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Abstract

Mutations of calreticulin (CALRm) define a subtype of myeloproliferative neoplasms (MPN). We studied the biological and
genetic features of CALR-mutated essential thrombocythemia and myelofibrosis patients. In most cases, CALRm were found
in granulocytes, monocytes, B and NK cells, but also in T cells. However, the type 1 CALRm spreads more easily than the
type 2 CALRm in lymphoid cells. The CALRm were also associated with an early clonal dominance at the level of
hematopoietic stem and progenitor cells (HSPC) with no significant increase during granulo/monocytic differentiation in
most cases. Moreover, we found that half of type 2 CALRm patients harbors some homozygous progenitors. Those patients
were associated with a higher clonal dominance during granulo/monocytic differentiation than patients with only
heterozygous type 2 CALRm progenitors. When associated mutations were present, CALRm were the first genetic event
suggesting that they are both the initiating and phenotypic event. In blood, type 1 CALRm led to a greater increased number
of all types of progenitors compared with the type 2 CALRm. However, both types of CALRm induced an increase in
megakaryocytic progenitors associated with a ruxolitinib-sensitive independent growth and with a mild constitutive
signaling in megakaryocytes. At the transcriptional level, type 1 CALRm seems to deregulate more pathways than the type 2
CALRm in megakaryocytes. Altogether, our results show that CALRm modify both the HSPC and megakaryocyte biology
with a stronger effect for type 1 than for type 2 CALRm.
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Introduction

Classical BCR-ABLI-negative myeloproliferative neoplasms
(MPN) include essential thrombocythemia (ET), poly-
cythemia vera (PV) and primary myelofibrosis (PMF). They
are clonal hematopoietic diseases due to a defect at the level
of hematopoietic stem cells (HSC) that leads to an excess of
myeloid cells. Presently, there are three main drivers in
MPN. JAK2V617F is present in 60% of ET and PMF and in
95% of PV [1, 2]. Several thrombopoietin receptor (MPL)
mutations have been identified in 5-10% of ET and PMF
[3-5]. Around 50 different mutations in calreticulin
(CALRm) were reported in 25-30% of ET and PMF [6, 7].

All CALRm induce a frameshift (+1), leading to a new
quasi-identical positively charged C-terminal peptide and
the loss of the KDEL sequence. The main difference
between these mutations is the size of the residual normal
sequence of the exon 9. The most recurrent mutations are
CALRdel52 type 1 and CALRins5 type 2 mutations
accounting for around 50% and 40% of ET and 80% and
10% of PMF, respectively [8, 9]. All other mutations are
responsible for 10% of ET and 20% of PMF and have been
classified into type 1-like and type 2-like based on the
absence or presence of a residual wild-type calcium-binding
motif and the modification of the a-helix structure [10, 11].
Several studies, including ours, have shown that CALR
mutants activate the JAK2/STAT signaling pathway
through the binding and the activation of MPL [12-15].
Moreover, retroviral mouse models after transduction of
bone marrow to express either CALRdel52 or CALRins5
recapitulated the thrombocytosis with a much more severe
phenotype for the CALRdel52 mutant that led to a MF
progression [15]. More recently, CALRdel52 transgenic and
knock-in (KI) mouse models have been generated. All of
them lead to a moderate thrombocytosis without MF except
a chimeric (mouse/human) CALR KI that showed a
thrombocytosis progressing to MF [16—18].

There is strong evidence that JAK2V617F and CALRm
define two different disorders with different outcomes. In
contrast to CALRm, JAK2V617F disease occurs nearly
10 years later and patients present lower platelet counts,
increased neutrophil counts, hemoglobin levels, and risk
of thrombosis [19-21]. However, there are clinical dif-
ferences between type 1 and type 2 CALRm. Type 2
mutations lead to ET with higher platelet counts than
type 1 mutations, but are rare in PMF in contrast to type
1 mutations [8, 11, 19, 22]. There is also evidence that
the variant allele frequency (VAF) of CALRm in granu-
locytes of ET is much higher than that of JAK2V6I7F
suggesting that CALRm lead to a greater clonal dom-
inance to induce a disease [6, 7, 21].

Here, we extensively studied the biological and genetic fea-
tures of CALR-mutated ET and PMF patients on hematopoiesis.
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Particularly, we evaluated the effects of type 1 and type 2
CALRm on clonal dominance and amplification of the hemato-
poietic stem and progenitor cells (HSPC) as well as their clonal
advantage during myeloid and lymphoid differentiation. In
addition, we carefully evaluated the role of the two different
CALRm on the generation of megakaryocyte (MK) progenitors
and the signaling and gene expression profiles in MK.

Results

CALRm are present in blood myeloid and lymphoid
cells

We studied CALRm by fragment sizing in 24 patients
including 11 type 1 and type 1-like (called type 1) and 13
type 2, and type 2-like (called type 2) patients, with the
initial diagnosis of ET or PMF [23]. As shown in Fig. 1a, b,
the VAF was high and similar in granulocytes and mono-
cytes (27-55% VAF) whatever the type of CALRm or the
nature of the disease (ET and MF). One exception was
CALRdell6 P52 patient, who presents a familial history
(family including 4 MPN cases) and harbors an excep-
tionally low CALRm VAF. Lymphoid cells including NK
cells (CD56'CD147), B cells (CD19%) and T cells
(CD31tCD19 CD56 CD147) were sorted and obtained
with a purity over 93% (Figs. S1 and S2). CALRm could be
detected in all these populations including the CD3" cells
(P30, P48, P151, P38, P28, P50, P54, and P80). The VAF
was low but could reach 18% excluding that this could be
due to a contamination. Moreover, we observed significant
different VAF between granulocytes or CD147 cells and
CD3" cells for both types of CALRm mutations. However,
VAF between granulocytes or CD14" cells and CD19"
cells and VAF between CD56" and CD3" were only found
significantly different for CALR type 2 ET, suggesting a
lower advantage in B and T cells of CALR type 2 than
CALR type 1 (Fig. 1c).

