EUROPEAN

HEMATOLOGY
ASSOCIATION

HemaSphere

Powered by EHA

Article

OPEN ACCESS

Induced Pluripotent Stem Cells Enable Disease
Modeling and Drug Screening in Calreticulin del52
and ins5 Myeloproliferative Neoplasms

Lise Secardin'?3, Cintia Gomez Limia*®, Suzana da Silva-Benedito'?345, Larissa Lordier'?¢, Mira EI-Khoury'22,
Caroline Marty'?¢, Jean-Christophe lanotto’, Hana Raslova'?¢, Stefan N. Constantinescu®®, Martin Hernan Bonamino*©,
William Vainchenker'?6, Barbara Monte-Mor®, Antonio Di Stefano'?#, Isabelle Plo'26

Correspondence: Isabelle Plo (isabelle.plo@gustaveroussy.fr).

Abstract

Mutations in the calreticulin (CALR) gene are seen in about 30% of essential thrombocythemia and primary myelofibrosis patients. To
address the contribution of the human CALR mutants to the pathogenesis of myeloproliferative neoplasms (MPNSs) in an endogenous
context, we modeled the CALRdel52 and CALRIns5 mutants by induced pluripotent stem cell (iPSC) technology using CD34* pro-
genitors from 4 patients. We describe here the generation of several clones of iPSC carrying heterozygous CALRdel52 or CALRIins5
mutations. We showed that CALRdel52 induces a stronger increase in progenitors than CALRins5 and that both CALRdel52 and
CALRins5 mutants favor an expansion of the megakaryocytic lineage. Moreover, we found that both CALRdel52 and CALRins5
mutants rendered colony forming unit-megakaryocyte (CFU-MK) independent from thrombopoietin (TPO), and promoted a mild
constitutive activation level of signal transducer and activator of transcription 3 in megakaryocytes. Unexpectedly, a mild increase
in the sensitivity of colony forming unit-granulocyte (CFU-G) to granulocyte-colony stimulating factor was also observed in iPSC
CALRdel52 and CALRIins5 compared with control iPSC. Moreover, CALRdel52-induced megakaryocytic spontaneous growth is
more dependent on Janus kinase 2/phosphoinositide 3-kinase/extracellular signal-regulated kinase than TPO-mediated growth and
opens a therapeutic window for treatments in CALR-mutated MPN. The iPSC models described here represent an interesting plat-
form for testing newly developed inhibitors. Altogether, this study shows that CALR-mutated iPSC recapitulate MPN phenotypes in

vitro and may be used for drug screening.

Introduction

Classical non-BCR-ABL1 myeloproliferative neoplasms
(MPNs) include 3 main disorders: essential thrombocythemia
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(ET), polycythemia vera (PV), and primary myelofibrosis (PMF).
They are due to disease-causing “driver mutations” affecting the
cytokine receptor/Janus kinase 2 (JAK2)/signal transducer and
activator of transcription (STAT) pathway. Mutations in JAK2
have been identified in 95% of PV and around 50% of ET and
PMF. Mutations in the thrombopoietin receptor (myeloprolif-
erative leukemia [MPL]) have been discovered in only 5% to
10% of ET and PMF. Finally, calreticulin (CALR) mutations
were identified in 25% to 30% of patients harboring throm-
bocytosis such as ET and PME!? CALR mutations associated
with MPNs are insertions and/or deletions that result in a +1
“frameshift” to a specific alternative reading frame, leading to
the loss of the KDEL motif and the synthesis of a novel pre-
dominantly positively charged C-terminal peptide. Two muta-
tions called CALRdel52 and CALRinsS have been shown to
be the most prevalent in ET and PMF with CALRdel52 being
more frequent than CALRinsS in PMF and are generally found
heterozygous in MPN.>= Physiologically, CALR is a chaperone
protein of the endoplasmic reticulum (ER) lumen that controls
proper folding of neosynthesized glycoproteins and plays a
role in calcium homeostasis with no evident role in cytokine
signaling.® Studies including from our group have shown that
CALR mutants activate the MPL receptor after binding to its
N-glycosylated residues in the ER and activate the JAK2/STAT
signaling pathway.”'® This activation required the positive
charge of mutant CALR C-terminus peptide, the lectin-binding
domain and the extracellular N-linked sugars of MPL. CALR
mutants behave as an abnormal chaperone of MPL allowing
its traffic to the cell membrane by the canonical pathway, but
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in an immature form.'!? Induction of MPL signaling by CALR
mutants through JAK2 activation mostly occurs at the cell sur-
face.'!31* Moreover, CALR mutants are not able to activate
other cytokine receptors than MPL except weakly granulo-
cyte-colony stimulating factor receptor (G-CSF-R) in Ba/F3 and
v2A cell lines,”* where activation does not suffice for long-term
autonomous growth.

