutations results in
the induction of the IRE1-XBP1 branch of the unfolded protein
response (UPR) [9]. When activated, inositol-requiring enzyme 1 a
(IRE1a) splices a 26-nucleotide sequence from an intron of
cytosolic XBP1u transcripts resulting in translation of the XBP1
transcription factor, which promotes the transcription of protein
folding genes [10-12]. We have previously reported activation of
the IRE1a-XBP1 branch of the UPR in primary samples obtained
from patients with CALR-mutated MPN [13].

The UPR is a cellular mechanism to cope with ER stress induced
by misfolded proteins [14-16]. There are three main ways by which
the UPR responds to ER stress [14-16]. Firstly, by increasing the
protein folding capacity of the ER through transcriptional induction
of chaperones. Secondly, by attenuating global protein translation,
which decreases the input of newly synthesized and not yet folded
proteins into the ER. And thirdly, the ER can shuttle misfolded
proteins back to the cytosol, where they get ubiquitinylated and
degraded by the proteasome. The latter process is called ER-
associated protein degradation (ERAD) and is key in alleviating ER
stress. If the ER stress persists or reaches a critical overload, terminal
UPR is activated, leading to apoptosis [17, 18].

Here, using mutant Calr knockin mice and primary CALR-mutant
MPN samples, we find differential upregulation of the IRE1a-XBP1
axis of the UPR as well as the proteasome in CALR-mutated
hematopoietic stem cells (HSCs) and megakaryocytes. Using
isogenic cell lines, functional genomics and pharmacological
inhibitor studies, we identify these pathways as genetic and
therapeutic vulnerabilities in mutant CALR-transformed hemato-
poietic cells. Finally, we show that combined inhibition of the
proteasome and IRETa preferentially targets Calr-mutant cells
in vivo, resulting in amelioration of MPN features in mutant CALR
knockin mice.

MATERIALS AND METHODS
Megakaryocyte differentiation and enrichment for
quantitative proteomics
Unfractionated BM cells of eight-week-old mice were placed into culture at
a concentration of 1-10%10° cells/mL in DMEM supplemented with 10%
FBS, 1% penicillin/streptomycin, and 50 ng/mL TPO (Peprotech, cat. no.
315-14), in 10cm dishes and cultured for 4-5 days until large
megakaryocytes were visible under the microscope. Cells were harvested
by gently washing them with pre-warmed PBS. Cells were transferred into
50 mL conical tubes. After spin down (200 g, 5 min, room temperature),
supernatant was removed, and the pellet resuspended in 1 mL PBS and
subjected to BSA gradients. In brief, in 15 mL conical tubes, 1 mL of 3% BSA
was gently overlayed with 1 mL 1.5% BSA, followed by 1 mL of the cells.
The cells were allowed to move along the gradient for 30 min. The
supernatant was carefully removed, and the bottom layer gently washed
three times with PBS (2009, 5min, room temperature). The pellet was
resuspended in 1 mL PBS and the gradient performed a second time to
increase the purity. After the last wash, cells were pelleted, supernatant
removed, and pellets stored at —20 °C until further processing. Quantita-
tive proteomics was performed using a previously published protocol [19].
Experimental details of generation of BA/F3 cell lines, BA/F3 cell
proliferation assays, chemical screen, CALR mice, complete blood cell count
analysis, competitive BM transplant, in vivo treatments, stem and progenitor
cell analysis, intracellular XBP1s flow cytometry, detection of misfolded
proteins, morphologic histopathological analysis, western blot, RNA isolation,
BH3 profiling, Genotyping of Transcriptomes (GoT), bioinformatic and
statistical analyses are described in supplementary methods.