These results show that the CALR type 1 and, to a lesser
extent, CALR type 2 are present in all the hematopoietic cells
including the myeloid, but also the lymphoid cell compart-
ments. These results suggest an early clonal amplification by
CALRm in lympho/myeloid progenitors.

CALRm are present in hematopoietic progenitors

To directly demonstrate the role of CALRm in early clonal
amplification, we purified the hematopoietic progenitors
(CD34™) from peripheral blood and sorted into CD34"
CD38°CD90" (HSC-enriched progenitors), CD34"CD38~
CD90~ (multipotent progenitors) and CD34"CD38"
CD90~ (committed progenitors) cell fractions. When the
number of CD347 cells was low, cells were separated only
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Fig. 1 CALRm are present in all hematopoietic cells. CALR variant allele frequencies (VAF) in granulocytes, CD14", CD56", CD19", and
CD3" cells isolated from peripheral blood of ET or MF patients with type 1 or type 2 mutations. a CALR type 1 mutations (including del52, del46,
del34), VAF were measured in DNA extracted from blood cells of 11 patients (8 ET and 3 PMF) using fragment sizing. VAF were 0% in CD3"
cells of P186, P6, P183, P46, P42, P169, P157, and P21. The following samples were not done (nd) for CD19" of P186, CD56™ of P46, and
CD14" of P21. b CALR type 2 mutations (including insS5, dell3, dell6, and dell9), VAF were measured in DNA extracted from blood cells of 12
ET and 1 MF patients using fragment sizing. VAF were 0% in CD3" cells of P103, P170, P187 and P185, P52, P53, P80. The following sample
was not done (nd) for CD14" of P80 patient. ¢ CALR type 1 and type 2 mutation VAF were calculated for ET patients in the different
hematopoietic cells. Results are the mean + SEM (¥*P < 0.01; ***P <0.001; ****P <0.0001 Tukey’s multiple comparisons test).

into CD3417CD38™ and CD347CD387 cell fractions. The  sorting in serum-free medium with cytokines. Therefore, all
clonal architecture of these fractions was studied after  cell fractions were submitted to a double round of cell
14 days of culture of single cells directly cloned by cell  sorting leading to a purity over 97%. We studied 19 patients
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Fig. 2 CALRm harbor a high
clonal dominance at the
progenitor cell level. Clonal
architecture was studied in stem
cells-enriched progenitors
(CD34*CD38 CD90™),
multipotent progenitors (CD34
TCD38 CD90") and committed
progenitors (CD347CD38
TCDY0"). Cells were cultured at
single cell level in serum-free
medium with cytokines for

14 days. Each colony was
genotyped by conventional PCR
or qPCR analysis for 7 ET or 3
PMF CALR type 1-mutated
patients (a), and 9 CALR type 2-
mutated patients (b) and the
percentages of each genotype
are indicated. The number of
genotyped colonies are indicated
in Table S3. ¢ CALR type 1 and
type 2 mutation VAF were
calculated for ET patients in the
different hematopoietic
progenitors. Results are the
mean + SEM (no significant
differences by Tukey’s multiple
comparisons test).

including 10 with CALRm type 1 and 9 with CALRm type 2.
Overall, the cloning efficiency was high in all fractions
(mean of 70% in CD347CD38"CD90~, 59% in CD34"
CD38 CD90, and 60% in CD34"CD38 CD90"). We
observed that the great majority of hematopoietic pro-
genitors including the most immature CD347CD38~
CD90™ cell fraction presented the CALRm (Fig. 2a, b).
CALRm were detectable in more than 50% of progenitors
except in two patients P52 (familial MPN) and P90 (early
thrombocytosis

diagnosis with mild
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Moreover, the percentage of CALRm HSC-enriched pro-
genitors was comparable to CALRm committed progeni-
tors (Fig. 2¢). In four cases (P27, P46, P103, and P169), no
detectable CALRwt progenitors were found. We did not
detect any homozygous clone in CALRm type 1 ET
patients except in one CALRm type 1 MF patient. In
contrast, homozygous CALRm clones were more frequent
in CALRm type 2 patients and found in five out of nine ET
patients (P28, P50, P185, P187, and P170) (Fig. S3). Of
that these clones

were truly
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Fig. 3 CALRm are present at A oo

similar VAF in progenitors
and mature cells. VAF were
calculated in CD34"

CD38 CD90" and
CD347CD381CD90~
progenitors and were compared
to VAF in granulocytes
performed by fragment analysis
for 10 ET or MF CALR type
1-mutated patients (a), and 8
CALR type 2-mutated patients
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heterozygous type 1 mutation in
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progenitors and 4 ET patients
with heterozygous type 2
mutation in progenitors. Results
are the mean + SEM (*P <0.05;
**P <0.01; Tukey’s Multiple
comparisons test).
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homozygous and not hemizygous, as shown by the relative
quantification of copy number of the normal and mutated
alleles (Fig. S4).