The CALR mutations recapitulate MPN in mice mimicking
an ET progressing to myelofibrosis only for CALRdel52 mice,
whereas the phenotype for CALRinsS5 is milder. Disease develop-
ment induced by CALR mutants was dependent on MPL.%!¢-°

In addition to CALR drivers, a growing list of somatic muta-
tions in genes affecting mainly epigenetic regulators and chro-
matin modifiers (TET2, DNMT3A, EZH2, ASXL1, IDH1/2),
transcription factors (RUNX1, NFE2, P53, IKZF), and less
frequently in splicing regulators (SF3B1, SRSF2, U2AF1) have
been reported in MPN patients.?’ They frequently occur after
CALR mutations in hematopoietic stem cells.?’?> They are
“modifying mutations” that change the phenotype or accelerate
the disease.?

Induced pluripotent stem cells (iPSC) have been used not
only to model hereditary disorders with germline muta-
tions,?** but they were also successfully derived from acquired
malignant disorders such as MPN or juvenile myelomonocytic
leukemia.?*-* In previous studies, we and others have gener-
ated JAK2V617F and CALR-mutated iPSC* and have shown
that this technology can be used to model classical MPN and
their response to small molecules.?®3%! To understand and
compare the role of endogenous CALRdel52 and ins5 mutants
in the human setting, we have generated iPSC from CD34* cells
isolated from the blood of 4 MPN patients, with CALRdel52
or CALRins5 mutation associated or not with other muta-
tions. Using hematopoietic differentiation, we showed that
both CALRdel52 and CALRinsS iPSC induced a megakaryo-
cytic phenotype since we found an increased generation of
megakaryocyte (MK) and sensitivity of the MK progenitors
to thrombopoietin (TPO) through spontaneous activation
of STAT3. Unexpectedly, we found an increased sensitivity
to granulocyte-colony stimulating factor (G-CSF) of both
CALRdel52 and CALRinsS granulocytic progenitors. Finally,
this study uncovers a more prominent impact of CALRdel52
on total number of human progenitors than CALRinsS.

Methods

Patients, iPSC generation, and cultures

All participants to this study gave their written informed
consent in accordance with the Declaration of Helsinki and
the study was approved by the CNIL DR-2015-692 (Paris,
France) and the Ethics Committee of the Brazilian National
Cancer Institute under the number 062/08. MPN was defined
following World Health Organization criteria for ET and
PME.?? Blood from a healthy donor was used as control.
CD34+ cells were purified from blood mononuclear cells and
cells were cultured in serum-free medium with cytokines for §
days before being infected with Sendai viruses encoding Oct4,
c-Mye, Kif4, and Sox2.3* Six days later, cells were seeded on
irradiated murine embryonic fibroblasts in embryonic stem
(ES) medium.** Colonies with an ES-like morphology were
picked from day 20 to 30 and expanded.

Antibodies and flow cytometry analysis

Directly conjugated monoclonal antibodies were used
for iPSC characterization (Human Pluripotent Stem Cell
Transcription Factor Analysis Kit, expression of stage-specific
embryonic antigen [SSEA]3, eBioscience, San Diego, CA and
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tumor rejection antigen 1 [TRA-1]-81, Becton Dickinson, le
Pont de Claix, France), and for sorting and characterization of
hematopoietic cells (anti-CD34, Beckman, Villepinte, France;
anti-CD43, CD42 and GPA, Invitrogen, Cergy-Pontoise, France;
and anti-CD41 and CD15, Pharmingen, San Diego, CA). Cells
were sorted on an Influx flow cytometer (Becton Dickinson) and
analyzed on a FACS Canto II (Becton Dickinson).