RESULTS

The IRE1a-XBP1 axis of the unfolded protein response and the
proteasome are upregulated in CALR-mutant stem cells,
megakaryocyte progenitors, and megakaryocytes

To identify genes and pathways that are differentially expressed
in CALR®*? cells, we first performed RNA-sequencing (RNA-seq)
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on sorted long-term hematopoietic stem cells (LT-HSCs) from
Cal*>#%52 and Calr™* knockin mice (Fig. 1, Supplementary Fig. 1).
We found that Xbp1, a key downstream transcription factor in
the IRETa branch [20] of the UPR was upregulated in mutant
Calr LT-HSCs as compared with wild-type LT-HSCs (Fig. 1A).
Since functional Xbp1 is formed through cytosolic splicing of
unspliced Xbp1 (Xbp1u) into Xbp1 spliced (Xbpis) by IRE1a, we
next assessed Xbp1u and Xbp1Ts levels versus Xbplu levels, as the
gold standard of Xbp1-mediated UPR activation. Further analysis
of the RNA-seq data revealed that not only Xbp7u was increased in
mutant Calr cells as compared to wild-type cells, but also Xbp1s as
well as the ratio of spliced to unspliced Xbp1 transcripts (Fig. 1A,
right panel). To confirm the upregulation of the XBP1s at the
protein level in a more disease-relevant model, we next assessed
XBP1s protein in heterozygous mutant Calr**? knockin mice. To do
so, we performed intracellular XBP1s flow cytometry staining of
Cal**?* VAVCre and Calr™’* VAVCre control hematopoietic stem
and progenitor cells (HSPCs) (Fig. 1B). We found XBP1s to be
increased in Cal®*" VAVCre animals as compared to controls
(Fig. 1B, Supplementary Fig. 1A). XBP1s levels further increased in
HSPCs isolated from Cal*>%* VAVCre and Calr™”* VAVCre mice
upon ex vivo treatment with thapsigargin (TG), a pharmacological
inducer of UPR through ER calcium depletion (Fig. 1B, Supple-
mentary Fig. 1A). Further analyzing the LT-HSC RNA-seq data,
we next performed gene-set enrichment analysis (GSEA). We
found the “proteasome” (KEGG) pathway to be amongst the
most differentially upregulated pathways in Calr-mutant LT-HSCs
as compared to control cells (Fig. 1C), suggesting a second
mechanism by which Calr-mutated cells alleviate ER stress. Since
megakaryopoiesis is increased and aberrant in CALR-mutant MPN,
we next focused on this key disease-relevant population and
performed quantitative proteomics on ex vivo differentiated
megakaryocytes (Fig. 1D, Supplementary Fig. 1). We captured a
total of 2640 proteins, of which 282 were significantly more
abundant in Calr-mutant megakaryocytes as compared to wild-
type control megakaryocytes (Fig. 1D). Amongst the most
differentially abundant proteins in Calr-mutant megakaryocytes,
we identified 12 proteins linked to ER chaperone activity and
12 subunits of the 26 s proteasome, aligning with our RNA-seq
data on mouse LT-HSCs. Of note, CALR mutant protein was
significantly less abundant in Calr-mutant megakaryocytes as
compared to wild-type megakaryocytes (Fig. 1D), consistent with
previous reports showing instability and decreased levels of the
mutant CALR protein in mouse cells [21].

To expand our analysis to human cells, we analyzed our
published GoT data set on human CALR-mutated HSPCs [13]. We
found that the KEGG pathway “proteasome” was significantly
enriched in CALR-mutated megakaryocyte progenitors (MkPs) as
well as HSPCs, as compared to wild-type MkPs and HSPCs (Fig. 1E).
Furthermore, the proteasome and the XBP1 expression modules
positively correlated in CALR-mutated HSPCs and MkPs but not in
wild-type cells from the same patients (Fig. 1F), consistent with
these pathways being activated in concert in CALR-mutated
MPN cells.

IRE1a, ERAD, and the proteasome are required for mutant
CALR-driven transformation of hematopoietic cells