Altogether, these results show that CALRm (type 1 and 2) are
present in the HSC-enriched progenitors and give an advantage
from the early stages of hematopoiesis in ET and PMF.

CALRm are present at similar VAF in progenitors and
mature granulocytes

In order to decipher the clonal amplification of the CALRm
clone from the progenitor compartment to the mature cells,
we calculated the VAF of the CD34"CD38 CD90" and

CD347CD387CD90~ progenitors and compared them to
the VAF of granulocytes. In almost all patients with any
CALRm, VAF in progenitors was comparable to that found
in granulocytes (30-50%) (Fig. 3a, b). The exception was
the patients with a low CALR VAF in granulocytes (P166,
P90, P53, and P52), who had an even lower CALR VAF in
progenitors suggesting that CALRm clone amplifies
between the HSC-enriched progenitors and the granulo-
cytes. These results were confirmed by directly measuring
the VAF in the CD34"CD38 CD90" and CD34"CD38*
CD90 cell fraction in five patients. We also analyzed the
CALRm VAF in platelets using RNA and compared it to the
DNA VAF in granulocytes. Unexpectedly, we found a

SPRINGER NATURE
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lower CALRm VAF in platelets than in granulocytes
(Fig. S5). These results led us to compare the CALRm VAF
in CD34 " cells using DNA or RNA where we observed that
the RNA VAF was significantly lower than the DNA VAF
for type 2 CALR, suggesting that CALRm VAF might be
underestimated by using RNA instead of DNA.

We tested the impact of CALR status (homozygous or
heterozygous) on clonal advantage during myeloid and
lymphoid differentiation. We define three groups of patients
based on progenitor status: heterozygous type 1, hetero-
zygous type 2, and mixture of heterozygous and homo-
zygous type 2. We used paired data of 4-5 ET patients and
calculated the VAF of CALRm for all cell types (early
progenitors and late differentiated cells) (Fig. 3c). We
observed that heterozygous CALR type 1 patients harbor
similar VAF than homozygous CALR type 2 patients in
progenitors and differentiated cells. In contrast, hetero-
zygous CALR type 2 had a similar VAF than the two other
groups in progenitors (CD347CD38"), but with sig-
nificantly lower VAF in all differentiated cells (Tukey’s
multiple comparison test: CALR type 1 vs heterozygous
CALR type 2, P<0.01; and homozygous CALR type 2 vs
heterozygous CALR type 2, P <0.0001).

These results demonstrate that CALRm give a clonal
advantage in the HSPC compartment, which spreads in the
mature granulocytic cells. Moreover, our results suggest
that heterozygous CALRm type 1 gives a stronger advantage
during differentiation than heterozygous CALRm type 2.

CALRm are an early genetic event in ET patients

Next, we performed a next generation sequencing either by
WES or using a 77-gene targeted myeloid panel of 36
CALRm patients mainly in granulocytes. In 15 out of 36
patients (9/19 type 1 and 6/17 type 2), other potential driver
mutations were found including PHF6, TET2, SETDIB,
DNMT3A, SF3BI, SH2B3, CDH6, and a new PIK3CD
mutations (Fig. 4a). In nearly all cases, except P157 PMF
patient with a SF3BI mutation, the VAF in granulocytes was
higher for CALRm (type 1 or type 2) than for the other
mutations suggesting that CALRm was the first genetic event
(Fig. 4b). To confirm this, we studied the clonal architecture
by genotyping each hematopoietic progenitor progeny in
five patients. Colonies with only CALRm were observed and
all other mutations were found in CALRm colonies including
the ones with SF3BI mutation (Fig. 4c). These results
confirm that CALRm is the first genetic event in most cases.

CALRm induce a strong CFU-MK spontaneous
growth

Since the spontaneous growth and the hypersensitivity to
cytokines are a hallmark of JAK2V617F patients, we tested

SPRINGER NATURE

the impact of CALRm on these features. For that purpose,
we cultured the mononuclear cells (MNCs) of 17 patients
bearing CALRm (12 type 1 and 5 type 2) and 3 controls
from healthy donors in methylcellulose and enumerated the
BFU-E, CFU-G/GM/M- and CFU-GEMM-derived colo-
nies. We found an increase in the number of BFU-E and
CFU-G/GM/M for type 1 CALRm patients compared to
controls (Fig. 5a, c). We did not observe any spontaneous
growth of BFU-E or CFU-GEMM in the absence of cyto-
kine in neither the controls nor the CALRm patients (Fig.
5a). However, we detected a variable but not significant
spontaneous growth of CFU-G/GM-derived colonies in the
absence of cytokine in CALRm patients compared to con-
trols. We then cultured the MNC of 15 CALRm patients (11
type 1 or 4 type 2) and 3 controls from healthy donors in
fibrin clot assay and counted the CFU-MK-derived colo-
nies. We found an increase in the number of CFU-MK for
both type 1 and 2 CALRm patients as compared to controls
(Fig. 5b, c). Moreover, we observed a major spontaneous
growth of CFU-MK in the presence of SCF alone or in the
absence of any cytokine in CALRm patients (12% for type 1
and 22% for type 2) compared to controls (Fig. 5b). Finally,
after cell purification and sorting, we confirmed a 4.5-fold
increase in the number of CD34" progenitors/mL of blood
in CALRm type 1 patients compared to CALRm type 2
patients (Fig. 5d).

In aggregate, these results show that CALRm induce a
strong spontaneous growth of CFU-MK progenitors.
Moreover, they show that CALRm type 1 induce a sig-
nificant increase in total number of progenitors in the blood
while CALRm type 2 only increase CFU-MK.