Teratoma assays

IPSC (1 x 10°) were scrapped and resuspended in 140 pL ES
medium. Undiluted matrigel (60 pL) was added before subcuta-
neous injection into non-obese diabetic/severe combined immu-
nodeficiency/yc”- (NOD-SCID vyc™-) mice. After 8 to 12 weeks,
tumors were isolated and fixed in formalin (10%). Sections were
stained for germ layers analysis. Spontaneous differentiation
was generated by embryoid body formation.*

Hematopoietic differentiation and quantification of
progenitors in semisolid cultures

IPSC were seeded on geltrex (Thermofisher, Les Ulis, France)
in StemMACS iPS-Brew (Miltenyi Biotec, Paris, France) or in
Essential 8 medium (Thermofisher) the day before differentia-
tion. On the first day of differentiation, iPSC were cultured in
StemPro-34 (Thermofisher) in the presence of vascular endo-
thelial growth factor (VEGF) (50 ng/mL) (Peprotech, Neuilly-
sur-Seine, France), CHIR99021 (2 pM) (Sigma, Saint Quentin
Fallavier, France), and bone morphogenetic protein (BMP)-4
(Sng/mL) (Peprotech). On day 2, CHIR99021 was removed
and basic fibroblast growth factor (bFGF) (20ng/mL)
(Miltenyi Biotec) was added. On day 4, BMP-4 was removed
and VEGF and bFGF were added at lower concentrations:
15 and 5ng/mL, respectively. On day 6, VEGF (50ng/mL),
bFGF (50ng/mL), human stem cell factor (SCF) (50 ng/mL)
(Biovitrum AB, Stockholm, Sweden), and fms like tyrosine
kinase 3 (5ng/mL) were added to the medium. From day 7 to
the end, different cytokines were added to the cocktail: TPO
(50ng/mL) (Kirin Brewery, Tokyo, Japan) and interleukin
(IL)-6 (10ng/mL) were added to obtain MK, erythropoietin
(EPO) (1 U/mL) (Amgen, Thousand Oaks, CA) was added to
obtain erythroblasts, and G-CSF (20 ng/mL) and IL-3 (10 ng/
mL) (Miltenyi Biotec) were added to get granulocytes. At day
10, cells were dissociated and sorted for CD34- and CD43-
positive markers. The recovered cells were cultured or sorted
on the expression of CD34, CD43, CD41, GPA, and CD15.

Cells were plated either in methylcellulose with SCF and EPO
or G-CSF or GM-CSF to quantify erythroid (erythroid progen-
itor [EryP]) and granulo or granulo-monocytic (colony forming
unit-granulocyte [CFU-G] or colony forming unit-granulo-
cyte monocyte [CFU-GM]) progenitors or in serum-free fibrin
clot assays with SCF and TPO to quantify colony forming
unit-megakaryocyte (CFU-MK) (30). Cultures were scored after
12 to 14 days for EryP and CFU-GM-derived colonies (29).
MK colonies were enumerated at day 10, after labeling by an
indirect immunoalkaline phosphatase staining technique using
an anti-CD41a monoclonal antibody (Becton Dickinson, clone
HIP8), as previously described.*

Western blot analysis

Signaling studies were performed on cultured megakaryo-
blasts (CD41*) after overnight cytokine deprivation in serum-
free medium. Restimulation by TPO (20ng/mL) for 15 minutes
was done as positive control. Samples were subjected to Western
blot analysis using polyclonal antibodies against the phosphor-
ylated forms of STAT3 (Tyr705), extracellular signal-regulated
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kinase (ERK)1/2 (Thr202/Tyr204), and AKT (Ser473) and
against the pan proteins (Cell Signaling Technology, Ozyme,
Saint-Cyr-I’Ecole, France). Monoclonal anti-B-actin antibody
from Sigma was used as loading control.