Next, we aimed to determine whether upregulation of the UPR
and the proteasome represents a mechanism by which CALR-
mutant cells cope with ER stress and to assess if inhibition of
either pathway represents a therapeutic vulnerability in CALR-
mutant cells. We first addressed this question using functional
genomics and performed a whole-genome CRISPR knockout
depletion screen in mutant CALR-transformed BA/F3-MPL cells
(full details of the whole-genome CRISPR screen are described
separately) [22]. We performed GSEA to identify pathways that
were differentially depleted in CALR®*2-transformed cells as
compared to empty vector (EV) control cells. We have previously
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Fig. 1 The IRE1a-XBP1 axis of the unfolded protein response and the proteasome are upregulated in CALR**2 stem cells. A Xbp1u (left),
Xbp1s (middle), and Xbp1s/Xbp1u ratio in long-term hematopoietic stem cells (LT-HSCs). FPKM: Fragments Per Kilobase of transcript per Million
mapped reads. n = 3-4 mice/genotype. B In vivo spliced XBP1s protein levels, determined by flow cytometry in Calr**%* VAVCre versus Calr™’'*
VAVCre control bone marrow single cells, either untreated or treated with the unfolded protein response-inducer thapsigargin (TG). n = 3-4
mice/genotype and group. Mean + SEM. Statistical analysis performed using One-way ANOVA, *p < 0.05. C Gene-set enrichment analyses
(GSEA) depicting a significant enrichment of the KEGG proteasome pathway in Calr®*?%2 versus Calr™'" LT-HSCs. n = 3-4 mice/genotype.
D Quantitative proteomics, performed on ex vivo cultured CALR™* and CALR**¥2%2 megakaryocyte proteins. n =3 per genotype. Volcano
plot showing log-fold change and log,, adjusted p values of n = 2640 total captured peptides. Statistically significantly differentially expressed
proteins are highlighted in red. Important differentially expressed ER chaperones are highlighted in blue, proteasome proteins are highlighted
in green. E Expression of KEGG proteasome pathway expression in megakaryocyte progenitors (MkP, left) and hematopoietic stem and
progenitor cells (HSPCs) (right). n = 454 wild-type versus n =648 CALR-mutant HSPCs and n = 1724 wild-type versus n =621 CALR-mutant
MkPs from n=>5 patients with Essential Thrombocythemia (ET). Statistical analysis performed using likelihood ratio tests of linear mixed
model with/without mutation status. F Pearson correlation of the expression of XBP1 target (Reactome) and the proteasome (KEGG) gene sets
in CALR wild-type (gray) and CALR mutant (red) HSPCs and MkPs from (E).
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Fig. 2 CALR®*2 cells are differentially vulnerable to depletion of the proteasome and UPR-associated pathways. A-C GSEA on the whole-
genome CRISPR depletion screen [22] hits depicting the Reactome pathway “IRE1a activates chaperone” (A), the BIOCARTA pathway “ERAD”
(B), and the KEGG pathway “Proteasome” (C) as significantly depleted in CALR*>? -IL3 versus empty vector +IL3 cells. D-G Live cell count was
determined 72 h after drug administration by flow cytometry in EV- and CALR*>2%-expressing BA/F3-MPL cells at stated concentrations and
cultured in the presence or absence of IL3, respectively. Two-sided Student’s t tests were performed at concentrations as indicated, comparing
EV with CALR®>2. *p <0.05, **p < 0.01, ***p < 0.001. n = 3 experiments, performed in triplicates. Mean + SEM. Growth curve after KIRA6 (D),
4u8C (E), Eeyerstatin, and Ixazomib administration, normalized to DMSO controls. H Growth curves of BA/F3-MPL-EV or -CALR**2-expressing
cells in the presence or absence of IL3, respectively, treated with either DMSO or bortezomib at concentrations indicated, and normalized to
DMSO control for each cell line. Two-sided Student’s t tests were performed at 1.5nM, 2.0 nM, and 2.5 nM concentrations as indicated.
*p < 0.05, **p <0.01.

reported that we found the “UPR” pathway (Hallmark) (FDR the proteasome inhibitor, bortezomib as compared to control cells

g=0.014) to be differentially depleted in CALR®*2-transformed
cells as compared to EV cells [22]. Here, in additional analyses, we
found similar findings for the “IRET1a activates chaperones”
(Reactome) (FDR g = 0.095), the ERAD (FDR g = 0.101) (BIOCARTA),
and the “Proteasome” (KEGG) pathways (FDR g =0.003).
(Fig. 2A-C).

