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Mutations in the ER chaperone calreticulin (CALR) are common in myeloproliferative
neoplasm (MPN) patients, activate the thrombopoietin receptor (MPL), and mediate
constitutive JAK/STAT signaling. The mechanisms by which CALR mutations cause myeloid
transformation are incompletely defined. We used mass spectrometry proteomics to identify
CALR-mutant interacting proteins. Mutant CALR caused mislocalization of binding partners
and increased recruitment of FLI1, ERP57, and CALR to the MPL promoter to enhance
transcription. Consistent with a critical role for CALR-mediated JAK/STAT activation, we
confirmed the efficacy of JAK2 inhibition on CALR-mutant cells in vitro and in vivo. Due to the
altered interactome induced by CALR mutations, we hypothesized that CALR-mutant MPNs
may be vulnerable to disruption of aberrant CALR protein complexes. A synthetic peptide
designed to competitively inhibit the carboxy terminal of CALR specifically abrogated MPL/
JAK/STAT signaling in cell lines and primary samples and improved the efficacy of JAK kinase
inhibitors. These findings reveal what to our knowledge is a novel potential therapeutic
approach for patients with CALR-mutant MPN.

Introduction

Gene discovery studies have revealed that the majority of the remaining patients with JAK2/ MPL-W'T
myeloproliferative neoplasms (MPNs) harbor somatic calreticulin (CALR) mutations (1, 2). The most
common mutations are either 52—base pair deletions or 5-base pair insertions; these mutations result
in expression of an altered C-terminal domain with loss of negative charge, impaired Ca** binding,
and deprivation of the KDEL ER retention motif. A central role for mutant CALR in early MPN
ontogeny has been demonstrated using in vivo and in vitro models: CALR mutations contribute to
MPN development (3—6), are detectable in the long-term hematopoietic stem cell compartment (1, 2),
and are associated with increased MPL/JAK/STAT signaling (3, 7, 8). Here, using affinity chromatog-
raphy coupled with mass spectrometry proteomics, we delineated the CALR-mutant interactome and
demonstrated that CALR mutations promote the formation of abnormal protein chaperone complexes,
which alter their cellular localization and result in increased FLI1, ERP57, and CALR recruitment to
the MPL promoter. We also confirmed that CALR-mutant cells are sensitive to JAK2 inhibition in vitro
and in vivo. We then designed a synthetic peptide corresponding to the C-terminal sequence of WT
CALR (C-Term peptide) and showed that this peptide inhibits MPL/JAK/STAT signaling in cell lines
and primary cells expressing CALR mutants, which is further accentuated when combined with JAK
inhibitor therapy. Our studies reveal important insights on the mechanisms by which CALR mutants
promote transformation and define what to our knowledge is a novel therapeutic strategy specific for
MPN patients harboring CALR mutations.
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Results

Mass spectrometry—based identification of CALR-mutant interactomes. To elucidate the functional effects of CALR
mutations on hematopoietic cells, we engineered Ba/F3 cells to express WT or mutant CALR as fusion pro-
teins with the maltose-binding protein (MBP), given its ability to maintain physiologic protein folding (9).
Thus, we introduced empty vector (EV), MBP-tagged mutant CALR (deletion [DEL] or insertion [INS]),
or MBP-tagged CALR WT cDNA into MPL-WT-Ba/F3 cells. We also generated a construct with the INS
mutation followed by a stop codon (STOP) to create a truncation at the site of the mutation, such that the
construct expressed the mutant protein without expression of the additional C-terminus, to fully deter-
mine the phenotypes specifically associated with the new C-terminal sequence (Supplemental Figure 1A;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.122703DS1).
To identify binding partners of WT and mutant CALR, we performed label-free quantitation (LFQ) of
proteins purified using MBP affinity chromatography, followed by high-resolution nanoscale liquid chro-
matography and high-accuracy mass spectrometry of native extracts of MPL-WT-Ba/F3 cells expressing
WT, DEL, INS, or STOP CALR compared with an IgG control (Figure 1, A-D, Supplemental Figure 1, B
and C, and supplemental material). This identified a subset of proteins (12 bound to DEL CALR and 7 to
INS CALR), which were significantly enriched in association with mutant CALR compared to WT CALR
(Figure 1, A and B). As previously described (10, 11), we observed that total CALR protein levels were
increased in cells harboring WT CALR but not mutant CALR, suggesting that the mutant forms of the
protein are less stable than the WT protein (Supplemental Figure 1, D and E). To control for potential dif-
ferences in purification efficiencies due to differences in expression, we normalized the LFQ of significant-
ly impacted partners (P < 0.01) to the one of MBP (Figure 1, C and D, and Supplemental Figure 1F). Our
results indicated that DEL. CALR- and INS CALR-mutant forms were enriched for binding to proteins
implicated in the activation of the unfolded protein response induced by ER stress (Hspa5/BiP, Hspa9/
Grp75, and Hspa8), proteins of the cytoskeleton (Myl9 and Aprc4), and ribosomal proteins (Rpl7, Rsp23,
and Rpl11) (Figure 1C and Supplemental Figure 1F). In addition, we found that the CALR-DEL mutant
exhibited increased copurification with the megakaryocyte transcription factor Flil (Figure 1, A and C).
Furthermore, we noticed that the CALR-mutant proteins showed decreased binding affinities for Pdia3/
Erp57 and Msi2 compared with WT CALR (Figure 1D). Immunoprecipitation experiments, followed by
Western blot analysis, in MPL-WT-Ba/F3 cells expressing mutant or WT CALR constructs or negative
controls (EV and IgG), confirmed differential binding to BiP, Myl9, Grp75, Flil, and Erp57 (Figure 1E).
‘We also observed an association between MPL and both WT and mutant CALR (Supplemental Figure 1,
G and H, and supplemental material), as previously described (3, 7, 12). Given that ectopic expression of
mutant, but not WT, CALR confers IL-3 independence (3, 5) to MPL-WT-Ba/F3 cells, we assessed the
interaction between mutant CALR and candidate interacting proteins in cytokine-free growth conditions.
‘We observed increased Flil binding to INS CALR in the absence of IL-3, whereas we found similar bind-
ing between mutant CALR and BiP, Myl9, and Erp57 with or without cytokine supplementation (Supple-
mental Figure 1I). In all, these data demonstrate that CALR mutations promote the formation of abnormal
protein chaperone complexes, with increased binding affinities to a subset of known CALR partners (e.g.,
BiP) and, to our knowledge, previously undescribed interacting proteins (Flil and Myl9).