Small molecules

Increasing concentrations of small molecules inhibitors were
tested in CFU-MK colony assays in the presence of SCF and
with or without TPO. JAK2 inhibitors (ruxolitinib), a pan phos-
phoinositide 3-kinase (PI3K) inhibitor (LY294002), a heat shock
protein 90 (HSP90) inhibitor (AUY922), and a mitogen-ac-
tivated protein kinase kinase (MEK) inhibitor (UO126) were
tested. All inhibitors were from Selleck chemicals (Euromedex,
Souffelweyersheim, France).

Results

Derivation of human iPSC from CD34+ cells of
MPN patients and a healthy donor

Using next generation sequencing (whole exome sequenc-
ing for patients number 11, 38, and 35 or targeted for 34), we
selected 4 MPN patients with heterozygous CALRdel52 or
CALRinsS mutation associated or not with other acquired muta-
tions. Patient 38 presented a PMF and harbored a CALRdel52
mutation and a SETD1B mutation in nearly all the granulo-
cytes. Patient 35 presented an ET and harbored CALRdel52
mutation (50% variant allele frequency [VAF]) and a TET2
mutation (21% VAF). Patient 11 presented an ET and harbored
a CALRinsS mutation (43% VAF) and a PIK3CD mutation
(41% VAF). Finally, patient 34 presented a PMF and harbored
a CALRins5 (50% VAF) mutation associated with TET2 (81%)
and ASXL1 (16%) mutations (Table 1).

Cells were reprogrammed according to the protocol of
Yamanaka by using commercial nonintegrating Sendai viruses®
(Table 1). We generated iPSC from these 4 MPN patients and
from 1 healthy donor as a control. In all cases, ES-like colonies
were individually expanded. Only 2 iPS clones (P38-A and P38-
B) were obtained from patient number 38 and both were pos-
itive for CALRdel52 and for SETD1B mutations after Sanger
sequencing. More than 10 CALRdel52 iPS clones were obtained
from patient number 35, but only 1 was negative for TET2
mutation and was selected for further studies (see Supplemental
Digital Content, Figure 1, http:/links.lww.com/HS/A162).
Hundreds of iPS clones were obtained from patient number
11 and all were positive for CALRinsS5 but also for a PIK3CD

Genotypes of Patients and iPSC.
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mutation after Sanger sequencing. Two clones (P11-A and P11-B)
were chosen for experiments (see Supplemental Digital Content,
Figure 2, http://links.lww.com/HS/A162). Thirty-two iPS clones
were obtained from patient number 34 and 15 clones carried
CALRinsS alone without TET2 and ASXL1 mutations. One
IPS clone (P34) was selected for experiments (see Supplemental
Digital Content, Figure 3, http:/links.lww.com/HS/A162). Two
iPS clones generated from the healthy donor (wild-type A and
wild-type B) were used in further studies as controls.

The iPSC showed normal karyotypes (WT), comparative
genomic hybridization array (P35, P38, P11), or ploidy by
LG-WGS (P34) that did not identify other significant differences
in the iPSC compared to the starting cells (see Supplemental
Digital Content, Figure 4, http:/links.lww.com/HS/A162, Figure
5, http://links.lww.com/HS/A162). We verified the pluripotency
of the 8 undifferentiated iPSC that expressed high levels of cell
surface pluripotency markers including TRA-1-81 and SSEA-3/4
and endogenous pluripotency-associated genes such as POUSFI,
NANOG, and SRY-box transcription factor 2 (SOX2) (Figure 1A,
B). Absence of the Sendai viruses was verified by reverse tran-
scription polymerase chain reaction after 10 passages (data not
shown). Pluripotency functions were further demonstrated using
biological assays including in vivo teratoma formation with the
generation of the 3 germ layer tissues (Figure 1C).