Having shown a differential genetic dependency on the UPR
and proteasome pathways in mutant CALR-transformed cells, we
next tested pharmacological inhibition of IRE1-XBP1s, ERAD, and
the proteasome in vitro. Upon treatment with the IRE1 inhibitors
KIRA6 and 4p8C (Fig. 2D+E), the ERAD inhibitor Eyerstatin (Fig. 2F),
and the proteasome inhibitor ixazomib (Fig. 2G), we observed a
significant reduction in growth of mutant CALR®*2-transformed
BA/F3-MPL cells as compared to EV control cells. In addition,
CALR?? cells also showed a significantly increased sensitivity to

SPRINGER NATURE

(Fig. 2H).

Inhibition of the proteasome leads to an accumulation of
misfolded proteins, resulting in pro-apoptotic priming and
reduced platelet count in vivo

As bortezomib is in clinical use for the treatment of other diseases,
we further interrogated the use of this proteosome inhibitor
ex vivo and in vivo. We hypothesized that proteasomal inhibition
differentially promotes terminal UPR in mutant CALR-expressing
cells as compared with wild-type cells, resulting in apoptosis. To
investigate this, we differentiated BM into megakaryocytes
ex vivo, treated with either DMSO or bortezomib, stained with
megakaryocytic surface expression markers, and subjected these
cells to BH3 profiling [23]. Bortezomib-treated Cal**¥* mega-
karyocytes showed increased priming for the pro-apoptotic BIM

Leukemia (2023) 37:359 - 369
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Fig. 3 Treatment with the proteasome inhibitor bortezomib induces apoptotic priming and decreases platelet counts in Calr*>?* mice.
A BH3 profiling in Calr™" and Cal®*?* primary mouse megakaryocytes following ex vivo treatment with bortezomib (10 nM) for 16 h, showing
significantly increased priming to pro-apoptotic BIM peptides (0.3 mM and 0.1 mM) in Cal**%*. n = 3 mice/group. Mean + SEM. *p < 0.05. B Platelet
values of primary Calr*>¥* VAVCre and Calr*’* VAVCre control mice, following five weeks of treatment with either vehicle or bortezomib. n = 6-7
mice/genotype and condition. One-Way ANOVA. Mean + SEM. *p < 0.05. C Quantification of misfolded proteins by flow cytometry in HSPCs
of Calr*>¥* VAVCre and VAVCre control mice treated with bortezomib (1 mg/kg body weight) for 16 hours. n = 3-4 per genotype. Mean + SEM.
MFI: mean fluorescence intensity, LSK: lin- kit" sca-17, LK: lin™ kit", LT-HSC: long-term hematopoietic stem cells, TPE-MI: tetraphenylethene
maleimide. n = 3-4. D Quantification of ubiquitinylated proteins by western blotting on Calr**** VAVCre and VAVCre control BM treated with

bortezomib (10 nM) ex vivo for 4 hours.