CALR mutants’ binding to a subset of partners affects their cellular localization and MPL transcription.
Although primarily localized in the ER, WT CALR has also been shown to be present in the nucleus,
where it is involved in the nuclear import of glucocorticoid and steroid hormone receptors (13, 14). We
hypothesized that CALR mutations affect its chaperone activity and result in changes in the cellular local-
ization of a subset of its partners. We found an increase in protein expression levels of Myl9 and Flil in
cytoplasmic fractions and elevated expression of BiP protein in the membrane/organelle compartment of
CALR-mutant cells (Figure 2A). As expected, in CALR mutant—expressing cells, we observed increased
Stat3 phosphorylation (pStat3) in the nuclear and chromatin fractions compared with control cells. More-
over, we found increased expression of Flil in chromatin extracts from CALR mutant—expressing cells
(Figure 2B). We detected WT and mutant forms of CALR in the nucleus and in the chromatin frac-
tion of MPL-WT-Ba/F3 cells (Figure 2B). Similar results were obtained by comparing cytoplasmic and
nuclear protein extractions of mononuclear cells isolated from healthy donors (CTRL) and from patients
with CALR-mutated MPN (Supplemental Figure 2A). From these samples, we confirmed increased pro-
tein levels of BIP and MYL9 in cytoplasmic extracts of mononuclear cells isolated from patients with
CALR-mutated MPN. We also detected elevated FLI1 protein expression in nuclear extracts of patients
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Figure 1. Mass spectrometry-based identification of CALR-mutant interactomes. Volcano plots showing the degrees of enrichment (ratio of LFQ
protein intensities) in MPL-WT-Ba/F3 cells expressing (A) DEL CALR compared with WT CALR cells and (B) INS CALR compared with WT CALR cells.
The x axis depicts the fold change in protein levels and the y axis the -log™ P value. For each, 3 independent experiments were performed, and

the data were analyzed with MaxQuant. Changes in partner’s abundance are shown for each condition. Normalized LFQ intensities of a subset of
candidate proteins to the MBP LFQ of each condition, for proteins that are (C) enriched (Hspa5/BiP, Myl9, Hspa9/Gp75, and Fli1) or (D) lost (Pdia3/
Erp57 and Msi2) in mutant cells compared with WT CALR-expressing cells. (E) Confirmation of differential binding between WT CALR and mutant
proteins with a subset of targets by co-immunoprecipitation (Hspa5/BiP, MylS, Hspa9/Grp75, Fli1 and Pdia3/Erp75) in MPL-WT-Ba/F3 cells. MBP
was used as an immunoprecipitation efficacy control. In Cand D, mean values + SEM are represented. Statistical significance was assessed using
1-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001. Blots are representative of 3 independent experiments.

with CALR-mutant MPN compared with controls (Figure 2C). These data suggest that WT and mutant
CALR can function as a chaperone from the cytoplasm to the nucleus and that this can differentially mod-
ulate nuclear/chromatin recruitment of CALR-mutant versus WT interacting proteins.