Altogether, these results show that we have generated bona
fide CALRdel52 and CALRinsS iPSC from MPN patients. To
evaluate the impact of these mutations on MPN phenotypes, we
analyzed their roles in hematopoietic differentiation potential.

Effect of CALR mutations on hematopoiesis
differentiation, progenitor cytokine sensitivity, and
JAK2/STAT signaling pathway

Hematopoietic differentiation was performed on feeder-free
culture (Figure 2A—C). All the experiments were done with the 8
iPS clones (2 WT, 3 CALRdel52, and 3 CALRins5). To avoid het-
erogeneity between donors, we also compared 2 iPS WT clones
generated by Sendai virus with 2 other previously published iPS
WT clones generated by expressing octamer-binding transcription
factor 4, SOX2, Kruppel-like factor 4, and c-myelocytomatosis
from Moloney-derived retroviruses vectors.?’ The analysis of the
main phenotypes did not show any significant difference between
these 2 types of control iPSC (Supplemental Digital Content,
Figure 6, http:/links.lww.com/HS/A162). All the iPSC were eval-
uated for cell differentiation kinetics between days 10 and 20 by
flow cytometry (Figure 3). We observed that P35 iPSC gave rise to
significantly more CD41* cells at day 20 and GPA* cells at day 15

Patient Patient Name of
Patient Mutations Allele Burden iPSC Genotype iPS Cell Line Performed Experiments
Control (healthy donor) (by retrovirus) WT Alpha CD34+CD43* and CD41+ and GPA* cell generation
Beta Sensitivity of progenitors to TPO and EPO
Control (healthy donor) (by Sendai virus) WT WT-A All experiments with 2 iPS clones
WT-B
No. 38 (by Sendai virus) CALRdel52 50% CALRdel52 + SETD1B P38-A All experiments with 2 iPS clones
SETD1B 50% P38-B
No. 35 (by Sendai virus) CALRdel52 50% CALRdel52 P35 All experiments with 1 iPS clone
TET2 21%
No. 11 (by Sendai virus) CALRins5 43% CALRins5 + PIK3CD P11-A All experiments with 2 iPS clones
PIK3CD 41% P11-B
No. 34 (by Sendai virus) CALRins5 50% CALRins5 P34 All experiments with 1 iPS clone
ASXLT 16%
TET2 81%

EPO = erythropoietin; GPA = glycophorin A; iPSC = induced pluripotent stem cell; TPO = thrombopoietin; WT = wild-type.

3



Secardin et al CALR Mutants Drive Megakaryocytic Differentiation

compared with controls iPSC (Figure 3A, D). We also observed =~ when we combined the data of the different CALRdel52 iPSC or
that P11 iPSC and P34 iPSC led to a significant increase in CD41*  the different CALRinsS iPSC, we found that both CALRdel52
cells from day 15 to 17 compared to control iPSC. Moreover,  and CALRinsS were able to significantly increase the CD41+ cells
the P11 iPSC led to decreased GPA* cells and increased CD15*  compared with controls. Of note, CALRdel52 favored a transient
cells at day 20 compared with controls (Figure 3B, D). Finally, = GPA* cell generation at day 15 (Figure 3C, E).
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Figure 1. Biological characterization of iPSC (continued on next page). (A/B), Flow cytometry analysis of pluripotency cell surface markers TRA1-81
and SSEA-3/4 and endogenous pluripotency transcription factors NANOG, OCT3/4, and SOX2 in CALRdel52 clones (A) and CALRins5 clones (B). (C - next
page), Functional characterization of iPSC in vivo. Analysis of spontaneous differentiation of iPSC in vivo by teratoma formation assay. Teratomas were analyzed
after hematoxylin eosin saffron staining. The arrows point the tissue of interest (named on the right side of each pictures). IGG = immunoglobuline G; iPSC = induced
pluripotent stem cell; OCT-3/4 = octamer-binding transcription factor 3/4; SOX2 = SRY-box transcription factor 2; SSE4-3/4 = expression of stage-specific embryonic antigen-3/4; TRA1-81 =