and PUMA peptides as compared to wild-type bortezomib-treated
megakaryocytes (Fig. 3A). To test if this differential priming
represents an in vivo vulnerability, we next treated primary
Cal™>¥* VAVCre and Calrt’* VAVCre control mice with bortezo-
mib for five weeks. We found a significant reduction in platelet
counts in bortezomib-treated Cal®>¥* VAVCre mice but not in
bortezomib-treated Calr™* VAVCre animals (Fig. 3B). We hypothe-
sized that the findings we observed with ex vivo and in vivo
bortezomib treatment were a consequence of increased accumu-
lation of misfolded and poly-ubiquitinylated proteins in Calr®>**
cells. To assess the abundance of misfolded proteins in vivo we
used TPE-MI, a molecule that binds accessible cysteines that are
present in un- or misfolded proteins but normally concealed in
properly folded proteins [24]. In Cal®*%" mice treated with
bortezomib, we found a significantly elevated level of misfolded
proteins by flow cytometry in megakaryocyte-erythrocyte pro-
genitors (MEPs) as well as long-term HSCs (LT-HSCs), as compared
to Calr'’* mice treated with bortezomib (Fig. 3C) [24]. Finally, we
found that bortezomib-treated Calr®*¥" VAVCre unfractionated
BM showed higher levels of poly-ubiquitinylated proteins as
compared to bortezomib-treated Calr™* VAVCre BM (Fig. 3D).
We next wanted to determine whether proteasome inhibition
preferentially affects mutant over wild-type cells in a chimeric
mouse model, which allows us to simultaneously assess the
therapy effects on Cal**** and Calr™* cells within the same
mouse. For this, we crossed Cal**** MxCre mice with UBC-GFP
mice. These mice express GFP in all tissues, including CD45-
negative platelets, which allowed us to track platelet chimerism by
flow cytometry. We transplanted an equal amount of BM of
Cal™>?* MxCre UBC-GFP and CD45.1" competitor into lethally
irradiated recipient mice (Fig. 4A). We observed a significant
reduction in Cal**? mutant myeloid cell chimerism in bortezomib-
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treated mice with non-significant changes in white blood cell
counts (WBC) (Fig. 4B+C). Further, platelet chimerism as
determined by GFP expression was significantly decreased in
bortezomib-treated mice while platelet values were not reduced
upon treatment, suggesting that bortezomib alone may not be
sufficient for ameliorating the disease (Fig. 4D-+E). The hematocrit
remained unchanged over time (Supplementary Fig. 2A). In the BM,
the Cal*** GFP™ mutant percentage in CD11b™ Gr-1* myeloid
cells was significantly decreased (Fig. 4F). Although the overall
frequency of megakaryocyte-erythrocyte progenitors (MEP) was
unchanged, the frequency of Cal™*** GFP™ mutant MEPs was
significantly decreased upon treatment with bortezomib (Fig. 4G).
Similarly, the frequency of Cal*¥* GFP™ MkP was significantly
decreased while other myeloid progenitors remained unchanged
(Supplementary Fig. 2B-E).These data indicate that although
proteasome inhibition showed selectivity toward Cal**¥* mega-
karyocytic cells, single-agent bortezomib did not induce hemato-
logical responses.

Combined inhibition of IRE1a and the proteasome reduces
MPN-related hematopoietic progenitors in mutant Calr mice
in vivo

While bortezomib reduced Calr-mutant cells in mice, this effect
was relatively mild and MEP as well as platelet values remained
unchanged. We hypothesized that combined inhibition of the
proteasome and IRE1a-XBP1 pathways would lead to more robust
UPR-induced apoptosis preferentially in Calr-mutant cells. First, we
tested increasing doses of the IRE1a inhibitor KIRA6, alone or in
combination with bortezomib in BA/F3-MPL-EV an -CALR**? cells
(Fig. 5A-D). We found that a low dose of either KIRA6 or
bortezomib alone did not impair the growth of control cells, but
significantly reduced growth in CALR®? cells. This growth
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Calr*>¥* MxCre UBC-GFP mice treated with either vehicle or bortezomib. n=4-6 mice/condition. n=2 donor mice/genotype in two
independent experiments. Mean + SEM. *p < 0.05 (A) Schematic overview of chimeric transplantation experiment. CD45.1" competitor bone
marrow (BM) BM cells were mixed in a 1:1 ratio with CD45.2* Calr*>¥* MxCre UBC-GFP BM and transplanted into lethally irradiated CD45.1"
recipient animals. Four weeks after transplantation complete blood cell counts (CBC) were obtained and pl:pC induction started. Treatment
was started 2 weeks later and CBCs were obtained every two weeks. B White blood cell count (WBC) of vehicle- and bortezomib-treated
chimeric mice over time. C CD45.2" Calr mutant cell percentage in CD11b* Gr-17 myeloid peripheral blood cells, obtained by flow cytometry
of vehicle- and bortezomib-treated chimeric mice over time. D Platelet counts and (E) Platelet chimerism of vehicle- and bortezomib-treated
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erythrocyte progenitors (MEP) (left) and frequency of GFP™ Cal®*¥" GFP™ mutant MEP (right).