Flil encodes an ETS transcription factor that can directly bind to the MPL promoter and induce its
expression (15). We hypothesized that CALR-mediated chaperoning of Flil to the chromatin would lead to
increased MPL transcription. We observed, in MPL-WT-Ba/F3; -UT-7 and c-Kit" cells expressing CALR
mutants (DEL or INS), elevated mRNA expression of endogenous MPL compared with EV and WT controls
(P<0.0001) (Figure 2D and Supplemental Figure 2B). Previous studies have reported a role of Erp57 in Stat3
activation (16) and nuclear localization, suggesting an important role in transcriptional activation (17-19).
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Figure 2, CALR mutants’ binding to a subset of partners affects their cellular localization and influences MPL transcription. (A) Cytoplasm/membrane
extracts and (B) nucleus/chromatin extracts from EV or WT CALR-, DEL CALR-, and INS CALR-expressing MPL-WT-Ba/F3 cells were used to detect, by
Western blot analysis, cellular localization of CALR (MBP) and its partners: BiP, Myl9, Fli1, and Erp57. L, light exposure time; D, dark exposure time. (C)
Cytoplasm (Cyto) and nuclear (Nuc) extracts from mononuclear cells isolated from healthy donors (CTRL) or patients with CALR-mutated MPN. (D) Quanti-
tative reverse transcription PCR (QRT-PCR) analysis of MPL expression in MPL-WT-Ba/F3 cells expressing WT, DEL, or INS CALR compared with EV control.
gRT-PCR analysis of ChIP assays showing (E) Fli1, (F) Erp57, and (G) CALR binding to the Mp/ promoter in MPL-WT-Ba/F3 cells expressing WT, DEL, or INS
CALR. Data are expressed as the percentage of pre-immunoprecipitation input for each sample and are representative of at least 3 independent immuno-
precipitations. (H) gPCR analysis of Mplin MPL-WT-Ba/F3 cells expressing EV or WT, DEL, or INS CALR transduced by FIli1 or Erp57 sShRNA compared with
Renilla controls (CTRL). (I) Signal distribution of Fli1 ChIP-seq peaks’ intensity in EV or WT CALR-, DEL CALR-, or INS CALR-expressing cells. (J)) Mean peak
intensity of Fli1 peaks per the following genomic regions: 3'-UTR, 5’-UTR, promoter TSSs, and TSSs. TSS, transcription start site for MPL-WT-Ba/F3 cells
expressing EV or WT, DEL, or INS CALR. In D-H, mean values + SEM are represented. Statistical significance was assessed using 1-way ANOVA. *P < 0.05,
**P < 0.01, and ****P < 0.0001. Blots are representative of 3 independent experiments. Gapdh or histone H3 was used as a loading control. Gapdh was
used as a housekeeping gene (n = 3 in triplicate).

Moreover, CALR is known to act as an important modulator of the regulation of gene transcription by
nuclear hormone receptors (14, 20). Based on these observations, we hypothesized that ERP57 and CALR
could also directly bind to the MPL promoter in CALR-mutant cells to regulate its transcription. To inves-
tigate FLI1, ERP57, and CALR recruitment to the MPL promoter (21, 22), we performed ChIP analysis
on MPL-WT-Ba/F3; -UT-7 and total bone marrow (BM) cells isolated from WT mice expressing WT or
mutant CALR. Consistent with our data showing increased MPL mRNA expression, we detected signifi-
cantly enriched recruitment of FLI1, ERP57, and CALR to the MPL promoter in CALR-mutant cells com-
pared with WT CALR controls (Figure 2, E-G, and Supplemental Figure 2, C-E). Of note, differential
recruitment of FLI1, ERP57, and CALR to the MPL promoter was seen with the different CALR mutations,
which could be explained, in part, by differences in FLI1 expression levels or involvement of other unknown
partners. To further confirm the direct impact of Flil and Erp57 on MPL expression, we transduced MPL-
WT-Ba/F3 cells expressing WT CALR, DEL CALR, INS CALR, or EV with either control or 2 indepen-
dent Flil- or Erp57-targeting shRNA vectors and confirmed significant knockdown efficiency by quantita-
tive reverse transcription PCR (qQRT-PCR) (Supplemental Figure 2F). Consistent with our hypothesis, we
found that Mp/ mRNA expression was significantly decreased in F7i/- or Erp57-reduced cells expressing DEL
and INS CALR compared with control cells (Figure 2H). We also noticed lower Mp! expression associated
with Erp57 silencing in control cells (EV), suggesting that Erp57 regulates the Mpl locus in the presence and
absence of CALR mutations (Figure 2H). In accordance with these results, F/il sShARNA— or Erp57 shRNA—
mediated silencing in cells expressing DEL or INS CALR reduced JAK/STAT signaling and attenuated
the IL-3-independent growth of CALR mutant—expressing cells (Supplemental Figure 2, G and H). These
results demonstrate that CALR mutants can regulate MPL transcription by recruiting upstream regulators to
the nucleus and inducing further activation of the MPL promoter.