In order to determine the role of JAK?2 and PI3K in the
spontaneous growth of CFU-MK, we cultured the CD34
* cells from 3 healthy donors (Fig. 5e) and 16 CALRm
ET or MF patients in fibrin clot assays with or without
cytokine and in the presence of ruxolitinib (0.5 uM) or
LY294002 (10 uM) (Fig. 5f). We observed a significant
decrease in the spontaneous CFU-MK growth in the
presence of both inhibitors, particularly in absence of
TPO. Even if these inhibitors are not specific, these
results suggest that the JAK2/PI3K signaling pathways
may be important for the CALRm-induced spontaneous
growth of CFU-MK.

CALRm induce a constitutive JAK2-STAT-ERK-AKT
signaling in MK

In order to investigate if CALRm could constitutively acti-
vate signaling pathways in primary patient cells, we cul-
tured CD34 % progenitors from three control donors, and one
JAK2V617F, one CALRdel52 and three other CALRm type
1 patients in MK culture conditions. No CALRm type 2
patients could be studied due to lack of sufficient amount of
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Fig. 4 CALRm is the first event in hematopoiesis. a Mutational
status of 36 ET or MF patients with CALR type 1 or 2 mutations were
done in granulocytes (31 patients) or whole blood cells (5 patients).
Additional associated mutations identified by WES (*) or NGS are
indicated. b CALR type 1 or type 2 mutations and associated mutations
(PHF6, SETDIB, SYNEI1, TET2, SCARAS, PIK3CD, DNMT3A, P53,
SH2B3, and SF3B1) VAF were determined in DNA from granulocytes
by NGS (2% sensitivity) or WES (10% sensitivity). ¢ Clonal

architecture was performed after sorting CD347CD38" progenitor
cells at single cell level. Each progenitor was grown in serum-free
medium with cytokines. 14 days later, each progeny was genotyped
for CALRm by conventional PCR analysis and for associated gene
mutations by sequencing analysis or allelic discrimination by qPCR
(SF3B1). Figures show the number of colonies heterozygous, homo-
zygous or wt for CALRm and SETDIB, SYNEI, PHF6, SF3BI, and
PIK3CD and (P27, P38, P21, P157 and P22).
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Fig. 5 CALRm induce a spontaneous growth of megakaryocytic
progenitors dependent on JAK2 and PI3K. a Monocyte-depleted
MNCs (400,000) from 17 CALR-mutated patients (9 ET and 3 PMF
type 1 and 5 ET type 2) and 3 healthy donors were cultured in
methylcellulose with or without cytokine (SCF, IL-6, IL-3, G-CSF,
and EPO) and the BFU-E, CFU-GEMM, CFU-G/GM/M were counted
at day 14. Results are the mean+SEM (*P <0.05; Mann—Whitney
test, two tailed). b MNCs (400,000) from 15 CALR-mutated patients
(11 type 1 and 4 type 2) and 3 healthy donors were cultured in fibrin
clot supplemented with SCF and TPO, SCF alone or without cytokine.
CFU-MK colonies were counted in triplicate for each condition after
CD41 staining at day 10 of culture. Results are the means of 15
patients + SEM (¥*P <0.05; Mann and Whitney test compared to
controls, two tailed). ¢ The number of progenitors/mL of blood were
calculated for BFU-E, CFU-G/GM/M, CFU-GEMM (12 type 1 and 4

CD34" progenitors. CD417CD42" MK cells were sorted,
cytokine and serum-starved and re-stimulated with TPO for
10, 30 or 60 min with or without ruxolitinib. A mild con-
stitutive phosphorylation of STATS5 was observed in a
JAK2V617F-positive patient. Similarly, CALRdel52 or
CALRdel46 cells showed a constitutive phosphorylation of
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type 2) for CFU-MK (10 type 1 and 3 type 2). Results are the mean +
SEM (*P <0.05; Mann and Whitney test, two tailed). d CD34" pro-
genitors from CALR type 1 or type 2-mutated patients were purified
from MNC by immunomagnetic enrichment followed by cell sorting
with an anti-CD34 antibody. Results are the mean+SEM of the
number of CD34"/mL of blood. Type 1 patients (n = 25) and type 2
patients (n = 16) (¥**P <0.01; Mann and Whitney test, two tailed). e/f
CD34" progenitors from controls (e) or type 1-mutated patients (f)
were cultured in fibrin clots with SCF and TPO, with SCF alone or
without cytokine and in the absence or presence of ruxolitinib (0.5 uM)
or LY294002 (10 uM). CFU-MK colonies stained with an anti-CD41
antibody were counted at day 10. Spontaneous growth was calculated
compared to SCF 4 TPO. Results represent the mean of the ratio of
CFU-MK for each condition compared to CFU-MK cultured in SCF
+ TPO = SEM (*P <0.05; Mann and Whitney test, two tailed).