reduction was further accentuated when the two drugs were
combined (Fig. 5B). We found that KIRA6 and bortezomib
synergistically reduced the growth of transformed CALR**? but
not EV cells (Fig. 5C4+D). To translate this to a more clinically
applicable model, we treated primary heterozygous Cal**%*
VAVCre and VAVCre control mice with either vehicle, bortezomib,
KIRA6, or KIRA6 plus bortezomib for five weeks (Fig. 5E-H).
Platelets in KIRA6-treated Calr-mutant mice were not significantly
reduced, while platelets were significantly reduced in bortezomib
and KIRA6 plus bortezomib-treated mice (Fig. 5E). No changes in
platelet counts were observed in VAVCre control mice (Fig. 5E).
There was no observed toxicity, and no other peripheral blood cell
type was significantly affected by either treatment (Supplemen-
tary Fig. 3A+B). The frequencies of SLAM™' LT-HSCs as well as
MkPs were significantly reduced in KIRA6 plus bortezomib-treated
Calr-mutant mice but not in wild-type mice (Fig. 5F+G). To
determine the mechanism behind this effect, we measured
caspase 3/7 level in stem and progenitor cells of treated mice
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and found increased apoptosis in KIRA6 plus bortezomib-
treated Calr-mutant LT-HSCs (Fig. 5H). To compare the effect of
targeting the UPR and the proteasome to ruxolitinib, we treated
Cal™?* VAVCre primary mice with either vehicle, bortezomib,
KIRA6, KIRA6 plus bortezomib, or ruxolitinib (Supplementary
Fig. 4). As seen in preclinical Jak2"®'”F mouse models treated
with ruxolitinib [25], we found a decrease in WBC in treated mice
with no changes in platelet counts, hematocrit, or body weight
(Supplementary Fig. 4A-C). In comparison, platelets and MkPs
were significantly decreased in KIRA6 plus bortezomib-treated
animals as a result of increased caspase 3/7 in MEPs (Supplemen-
tary Fig. 4B, D-G).

Combined inhibition of IRE1a and the proteasome
preferentially targets mutant CALR cells and ameliorates
MPN-relevant features

Encouraged by the preferential killing of Cal*>? cells in primary
Cal®>? mice treated with KIRA6 plus bortezomib as well as the
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lack of overt toxicity, we tested whether combined inhibition of
IRE1a and the proteasome preferentially targets mutant CALR-
expressing stem cells. To test this, we used the same chimeric
transplantation model as before by transplanting Calr*** MxCre
UBC-GFP and CD45.1" competitor into lethally irradiated recipient
mice (Fig. 4A). At the start of the treatment (day 0) following
engraftment and plpC induction, mice were randomized accord-
ing to the same parameters as described for the use of bortezomib
in chimeric mice and subjected to treatment with either vehicle,

KIRA6, bortezomib, or KIRA6 plus bortezomib for 42 days (Fig. 6).
We found a significant reduction in platelets in KIRA6 plus

bortezomib-treated mice over time, while the platelet counts in
mice treated with KIRA6 or bortezomib were not significantly
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different from vehicle control mice (Fig. 6A). Platelet chimerism
was significantly reduced in combined treated mice at the six-
week time point (76.5% vehicle versus 66.6% KIRA6 + bortezomib)
(Fig. 6B). We further observed that the fraction of GFP* cells within
the Calr-mutant lineage™ sca-1" kit" (LSK) progenitor compart-
ment was significantly reduced in combined treated mice
compared to vehicle (Fig. 6C). The overall frequency of LT-HSCs
was significantly decreased in combined treated mice (Fig. 6D),
due to a reduction in GFP" Calr-mutant LT-HSCs (Fig. 6E). Similarly,
the overall frequency of MkPs and the frequency of GFP™ Calr-
mutant MkPs were significantly reduced in combined treated mice
(Fig. 6F+G). However, we found no changes in WBC, and body
weight with a significant but stable reduction in hematocrit within
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the normal range, indicating the drug combination was well
tolerated in our model (Supplementary Fig. 5A-C). We next
assessed XBP1s protein levels following treatment. We found a
significant reduction in XBP1s frequency in Calr-mutant MkP
(Supplementary Fig. 5D) in KIRA6 plus bortezomib-treated mice as
compared to vehicle-treated mice. Finally, we determined the
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abundance of megakaryocytes in treated mice using a blinded
histopathological assessment. The number of megakaryocytes per
high power field was significantly reduced in KIRA6- and KIRA6
plus bortezomib-treated mice as compared to vehicle controls
(Fig. 6H-+1). Moreover, clustering of megakaryocytes was absent in
KIRA6 and KIRA6 plus bortezomib-treated femora. Atypical
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Fig. 6 Combined inhibition of the proteasome and the IRE1a-XBP1s axis of the UPR preferentially targets Cal
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following six weeks of treatment. Frequency of total megakaryocyte progenitors (MkP) (F) and GFP* mutant MkP (G) in the bone marrow
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Way ANOVA. Mean + SEM. *p < 0.05, **p < 0.01.
<