CALR-DEL mutant influences the genome-wide recruitment of Flil to the chromatin. Given the enhanced Flil
localization to chromatin in CALR-mutated cells, we hypothesized that expression of CALR mutations
could influence Flil occupancy genome wide. We performed Flil ChIP-sequencing (ChIP-seq) experiments
in MPL-WT-Ba/F3 cells expressing EV or WT, DEL, or INS CALR. The peak-calling program MACS2
was applied to the Flil ChIP-seq and input sequence data to identify potential Flil-occupied segments in
all conditions. Strikingly, we observed an overall elevated intensity of signal in DEL CALR-expressing
cells compared with the other conditions (versus EV P = 1.074%, WT P = 8.387°, versus INS P = 1.757%;
Figure 2I). Moreover, we found increased proportions of Flil peaks at promoters and transcription start
sites (TSSs) and to a lesser extent at 3'-UTR regions and in intergenic and noncoding regions of DEL
CALR-expressing cells compared with controls (Figure 2J and Supplemental Figure 3, A-C). Differences
in the Flil cistrome were not observed in WT CALR- or INS CALR—expressing cells. Overall, these results
show that type 1 CALR mutant modulates Flil cellular localization and recruitment.

CALR-mutated cells are sensitive to JAK1/2 inhibitors in vitro and in vivo. Given the enhanced JAK/STAT
activity in CALR mutant—transformed MPL-WT-Ba/F3 cells, we next evaluated the sensitivity of these cells
to Jak2 inhibition in vitro and in vivo. The type I JAK2 inhibitor, ruxolitinib (Rux), is approved for polycythe-
mia vera and primary myelofibrosis (MF) and has been shown to decrease splenomegaly and constitutional
symptoms in both diseases and to ameliorate disease in a CALR-mutant mouse model (6, 23, 24). We previ-
ously demonstrated that MPN cells can acquire an adaptive form of resistance that can be abrogated by type
II inhibitors, such as CHZ868 (CHZ) (25, 26). Because it has been shown that CALR-mutated patients were
characterized by constitutive JAK2 activation, we tested the sensitivity of CALR-mutant cells to type I and
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type II JAK2 inhibitors. CHZ868 potently inhibited the proliferation of CALR-mutated MPL-WT-Ba/F3
cells (IC,, mean = 341 nM for DEL and 434 nM for INS, versus 696 nM for WT) (Figure 3A, Supplemental
Figure 4A, and supplemental material). CHZ868 treatment potently induced apoptosis in CALR-mutant cells,
as reflected by caspase-3 activation (Figure 3B) and abrogated phosphorylation of Y1007/Y1008 in the JAK2
activation loop, consistent with a previously described type II mechanism of action in Jak2/ Mpl-mutant cells
(Figure 3C and ref. 26). We observed similar effects with the type I JAK2 inhibitor, Rux (Supplemental Figure
4, A-C). To assess the efficacy of CHZ868 at inhibiting Ba/F3 proliferation in vivo, we transplanted MPL-
WT-Ba/F3 cells expressing DEL or INS CALR mutations into sublethally irradiated BALB/c mice. We found
a significant increase in survival in CHZ868-treated animals as compared with vehicle-treated mice (P < 0.01)
(Figure 3D). In addition, CHZ868 therapy significantly reduced splenomegaly, hepatomegaly, WBC, and
mutant allele burden, as reflected by a reduction in the proportion of GFP* cells in the BM and the spleen of
treated animals (P < 0.0001) (Figure 3, E and F). These findings show that type II JAK2 inhibition efficiently
inhibits CALR-mutant cells in vivo and in vitro and demonstrate that JAK inhibitors represent a tractable
approach to target CALR-mutated MPN cells.

CALR-mutant cells are sensitive to a peptide corresponding to the C-terminal sequence of the WT CALR. We next
sought to delineate whether therapeutic approaches that altered the interaction between mutant CALR and
candidate effectors could inhibit fitness and attenuate constitutive JAK/STAT signaling in CALR mutant
cells. Based on differences between WT and mutated CALR with respect to their C-terminal sequence, we
hypothesized that a peptide encoding for the C-terminal sequence of WT protein (C-Term) could competitive-
ly inhibit mutant CALR binding to interacting proteins and demonstrate therapeutic efficacy. We first validat-
ed our ability to achieve peptide delivery in MPL-WT-Ba/F3 cells by biotinylating the peptide (Bio-C-Term)
and performing immunoprecipitation experiments using streptavidin with protein extracts isolated from cells
at different time points after treatment (0 to 240 minutes). We detected peptide uptake in these cells for as
long as 120 minutes after treatment (Supplemental Figure 4D). Because CALR mutants have been previously
described as sufficient to transform cells to cytokine independence (8, 12), we hypothesized that treatment of
MPL-WT-Ba/F3 cells with the peptide would reverse this phenotype and reduce IL-3-independent growth
of CALR mutant—expressing cells. Indeed, exposure to the C-Term peptide significantly decreased the prolif-
eration rate of CALR-mutant MPL-WT-Ba/F3 cells, in the absence of IL-3, relative to untreated controls (P <
0.0001) (Figure 4A). Furthermore, we found that exposure to the peptide resulted in a dose-dependent reduc-
tion in JAK/STAT signaling as well as an expansion in cleaved caspase-3 proportions coupled with increased
apoptosis rates in treated cells compared with untreated controls (P < 0.05) (Figure 4, B and C). Concordantly,
we observed a significant loss of MPL expression at the cell surface of MPL-WT-Ba/F3 cells over time after
treatment of both CALR DEL- and CALR INS—expressing cells compared with untreated controls (Figure
4D and supplemental material). To confirm the specificity of this peptide, we designed its inactive analog by
replacing all the lysine residues in the C-Term peptide with alanine (KA-mutant peptide). As expected, expo-
sure to the KA-mutant peptide did not influence IL-3-independent growth of CALR-mutant cells and did not
decrease JAK/STAT signaling in these cells (Supplemental Figure 4, E and F).