STAT3, ERK and AKT compared to controls (Figs. 6 and
S6). Moreover, we noticed an important TPO-induced
phosphorylation of ERK in the presence of CALR mutants
compared to controls. Pretreatment with ruxolitinib led to a
decreased phosphorylation of all TPO-induced phosphory-
lated molecules.
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Fig. 6 CALR type 1 mutation A
induces constitutive signaling. Ruxolitinib
CD34" progenitors from three 25uM
control donors or one 0 10 30 60 0 10
JAK2V617F- or three CALR- -
mutated patients were cultured

in serum-free medium with SCF - . . - . -

and TPO. Megakaryocytes
(CD417CD42™) were serum-
and cytokine-starved for 16 h
and preincubated or not with
ruxolitinib (0.5 uM) prior to
time-dependent stimulation with

10 ng/mL TPO. Phosphorylation B
status of STAT1/3/5, AKT and
ERK were analyzed by Western
blotting. Expression of B-Actin 0 10 30
was used as loading control. a—d ® -
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Altogether, these results showed that CALR mutants
induce a mild constitutive signaling.

CALRm induce gene deregulation profiles in MK

In order to investigate if CALRm can deregulate gene
expression profile and to identify specific pathways, CD34"
cells from five healthy donors and four ET patients with
CALRm (two with type 1 (del46 and del52) and two with type
2 (dell3 and dell9)) were in vitro cultured in SCF + TPO
condition to enable megakaryocytic differentiation. MK were
sorted and RNA were submitted to transcriptomic analysis
using gene arrays. Deregulated genes found in primary MK
were crossed with the one found in murine Ba/F3 cell lines
overexpressing or not different types of CALRm (type 1
(del52, del34, and del46) and type 2 (dell9 and ins5)). The
differentially expressed genes from CALRm, CALR type 1,
and CALR type 2 were submitted to gene set enrichment
analysis for up- and down-regulated genes using molecular
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signatures database gene sets (collection Hallmark). We
identified very similar pathways in CALRm, CALR type 1, or
CALR type 2 samples, such as STAT5 and the
MTORCI signaling, as expected, but also the interferon
gamma response, metabolism regulation (glycolysis, choles-
terol, adipogenesis, and fatty acid), the unfolded protein
response (UPR) and protein secretion (Figs. 7a and S7).
Apoptosis, hypoxia, P53, the TNFa-NF-xB pathways were
found downregulated while G2M checkpoint, MYC and E2F
target pathways were enriched compared to controls. Of note,
adipogenesis and cholesterol homeostasis were negatively
enriched in CALR type 1 and adipogenesis and fatty acid
metabolism were positively enriched in CALR type 2 cells.
Using gene set enrichment method selection (enrichKEGG),
we found that other expected signaling pathways including
PI3K-AKT, calcium, cAMP and cGMP, and actin cytoske-
leton were deregulated in the three datasheets (Fig. S8). Then,
we performed a more stringent analysis consisting of a pair-
wise comparison with a classic two-fold change and

SPRINGER NATURE



5332 M. El-Khoury et al.
HvPoXA - CALR [ )
NTORET, STERATING @ wrorc1_sienaune  CALR type 1 )
IL2_STAT5_SIGNALING
B B o p.adjust HYPOXIA ® p.adjust
TNFA_SIGNALING_VIA_NFKB - ® 003
00 IL2_STAT5_SIGNALING @
INTERFERON_GAMMA_RESPONSE © s
GLYCOLYSIS ® o2 APOPTOSIS [ J -
ESTROGEN_RESPONSE_EARLY - ® 0.01 TEE BETR SIGNATING: |—&
APOPTOSIS [ J
MYC_TARGETS_V2
UNFOLDED_PROTEIN_RESPONSE °
CHOLESTEROL_HOMEOSTASIS - o 008 nesind 0:08
0.04 0.08 0.12 0.16
GeneRatio
B Type 1 Type 2 MTORC1_SIGNALING CALR type 2 Y
HYPOXIA o
p.adjust
TNFA_SIGNALING_VIA_NFKB ® o
INFLAMMATORY_RESPONSE ° -0
0.02
HEME_METABOLISM ° 001
GLYCOLYSIS °
UNFOLDED_PROTEIN_RESPONSE
0.08 DA‘OQ 0.10 0.11 04‘12
GeneRatio
BIOCARTA  uCalpain and friends in Cell spread 7 0.4 1,20E-02 9.40E-01
BIOCARTA  IGE beta signaling pathway 7 04 2.10E-02 9.20E-01
BIOCARTA Slycolysis Pathway 5 03 2.50E-02 8.70E-01
BIOCARTA 10 0.6 3.00E-02 8.30E-01
BIOCARTA 7 0.4 5.30E-02 9.20E-01
BIOCARTA S 0.3 6.40E-02 9.30E-01
D TGFBR2
25,
20 ) )
215 Genes involved in
K 10 % . canonical pathway
0 v o
& Y
& KK
o
&

&
S
&
&
N

N € 'S
«F

Fig. 7 CALR type 1 and type 2 mutations induce mild gene
expression deregulation in megakaryocytes. CD34" progenitors
from five control donors or two type 1 (P38 and P169) and two type 2
(P42 and P80) CALRm patients were cultured in serum-free medium
with SCF and TPO and megakaryocytes (MK) (CD14~CD417CD42")
were sorted. Gene expression analysis was conducted. a Gene set
enrichment analysis (GSEA) of the hallmark gene sets using the dif-
ferentially expressed genes between CALRwt and CALR or type 1 or
CALR type 2. Adjusted P value in red-blue color scale. b Venn
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Fold