megakaryocyte morphology such as the presence of bulbous
nuclei, hyperchromatic nuclei, large or small forms was seen in
femora in 82% of vehicle-, 43% of KIRA6-, 67% of bortezomib-, and
50% of KIRA6 plus bortezomib-treated mice. (Fig. 6H). Lastly, we
performed secondary BM transplantation experiments. We trans-
planted BM from both treated primary Calr-mutant mice
(Supplementary Fig. 5) following 28 days of treatment as well as
from treated Calr-mutant chimeric mice (Fig. 6) following 42 days
of treatment. The transplant recipients in both sets of experiments
were lethally irradiated WT mice (Supplementary Fig. 6). We did
not observe a reduction in Calr-mutant donor LT-HSCs in
secondary mice that received BM from primary treated Calr-
mutant mice for any treatment group (Supplementary Fig. 6A-D).
Although we found a significant decrease in total SLAM-positive
LT-HSCs in secondary mice that received BM from treated Calr-
mutant chimeric mice in the KIRA6 plus bortezomib treatment
group only, there was no significant reduction in GFP + Calr-
mutant LT—HSCs in this or any treatment group (Supplementary
Fig. 6F). In aggregate, the data from the Calr-mutant chimeric
mouse model indicates that combined inhibition of the protea-
some and the ER stress response is more effective in improving
the MPN phenotype than either treatment alone, but that
combination treatment for 42 days is insufficient to preferentially
deplete Calr-mutant LT-HSCs as measured by secondary BM
transplantation assays.

DISCUSSION

As a calcium-binding ER-resident chaperone protein that regulates
protein folding quality control, CALR plays a central role in cellular
proteostasis. In MPN, the altered biochemical properties of mutant
CALR render it oncogenic, primarily through an aberrant binding
interaction with the thrombopoietin receptor, MPL. Here, we
explored the consequences of mutant CALR beyond MPL-JAK-
STAT signaling, focusing on the cellular response to ER stress and
proteasome activity.

Previous studies by us and others have identified the UPR to be
transcriptionally upregulated in CALR-mutant MPN [13, 26, 27]. Using
Genotypes of Transcriptomes, we previously reported that a key
node in the UPR, XBP1s, is differentially upregulated in CALR-mutant
human HSPCs from MPN patients compared to the wild-type
counterpart [13]. XBP1s is a basic leucine zipper domain-containing
transcription factor that upregulates the expression of UPR target
genes, including ER chaperones (e.g., Dnajb9, Dnajbl11, Pdia3, and
Dnajc3), ERAD components, and protein folding enzymes (e.g., Pdia6)
[10, 28-31]; classes of genes we found to have increased protein
expression in Calr-mutant primary megakaryocytes (Fig. 1D). In
prostate cancer, XBP1s upregulation is one mechanism by which
cancer cells overcome ER stress and upregulate pro-survival
pathways [32]. XBP1s repression through the inhibition of upstream
IRE1a has shown to reduce growth of MYC-driven cancers [32, 33]. A
recent study described the successful use of an IRE1a inhibitor
in vivo in a retroviral overexpression BM transplant model of mutant
CALR-induced MPN [9].