We next sought to delineate the mechanism(s) by which the C-Term peptide attenuated the survival of
CALR-mutant cells. By co-immunoprecipitation, we evaluated the effect of C-Term peptide therapy on CALR
mutant binding to MPL in cells expressing MPL-WT and MBP-tagged CALR-mutant constructs. We found that
C-Term peptide treatment induced a specific disruption of the interaction between mutant CALR and MPL
(Figure 4, E and F) and a concurrent reduction in CALR mutant expression levels compared with untreated
cells (Figure 4G). Interestingly, in CALR DEL—expressing cells, C-Term peptide treatment was correlated with
decreased expression and binding to Flil, which was not observed in WT CALR-expressing cells (Supplemen-
tal Figure 4, G and H). To assess whether the peptide could disrupt the chaperone function of mutant CALR
proteins, we performed a Western blot analysis on subcellular protein extracts isolated from MPL-WT-Ba/F3
cells expressing CALR mutants after treatment with the C-Term peptide. We observed a decrease in Flil pro-
tein expression in the chromatin fraction and to a lesser extent in the cytoplasmic compartments of CALR-mu-
tant cells that were treated with the peptide. Interestingly, we also found increased expression of Mpl and BiP in
the membrane compartment of C-Term—treated cells compared with untreated controls (Figure 4H).

We subsequently investigated whether this peptide could inhibit the proliferation and the MPL/JAK/
STAT signaling in MPN patient cells harboring CALR mutations. We isolated CD34" mononuclear cells
from patient samples and assessed levels of phosphorylation of STAT3/5 in these cells after treatment with
vehicle or the C-Term peptide. We observed that peptide treatment induced a significant decrease in STATS
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Figure 3. CALR-mutated cells are sensitive to
JAK1/2 inhibitors in vitro and in vivo. (A) IC,,
values for MPL-WT-Ba/F3 cells expressing EV

or WT, DEL, or INS CALR cultured for 48 hours
with increased concentration of CHZ868 (CHZ,
nM) (n = 3 in triplicate). (B) Percentage (%) of
cleaved caspase-3-positive MPL-WT-Ba/F3 cells
expressing different CALR mutants 24 hours
after treatment with increasing concentrations
of CHZ868 (CHZ, nM) (n = 3 in triplicate). (C)
JAK/STAT axis analysis by Western blot analysis
on total protein extracts from MPL-WT-Ba/