Genes involved in
non-canonical pathway

diagram of deregulated genes are shown for CALR type 1 and type 2.
¢ David functional analysis using functional annotation chart (Bio-
carta) indicates five pathways. The term (pathways), the number and %
of genes found in the pathways and the P value and the Benjamini
adjusted P value are indicated. d Validation of genes involved in
TGFp signaling in MKs from 3-4 controls, from 9 type 1 CALR-
mutated patients and 4 type 2 CALRm patients. CALR category
regroups type 1 and type 2 CALR-mutated patients. Results are the
mean + SEM (*¥P <0.05; **P <0.01; Mann—Whitney test, two tailed).
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FDR <0.05 as a cutoff resulting in a list of differentially
expressed genes for CALR type 1 and type 2 MK. We found
2070 genes deregulated for human CALR type 1 MK and only
98 genes for human CALR type 2 MK, suggesting either a
greater gene deregulation with type 1 than with type 2
mutation or a reduced power analysis for type 2 MK due to
low number of samples. Only 37 genes were common to both
type 1 and type 2 MK (Fig. 7b). Moreover, David functional
analysis using Biocarta indicated five pathways affected in
CALR type 1 and none in CALR type 2: mu calpain and
friends in cell spread, TGFp signaling, glycolysis, integrin
signaling, Ras signaling, and IL-10 anti-inflammatory path-
way (Figs. 7c and S9). Since the TGFp signaling was also
specifically deregulated in the GSEA of CALR type 1 MK, we
focused on this pathway.

We partially validated the TGFp pathway with a TGFBI
downregulation in CALRm type 1 patients only but a TAB/
upregulation in both type 1 and type 2 CALRm patients (Fig.
7d). Altogether, these results suggest a mild transcriptomic
deregulation in CALRm MK, eventually more prominent
with type 1 than with type 2 mutations.

Discussion

There is now strong clinical evidence that CALRm and
JAK2V617F define two different ET entities. CALRm are
associated with increased platelet levels, lower leukocyte
counts, and hemoglobin levels and risk of thrombosis, as
well as the younger occurrence of the disease [8, 9, 21, 24].
From the biological point of view, the VAF is surprisingly
much higher in granulocytes for CALRm than for
JAK2V617F although the clinical course of the former
patients seems milder [6, 7, 21]. This correlates with a
clonal pattern of X chromosome inactivation in granulo-
cytes in the great majority of female CALRm ET patients
and in a minority of JAK2V617F ET [25].

In this study, we have largely extended these data by
showing that CALRm give a clonal dominance in early steps
of hematopoiesis, a result in sharp contrast to what has been
demonstrated for JAK2V617F [26-28]. We have shown that
CALRm are present in nearly all progenitors with an HSC-
enriched phenotype in patients with a VAF around 50% and
in downstream granulocytes with similar VAF as observed by
Kjaer et al. [29]. A lower allelic burden in granulocytes
generally corresponds to a lower clonal dominance in early
and late hematopoietic progenitors. We found only few
exceptional cases in this situation either early diagnosis of ET
with (450,000 platelets/uL) or case with clear germline pre-
disposition factor that might cooperate with CALRm for dis-
ease development. At least, we could demonstrate that
CALRm target a lympho-myeloid progenitor. Indeed, CALRm
were detected in granulocytes, monocytes, B and NK cells

and were also detected in certain ET patients in CD3" cells
with lower VAF according to previous finding [29]. However,
here, we pointed out that the CALRm type 1 spreads more
easily than the CALRm type 2 in lymphoid cells. In ET and
PV in contrast to PMF, JAK2V617F can be hardly detected in
lymphoid cells [30]. Further experiments are required using
xenograft transplantation to demonstrate whether the CALRm
clone takes a clonal advantage either in a multipotent lympho/
myeloid cell compartment or in a true long-term reconstituting
hematopoietic cell. However, our results are different from a
recent report that shows a major increase in VAF between the
CD347CD38" and the CD34"CD38" cell fractions in
CALRm ET patients, but not in PMF patients, without dis-
criminating between type 1 and type 2 mutations [31]. This
difference can be explained by a potential bias in CALRm
detection by RNA versus DNA sequencing as already shown
for other mutations [32] and in our study using RNA from
platelets. However, the differences between DNA and RNA
based assays for CALRm were only observed for the type 2
mutations in progenitors, partially explaining the difference
with the work of Nam et al. Presumably, the mRNA of the
mutated form can be instable in certain cells particularly in
HSC-enriched cells that are more quiescent. In addition, their
analyses were only done on the basis of cell surface markers
in contrast to our study that was performed on progenitor
functional capacities.

Altogether this means that CALRm target a lymphoid/
myeloid progenitor and increase its biological properties at
a greater extent for type 1 than for type 2, leading to a clonal
advantage, but without further amplification of late stages of
differentiation except for the MK lineage (Fig. S10). Thus,
we may also speculate that CALR mutants should induce a
high HSPC clonal dominance to give rise to a disease. This
may explain that homozygous clones in CALRm type 2
patients are frequently observed as this mutation appears to
give less clonal advantage than CALRm type 1. This is
opposite to JAK2V617F that gives a main advantage to all
myeloid lineages during differentiation and a low or no
advantage to the HSC compartment [33-35]. The presence
of other mutations such as in TET2 and DNMT3A is
required for JAK2V617F to give advantage at the early
stages of hematopoiesis in ET or PV. Although these epi-
genetic mutations can be secondary events [36, 37], they
usually predate JAK2V617F [38, 39]. In contrast, CALRm
are early genetic events in ET with very few additional
mutations. As previously reported, we observed associated
mutations including TET2, DNMT3A, PHF6, TP53, SH2B3,
SETDBI, and SF3BI as secondary events that may, thus, be
associated with disease progression rather than with disease
initiation [6, 7, 39]. In contrast, Nam et al. described one
case with a SF3B] mutation that may have preceded
CALRm, but it is possible that this patient might have been
misdiagnosed as a MPN instead of a refractory anemia with
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ring sideroblasts with thrombocytosis (RARS-T) in which
the SF3BI precedes other mutations [31]. Homozygous
JAK2V617F and MPLW515 mutations due to LOH have
been largely reported and are associated with disease phe-
notypic changes (ET to PV/MF for JAK2V617F and ET to
MF for MPLW515) [1, 40, 41]. In half cases, we have
found homozygous type 2 CALRm progenitors according to
a previous report [6] suggesting that the HSPC clonal
dominance should be particularly elevated for this mole-
cular type of disease. In contrast, only one patient with a
homozygous type 1 CALRm was found and was associated
with disease progression toward MF and leukemia. In
contrast, Kjaer’s group does not report any homozygous
clones in either the 13 CALRm type 1 ET/PMF or the 4
CALRm type 2 pre-MF [29].