Leukemia (2023) 37:359 - 369

The release of calcium from ER stores by type | CALR-mutated cells
has been proposed as one mechanism by which the IRE1a-XBP1
branch of the UPR is activated [8, 9]. However, we have previously
found transcriptional upregulation of XBP1s in Type Il CALR-mutated
primary MPN samples [13], suggesting that the mechanisms under-
lying UPR upregulation in CALR-mutated MPN cells are not limited to
perturbed calcium homeostasis. Given that the ER retention signal (i.e,,
KDEL) is lost in mutant CALR and secreted mutant CALR protein is
detectable in plasma from CALR-mutant MPN patients [34] and Calr**
knockin mice [35], it is possible that the overall ER chaperone capacity
is compromised in CALR-mutated cells, by virtue of less CALR being
present in the ER. Since misfolded proteins are shuttled from the ER to
the cytosol, followed by ubiquitinylation and degradation by the
proteasome via the ERAD pathway, we reasoned that proteasome
inhibition (alone or in combination with IRE1 inhibition) might also
represent a therapeutic vulnerability in CALR-mutant MPN. Importantly,
we explored this using a knockin mouse model, where mutant CALR is
expressed at physiological levels.

In primary Cal®*?" knockin mice, we found a significant
reduction in platelet count in Cal**? mice following treatment
with the proteasome inhibitor bortezomib (Fig. 3). Using
transplanted chimeric Calr**?> mice, we found that although the
Cal*>?* mutant myeloid chimerism was reduced upon treatment
with bortezomib, platelet counts remained unchanged (Fig. 4). A
possible explanation for this is that WT competitor megakar-
yocytes increased their platelet output in transplanted chimeric
mice. Regardless of the reason for an unchanged platelet count,
we concluded that single-agent bortezomib was inadequate
therapy based on our findings in the Cal**? chimeric model
(Fig. 4). We therefore tested combined proteasome/IRE1 inhibition
and found superior effects in vivo as compared to either agent
alone (Figs. 5+6). This suggests that a dual approach, hitting both
the proteasome and the UPR, overwhelms cells with ER stress to
induce apoptosis, in heterozygous Calr**?"-expressing MPN cells.
Although combined proteasome/IRE1 inhibition reduced mega-
karyocyte hyperplasia and preferentially targeted Calr-mutant
megakaryocytes precursor cells and LT-HSCs in the Cal**?
chimeric model (Fig. 6), we did not find preferential depletion of
Calr-mutant LT-HSCs in serial transplantation assays. One potential
reason for this is that there is a four-week drug-free period post-
transplantation, which may have allowed Calr-mutant LT-HSCs to
recover. Another possible reason might relate to the duration of
the treatment, which was 28 days in primary Calr-mutant mice and
42 days in Calr-mutant chimeric mice, and in either scenario may
represent an inadequate treatment duration for LT-HSC depletion.

Single-agent bortezomib has previously been clinically explored
in a phase I/Il study for patients with MF [36], based on a pre-clinical
study in a thrombopoietin overexpression model of MPN [37]. This
clinical trial was performed prior to the discovery of CALR mutations
in MPN and 12 out of the 13 sequenced patients carried a JAK2"6'7F
mutation [36]. In this study, Barosi and colleagues found a mixed
response to single-agent bortezomib treatment, concluding that
further investigation of the underlying mechanism is necessary to
evaluate the use of bortezomib in patients with MPN [36]. The focus
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of our study was to investigate CALR-mutant MPN, and we have not
tested UPR inhibition alone or in combination with bortezomib in
Jak2"¢'”F MPN mouse models. We have recently reported that UPR
pathways are also transcriptionally upregulated in primary MPN
platelets isolated from patients harboring a JAK2Y®'”F mutation [22].
For this reason, it is possible that JAK2-mutant MPN may also be
sensitive to combined UPR/proteasome inhibition, but we have not
explored this question in this study.

In our study, we investigated the combined inhibition of ER
stress and the proteasome, based on a biological rationale,
specifically in mutant CALR-driven MPN, and found preferential
targeting of the Calr-mutant megakaryocyte compartment and
the disease-initiating LT-HSCs, although Calr-mutant LT-HSCs were
not depleted in serial transplantation assays. In summary, we have
identified that mechanisms in place to ameliorate ER stress are
activated in mutant CALR cells, namely the proteasome and the
UPR. Our findings are in line with the known biology of CALR-
mutant MPN and shed light on upregulated pathways and distinct
genetic vulnerabilities with therapeutic potential.
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