F3 cells expressing different CALR constructs
cultured with increasing concentrations of
CHZ868 (CHZ, uM) as compared with negative
controls (EV and WT). (D) Kaplan-Meier survival
curve, at death, of BALB/c mice injected (arrows)
with MPL-WT-Ba/F3 cells expressing DEL CALR
or INS CALR and treated with CHZ868. (E) Box-
and-whisker plots of spleen weights (mg), liver
weights (g), and WBC (M/pl) of DEL CALR- or
INS CALR-expressing cells treated with CHZ868.
In box-and-whisker plots, horizontal bars indi-
cate the medians, boxes indicate 25th to 75th
percentiles, and whiskers indicate 10th and 90th
percentiles. Dots outside of box plots represent
outliers (F) Mutant allele burden, as reflected by
the percentage of GFP* cells, in the BM and the
spleen, at death of BALB/c mice injected with
MPL-WT-Ba/F3 cells expressing DEL CALR or
INS CALR and treated with CHZ868 (30 mg/kg).
CHZ, CHZ868; veh, vehicle (n =10/11 animals per
condition). In A, B, and D-F, mean values + SEM
are represented. Statistical significance was
assessed using (A, B, E, and F) 1-way ANOVA or
(D) Mantel-Cox; *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001. Blots are representa-
tive of 3 independent experiments.
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Figure 4. CALR-mutant cells are sensitive to a peptide corresponding to the C-terminal sequence of the WT CALR. (A) Proliferation assays of MPL-WT-Ba/
F3 cells expressing CALR mutant constructs treated with the C-Term peptide in the absence of IL-3 compared with untreated controls (Unt). Growth curves are
means (in total number of viable cells) + SEM (n = 6 in triplicate). (B) JAK/STAT axis analysis by Western blot analysis of MPL-WT-Ba/F3-cells expressing DEL
or INS CALR treated with the C-Term peptide for different incubation times (0-2 hours). (C) Percentage (%) of cleaved caspase-3-positive MPL-WT-Ba/F3 cells
expressing CALR mutants after treatment with the C-Term peptide for 4 hours (n = 3 in triplicate). In box-and-whisker plots, horizontal bars indicate the medi-
ans, boxes indicate 25th to 75th percentiles, and whiskers indicate 10th and 90th percentiles. Dots outside of box plots represent outliers. (D) Quantification
of change in MPL mean fluorescence index (MFI) in MPL-WT-Ba/F3 cells expressing DEL or INS CALR treated with the C-Term peptide for the indicated time
points. (E) Co-immunoprecipitation analysis and (F) quantitative densitometry (AU) of MPL protein expression in 293T cells cotransfected with MPL-WT and
MBP-tagged CALR-mutant constructs treated with the peptide for 15 minutes or 1 hour. (G) Western blot analysis of MBP expression in 293T cells transfected
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with MPL-WT and MBP-tagged CALR-mutant constructs and treated with the C-Term peptide for 1 hour. (H) Cytoplasm/membrane and nucleus/chromatin
extracts from EV or WT, DEL, or INS CALR-expressing MPL-WT-Ba/F3 cells were used to detect, by Western blot, cellular localization of CALR partners BiP,
MyI9, Fli1, and Erp57 after C-Term treatment for 1 hour. In A, C, D, and F, mean values + SEM are represented. Statistical significance was assessed using 2-way
ANOVA, ****P < 0.0001. Blots are representative of 3 independent experiments. Gapdh, histone H3, and vinculin were used as loading controls.
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phosphorylation (pSTATS5) (P < 0.01) associated with reduced CALR protein expression (Figure 5A).
Likewise, we also observed reduced MPL cell surface expression after treatment (Figure 5B). By contrast,
peptide treatment did not influence MPL surface expression in normal hematopoietic cells from healthy
donors (CTRL), suggesting that the phenotype is specific to CALR-mutated cells (Supplemental Figure 4I).
These results suggest that disruption of interactions between mutant CALR and its chaperone complexes
can inhibit the growth and signaling of C4ALR-mutant cells.

We subsequently determined whether treatment of CALR-mutant cells with the C-Term peptide could
improve their sensitivity to JAK1/2 inhibitors. To this end, we treated MPL-WT-Ba/F3 cells expressing
EV or WT or mutant CALR with Rux and CHZ alone or in combination with the C-Term peptide. Combi-
nation therapy potently abrogated phosphorylation of Stat5 and Akt (pStat5 and pAkt) to a greater extent
than JAK1/2 inhibitor treatment alone (Figure 5, C and D). Combined treatment was also more effective
at inhibiting the IL-3-independent proliferation of CALR-mutated MPL-WT-Ba/F3 cells compared with
JAK1/2 inhibitor treatment alone (IC,, for treatment with Rux alone was 0.33 uM versus 0.22 uM plus
C-Term [P < 0.05]; with CHZ alone was 0.57 pM versus 0.38 uM plus C-Term [P < 0.001]) (Figure 5, E and
F). All together, these results suggest that a combination of JAK1/2 inhibitors and the C-Term peptide can
improve JAK1/2 inhibitors’ potency in vitro.

Discussion

The identification of recurrent mutations in CALR in MPN was a pioneering, unexpected finding with respect
to gene discovery in patients with myeloid malignancies. CALR, an ER chaperone protein that normally
functions to bind misfolded proteins in the ER and prevent their export to the Golgi apparatus, has never
previously been reported, to our knowledge, to be mutated in cancer or to be associated with hematologic dis-
orders. Here, we performed functional analysis of mutant CALR proteins and identified protein partners of
CALR in CALR-mutated cells. We showed that CALR mutations modulate differential binding to known part-
ners and allow for interaction with possibly novel partners, including proteins involved in transcriptional regu-
lation (Flil), ER function (Erp57), unfolded protein response (BiP and Grp75), and the cytoskeleton (Myl19).

Consistent with the role of CALR as a chaperone and in nuclear import and export (14), we found that
CALR mutants altered the cellular localization of a subset of its binding partners (Myl9 and Flil), which
can result in altered transcriptional regulation of the key CALR effector MPL. We discovered that CALR
mutants modulate the expression and cellular localization of Flil, a known regulator of MPL transcription.
In addition, CALR mutations promote the ability of CALR itself and other CALR-interacting proteins to
bind to the MPL promoter. These findings provide insight into how CALR mutants lead to increased MPL/
JAK2 activation through altered epigenetic regulation and inform likely novel mechanisms contributing to
CALR-mutant MPN pathogenesis.