Here, we have mostly used CALRm type 1 MK cells for
signaling studies because we recover more CD34" cells
from CALRm type 1 than for CALRm type 2 ET patients.
Our data suggest a higher mobilization of CD34" cells by
CALRm type 1 than by CALRm type 2 or eventually that
type 1 has a greater proliferative impact on CD34" cells
(Fig. 5). Previous studies have afforded evidence that an
increased circulating CD34" cell level is a very early
event in MF already detected at the “prefibrotic” stage
[42]. Therefore, it is possible that CALRm type 1 ET is a
“forme frustre” of MF as JAK2V6I17F ET is a “forme
frustre” of PV [43]. This hypothesis is in agreement with
the retroviral mouse model where CALRdel52 induces an
ET, which quickly progresses to MF [15, 17]. This may
imply that there is a continuum between a true CALRm
type 1 ET and MF. Accordingly, differences in CALRm
type 1 and 2 have been found in proplatelet formation in
primary cells [44]. In contrast, CALRm type 2 ET patients
have been shown to harbor higher platelets counts than
type 1 ET patients [44]. This could be explained by the
presence of homozygous CALRm type 2 MK that can
produce larger numbers of platelets than heterozygous
CALRm type 1 or 2 MK. Finally, our gene expression
analysis in MK revealed that CALRm type 1 might induce
a greater gene deregulation than CALRm type 2 even if
this result could also be the consequence of a lack of
statistical power due to low number of patients. We pro-
pose that CALRm type 1 might regulate specific pathways
such as actin-cytoskeleton, integrin signaling, and
inflammation that might be implicated in MF progression
[45]. TGFB pathway was also found differentially
deregulated in type 1 MK, with an upregulation of non-
canonical genes and a downregulation of canonical genes.
Moreover, the two types of CALRm appear to have
opposite effect on the regulation of lipid metabolism.
Overall, CALRm MK present an upregulation in pathways
involved in cell cycle, but a downregulation of pathways
involved in UPR, TNFa via NF-xB activation and
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apoptosis including P53 pathway with overlapping genes.
Some of the identified pathways (TGFpl, NF-xB, and
UPR) were also seen to be upregulated in progenitors and
granulocytes by gene expression analysis [31, 46].
Finally, the normal interaction between CALR and the
proteins involved in ER function (ERP57), UPR (BIP and
GRP75), and the cytoskeleton (MYL9) have been shown
to be modified by CALRm [47-49].

Finally, we have shown that the MK/platelet phenotype
may be due to a TPO independent growth of CFU-MK, as
previously reported [50]. In addition, this TPO independent
growth is dependent of JAK2 activation, as it was inhibited
by ruxolitinib, even at a low dose that only exhibits a mild
inhibitory effect on TPO-induced growth. Concomitantly,
we observed that CALR type 1 mutants induce a con-
stitutive signaling (particularly on STAT and ERK mole-
cules), which is inhibited by ruxolitinib, as previously
shown in cell lines [12-15]. We do not know if all the
CALRm effects on HSPC are also dependent of JAK2, but
from knockout animals there is strong evidence that JAK2
plays also an important role in HSC biology. In any case, it
is interesting that CALRm affect both the HSC and MK/
platelet biology. It has been underscored that MK and HSC
have numerous common features with the existence of a
MK-biased HSC at the top of HSC hierarchy [51, 52]. TPO,
the growth factor regulating platelet production plays also a
central role in the regulation of HSC compartment through
MPL and JAK2 signaling. Thus, an obvious hypothesis is
that CALRm activate this pathway both in HSC and MK.
However, it remains that JAK2V617F, which also activates
MPL, appears to have different effects on HSC than
CALRm, thus it is possible that CALR mutants may also
either use other signaling pathways including calcium sig-
naling and UPR or activate MPL signaling in a different
way than JAK2V617F. This comparison will be a powerful
approach in the future to characterize the signaling path-
ways involved in HSC regulation.

Altogether this study demonstrates that CALRm ET is a
disease of the HSC and of the MK/platelet lineage, which
is different from JAK2V6I17F ET. It also indicates a
stronger deregulation of hematopoiesis by CALRm type 1
in comparison to CALRm type 2, leading to a stronger
MPN phenotype. It will be important to understand if these
two main different biological features sustain the clinical
differences between JAK2V617F- and CALRm-ET.