Stem cell transplantation is currently the only definitive treatment for MF; however, attendant toxicities
and advanced age of MF patients preclude the use of transplantation for most patients. Thus, there remains a
compelling need for efficacious drugs for MPN patients, including CALR-mutant MPNs. Rux is a JAK inhib-
itor that ameliorates splenomegaly and constitutional symptoms associated with MF (23, 27). We observed
potent suppression of JAK signaling, and proliferation and induction of apoptosis in CALR-mutant leukemic
cell lines treated with either type I (Rux) or type II (CHZ868) JAK2 inhibitors in vitro. Furthermore, we
showed that type IT JAK?2 inhibition with CHZ868 could reduce disease burden in vivo. More importantly, we
demonstrated an alternative therapeutic approach by which interference with the mutant CALR interactome
can induce therapeutic efficacy. We found that our molecular mimicry of the C-terminal sequence of WT
CALR can attenuate IL-3 independency, JAK signaling, and MPL cell surface expression; increase apoptosis
of CALR-mutated cell lines and primary samples; and improve the JAK inhibitors’ efficacy. Although sub-
sequent preclinical and clinical studies are needed to optimize this approach for in vivo therapeutic delivery,
these data inform a possibly novel mechanism by which disruption of the mutant CALR chaperone complex-
es can be used to develop mechanism-based therapies for patients with CALR-mutant MPN.
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Figure 5. The C-Term peptide represents a tractable approach to target CALR-mutated MPN cells and improve JAK1/2 inhibitors’ potency in vitro.
(A) Quantification of STAT3/5 phosphorylation levels, by Western blot analysis and flow cytometry, in CD34* cells isolated from patients with MPN
harboring CALR mutations, treated with the C-Term peptide for 1 hour. (B) Quantification of change in MPL-positive cells (%) among CD34" cells
isolated from patients with CALR-mutated MPN treated with the C-Term peptide for 1 hour. JAK/STAT axis analysis by Western blot of MPL-WT-
Ba/F3-cells expressing DEL or INS CALR treated with increasing concentrations (0-1 uM) of (C) Rux or (D) CHZ868 (CHZ) alone or in combination
with the C-Term peptide for 4 hours. L, light exposure time; D, dark exposure time. IC_ values for MPL-WT-Ba/F3 cells expressing DEL or INS CALR
cultured for 48 hours with increasing concentrations of (E) Rux (uM) or (F) CHZ (uM) alone or in combination with the C-Term peptide (n = 3 in tripli-
cate). In box-and-whisker plots, horizontal bars indicate the medians, boxes indicate 25th to 75th percentiles, and whiskers indicate 10th and 90th
percentiles. Dots outside of box plots represent outliers. In A, B, E, and F, mean values + SEM are represented. Statistical significance was assessed
using 2-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Blots are representative of 3 independent experiments. Histone H3
was used as a loading control.
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Methods

Primary cell and cell line cultures. HEK293T (293T), Ba/F3, and UT-7 cell lines were all purchased at Amer-
ican Type Culture Collection and maintained respectively in DMEM, RPMI1640, and Iscove’s modified
Dulbecco’s medium (IMDM) media supplemented with 10% FBS and 1% penicillin/streptomycin. All
cells were screened for Mycoplasma species by PCR according to the manufacturer’s instructions (ABM
Inc). Ba/F3 and UT-7 media were supplemented with 10 ng/ml of murine recombinant IL-3 (PeproTech)
and 10 ng/ml of thGM-CSF (R&D Systems), respectively. C-kit* cells were isolated from WT C57BL/6
mice using immunomagnetic beads (Miltenyi Biotec, 130-091-224). BM mononuclear cells from BM aspi-
rate from healthy donors or patients with MPN were freshly extracted using Ficoll-Hypaque technique, and
CD34" cells were isolated using immunomagnetic beads (Miltenyi Biotec, 130-046-702). The institutional
review board of Memorial Sloan Kettering Cancer Center approved the sample collection and experiments.
Informed consent was obtained from all patients providing material for studies. Clinical information about
patient samples is in Supplemental Table 1.

Generation of CALR mutant—expressing cell lines. cDNA sequences encoding WT, 52-base pair deletions
(DEL), 5-base pair insertions (INS), and STOP (stop codon in exon 9) CALR with a N-terminal MBP tag
were cloned into the pMSCYV retroviral plasmid with an IRES-GFP. Transient cotransfection of HEK293T
cells and generation of retroviral supernatant were performed using Fugene (Roche) according to the man-
ufacturer’s guidelines. Human and murine cells were cotransduced with viral supernatants containing
MSCV-CALR-IRES-GFP or MSCV-MPLWT-IRES-hCD4 plasmids (28, 29); GFP and CD4"* cells were
FACS sorted using ARIA IIT (BD Biosciences).

Quantitative reverse transcription PCR and chromatin immunoprecipitation. Total RNA was isolated from
the cells using RNeasy Mini Kit (Qiagen) and converted into cDNA by using the Verso cDNA Synthesis
Kit (Thermo Fisher Scientific). qRT-PCR was carried out by using SYBR green PCR master mix (Applied
Biosystems) (List of primers in Supplemental Table 2). Data were further analyzed by using the compara-
tive ACt method. ChIP qPCRs were performed using ChIP-IT Express High-Sensitivity kit (Active Motif),
following the manufacturer’s instructions. Briefly, cells were fixed and cross-linked with 37% formaldehyde,
then lysed, and DNA was sheared by sonication. Overnight incubations with primary antibodies (FLI1:
Abcam ab15289; Erp57: CST 2881; and CALR: CST) were followed by a reverse cross-linking and pro-
teinase K digestion. The eluted DNA was then processed and analyzed by qRT-PCR. All primers used are
listed in Supplemental Table 2 (murine cells: region —191 to —45 bp; human cells: =714 to 505 bp.

Flil and Erp57 knock down by retroviral delivery of shRNA. Ba/F3 cells were transduced as previously
described (30) with retroviruses expressing puromycin and shRNA-Erp57, shRNA-Flil (OriGene), or
shRNA-Renilla as control. Cells were infected twice in IL-3—containing media, followed by puromycin
selection (2 pg/ml, 3—-6 days).

Flil ChIP-seq. Briefly, MPL-WT-Ba/F3 cells were cross-linked in 1% formaldehyde, lysed, and
sonicated (COVARIS) to obtain chromatin fragments in a size range between 200 and 700 bp. Solu-
bilized chromatin was incubated with Flil antibody (Abcam) overnight at 4°C. Protein A and protein
G dynabeads (Thermo Fisher Scientific) were used to capture the antibody/chromatin complex and
washed with mixed micelle wash buffer (150 uM NaCl, 20 uM Tris-HCI pH 8.1, 5 uM EDTA, 5%
sucrose, 0.02% NaN,, 1% Triton, 0.2% SDS); b500 wash buffer (0.1% deoxycholic acid, 1 uM EDTA,
50 uM HEPES pH 7.5, 1% Triton, 0.2% NaN,); LiCl wash buffer (0.5% deoxycholic acid, 1 uM EDTA,
250 uM LiCl, 0.5% NP-40, 10 uM Tris-HCI pH 8.0, 0.2% NaN,); and TBS wash buffer (20 uM Tris-HCI
pH 7.4, 150 uM NaCl). Enriched chromatin fragments were eluted at room temperature for 15 minutes
and subjected to cross-link reversal at 65°C overnight, before purification with AMPure XP beads (New
England BioLabs). ChIP DNA were then quantified by Quant-iT PicoGreen dsDNA Assay Kit (Invit-
rogen), and libraries were prepared according to the manufacturer’s instructions (New England BioLabs
ChIP-seq Library Prep kit). The pair-ended FASTQ files were trimmed using TrimGalore and cutadapt
and aligned to mm9 using Bowtie2 (31). Peaks were called using MACS2 with -nomodel parameters and
filtering for peaks with a P < 0.001 (32). Matched input DNA was used as background for the peak call-
ing. Peaks within ENCODE blacklist regions were removed, and all remaining Flil peaks per samples
were combined into a union peak atlas. Peaks falling within 500 bp from each other were merged. Reads
were counted to the peak atlas for each sample using featureCount (33). The summarized peak atlas
was normalized using DEseq. 2 (33) based on all reads mapping to the peaks. Using the normalization
factors from DEseq. 2, normalized bigWig files were created using bedtools genomeCoverageBed (34).
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ChIP reads were extended with 200 bp for smoothing. Bwtools (35) was used to calculate the normalized
reads * 5 kb around each peak. Homer’s (36) annotatePeaks.pl was used to annotate the genic location
of all individual peak calls per sample. All original ChIP-seq data were deposited in the NCBI’s Gene
Expression Omnibus database (GEO GSE120134).

In vitro treatment with C-Term peptide or inhibitors. Transduced 293T, MPL-WT-Ba/F3, as well as
CD34* cells were treated with 20 uM of C-Term WT CALR (Myr-KEDDEDKDEDEEDEEDKEED-
EEEDVPGQAKDEL-OH), Biotag peptide (Myr-KEDDEDKDEDEEDEED(KLCBiot)EEDEEED-
VPGQAKDEL-OH), or KA-mutant peptides (Myr-AEDDEDADEDEEDEEDAEEDEEEDVPGQ-
AADEL-OH) (New England Peptide) for different time points (0 to 8 hours) using ECB buffer as
previously described (37). To increase peptide uptake by hematopoietic cells and improve its stability, a
myristoylated lysine was added to the N-terminus of the WT CALR peptide (37).

Statistics and data availability. Sample sizes were not predetermined and the experiments were not ran-
domized. Information on statistical tests used and P values are given in the figure legends, as well as the
number of independent repeats of experiments and sample size. All data supporting this study are available
from the corresponding author on reasonable request. Mass spectrometry data that support the findings
of this study have been deposited via ProteomeXchange repository with accession number PXD008476.

Study approval. Human studies were approved by the institutional review board of the Memorial Sloan
Kettering Cancer Center. Informed consent was obtained from all participants before inclusion in the study.
All animal protocols were approved by the Memorial Sloan Kettering Cancer Center IACUC. Studies were
conducted under guidelines for animal welfare provided by the NIH (Guide for the Care and Use of Labo-
ratory Animals, National Academies Press, 2011).
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