Materials and methods
Patient cohort

Blood samples were obtained from Gustave Roussy (Vil-
lejuif, France), Saint Louis Hospital (Paris, France), Saint
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Antoine Hospital (Paris, France), Henri Mondor Hospital
(Créteil, France), and Brest Hospital (Brest, France) with
the agreement from the Comité de Protection des Personnes
(CPP) Ile de France IV-Institutional review board (agree-
ment from US Department of Health and Human Services
(no. IRB 00003835-Protocol 2015/59-NICB) and Com-
mission Nationale de [I'Informatique et des Libertés
(authorization #915663). Written informed consents were
obtained in accordance with the Declaration of Helsinki. In
most of the patients, the diagnosis was performed according
to the WHO recommendation with a bone marrow biopsy
(Table S1) [24].

Cell purification and culture

Peripheral blood from patients was collected in citrate or
EDTA tubes. No difference was observed between the two
types of anticoagulant except that citrate allows a better
platelet recovery. Granulocytes were obtained after hema-
topoietic cell separation on a ficoll gradient density.
Hematopoietic progenitors (CD34") were isolated from
mononuclear cells (MNCs) by immunomagnetic enrichment
(Miltenyi, Biotech). T cells (CD56 CD14-CD3"), B cells
(CD56-CD14~CD19"), monocytes (CD14™), and NK cells
(CD14-CD56") were sorted by the Influx flow cytometer
(Beckton Dickinson) with a purity >95%. The following
cell fractions CD34"CD38 CD90", CD34"CD38 CD90~
and CD34"CD38"CD90~ were cloned at 1 cell/well and
cultured in presence of a cocktail of human recombinant
cytokines containing EPO (1 U/mL) (Amgen Thousand
Oaks, CA), TPO (20ng/mL) (Kirin, Japan), SCF (25 ng/
mL) (Biovitrum AB, Sweden), IL-3 (10 ng/mL), FLT3-L
(10ng/mL), G-CSF (20ng/mL), and IL-6 (10 ng/mL)
(MiltenyiBiotec). Fourteen days later, individual colonies
were plucked and lysed with proteinase K and 0.2% Tween
20 (Sigma) at 65° for 60 min and 95 °C for 15 min. DNAs
colonies were genotyped with two techniques, a conven-
tional PCR amplification and a quantitative PCR amplifi-
cation using specific primers for type 1 and type 2 as
previously described (Table S2) [53].

Quantification of clonogenic progenitors in semi-
solid cultures

Monocytes were depleted from blood MNC using an
immunomagnetic cell sorting system (AutoMacs; Milte-
nyiBiotec) with anti-CD14 antibody coupled microbeads.
Then, the remaining MNCs (4 x 10° cells/mL per condition)
were seeded in semi-solid cultures either in methycellulose
medium (H4230 Methocult, Stem Cell Technologies)
without cytokine or supplemented with 25 ng/mL SCEF,
10 ng/mL IL-3, 10ng/mL IL-6, 20 ng/mL TPO, 1 U/mL
EPO, and 20 ng/mL G-CSF to quantify erythroid (BFU-E),

granulomonocytic (CFU-GM) and granulocyte, erythrocyte,
monocyte/macrophage, megakaryocyte (GEMM) progeni-
tors. Cultures were scored after 12—14 days for all colonies.
The colonies were plucked using PBS 1x, lysed with pro-
teinase K and DNA was used for genotyping.

Cells (4 x 10° MNC or 500-1000 CD34") were seeded
in serum-free fibrin clots either without cytokine or with
25 ng/mL SCF and 20 ng/mL TPO, or SCF alone to quan-
tify megakaryocytic colonies (CFU-MK). The effects of
0.5 uM JAK inhibitor (ruxolitinib, Selleckchem) or 10 uM
LY294002 (PI3K inhibitor, Selleckchem) were tested in
these conditions. CFU-MK derived colonies were enumer-
ated at day 10 after labeling by an indirect immuno-alkaline
phosphatase staining technique using an anti-CD4la
monoclonal antibody (Becton Dickinson, clone HIPS), as
previously described [54]. Culture dishes were entirely
scanned under an inverted microscope at x4 or x10.

Antibodies

Conjugated monoclonal antibodies against CD34-FITC
(#560942), CD42-PE (#555473), CD41-APC (#559777),
CD56-APC (#555518), CDI14-FITC (#555397), CD3-
PerCP  (#552851), CDI19-PE (#555413), CD38-PE
(#560981), and CD90-APC (#559869) (Becton Dickinson)
were used for cell sorting on an Influx flow cytometer
(Becton Dickinson) and characterization of hematopoietic
cells analyzed on a FACS Canto I (Becton Dickinson).

Western blot analysis

CD34" cells from normal donors and patients were cultured
in serum-free medium supplemented with 25 ng/mL SCF and
10ng/mL. TPO to induce MK differentiation. MK cells
(CD417CD42") were sorted on day 9, starved for 16-18 h in
serum-free medium without insulin-transferrin in the pre-
sence of 0.5 uM ruxolitinib or not, then re-stimulated with
TPO (10 ng/mL). Each sample was lysed and analyzed by
Western blotting. Polyclonal antibodies against phosphory-
lated forms of STAT1 (Tyr701)(#9167), STAT3 (Tyr705)
(#9131), STATS (Tyr694)(#9351), ERK1/2 (Thr202/Tyr204)
(#9101), and AKT (Serd73) (#9271) (Cell signaling) were
used to assess the signaling pathways. Monoclonal anti-
B-Actin antibody (Sigma) (#A2228) was used to check the
loading. Membranes were revealed using a luminescent
image analyzer (Image Quant LAS 4000, GE healthcare).
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