tumor rejection antigen 1-81; WT = wild-type.
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We next evaluated the effect of CALR mutations on the
number of hematopoietic progenitors and their sensitivity
to cytokines by seeding day 10-CD34*CD43* progenitors in
fibrin-clot assay for megakaryocyte progenitors (CFU-MK) or
day 10-CD34-CD43" progenitors in methylcellulose for eryth-
roid colonies (EryP). Alternatively, day 13-CD41-CD34+*CD43*
progenitors were plated in methylcellulose to check the CFU-G
(Figure 2C). CFU-MK colonies were enumerated at days 10 to
12 and no marked differences were observed compared with
controls (Figure 4A). EryP and CFU-G were counted after 14
days of culture in the presence of cytokines (SCF + EPO or

SCF + G-CSFG), and CALRdel52 or CALRinsS had no signifi-
cant impact on total number of colonies compared to controls
(Figure 4B, C). However, we found a significantly higher num-
ber of any types of progenitors with CALRdel52 compared with
CALRinsS (Figure 4A-C).

Since a hallmark of MPN is independency or hypersensitivity
of progenitors to cytokines,?”* particularly to EPO and TPO,
we investigated if the CALR-mutant iPSC recapitulated this
property by evaluating the sensitivity of progenitors for their
responses to cytokines (Figure 4D-I). The CD34+*CD43* progen-
itor cell fraction was sorted and grown in fibrin clot assay, in the
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Figure 2. Hematopoietic differentiation of iPSC. (A), Feeder-free differentiation protocol. (B), Pictures of iPSC differentiation in feeder-free culture from day
0 to 6. (C), Scheme for characterization of hematopoietic progenitor sensitivity to cytokines. CD34-CD43* progenitors were sorted on day 10 and cultured in
semisolid condition with SCF and increasing doses of EPO for 14 d. Alternatively, CD41-CD34+*CD43* progenitors were sorted on day 10 and cultured in fibrin-
clot assay with SCF and increasing doses of TPO for 10 d. At day 13, CD41-CD34+*CD43* progenitors were sorted and cultured in semisolid condition with SCF
and increasing doses of G-CSF for 14 d. bFGF = basic fibroblast growth factor; BMP = bone morphogenetic protein; EPO = erythropoietin; FLT-3 = fms like tyrosine kinase 3; G-CSF
= granulocyte-colony stimulating factor; GM-CSF = granulocyte macrophage-colony stimulating factor; IL-6 = interleukin 6; iPSC = induced pluripotent stem cell; SCF = stem cell factor; TPO

= thrombopoietin; VEGF = vascular endothelial growth factor.

presence of SCF and increasing concentrations of TPO. In these
conditions, we observed a 40% to 65% independent growth of
CFU-MK progenitors, as well as a hypersensitivity to TPO in all
CALR-mutated iPSC from the 4 patients compared with con-
trol iPSC (Figure 4D, E). The CD34-CD43* progenitor cell frac-
tion was sorted and grown in methylcellulose in the presence
of SCF and increasing concentrations of EPO. CALRdel52 and
CALRinsS did not induce any hypersensitivity of EryP to EPO
(Figure 4F, G). The CD41-CD34*CD43* progenitor cell fraction

was sorted and grown in methylcellulose in the presence of
SCF and increasing concentrations of G-CSE. Unexpectedly,
we also observed a mild 30% to 40% independent growth of
CFU-G progenitors as well as a hypersensitivity to G-CSF both
for CALRdel52 and CALRinsS (Figure 4H, I). Together, our
data demonstrate that CALRdel52 and CALRinsS profoundly
modify the response to TPO and to G-CSF, but not to EPO.
Moreover, CALRdel52 and CALRinsS iPSC showed larger
CFU-MK colonies than the control (Figure SA, B), suggesting
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Figure 3. CALRdel52/ins5 increase the generation of hematopoietic cells enriched in megakaryocytes. Kinetics of hematopoietic cells (CD41+, GPA*,
CD15%) from day 10 to 20 of (A) CALRdel52, (B) CALRIns5, or (C) CALR-mutated iPSC. Fold induction from day 10 to 20 for (D) for all iPSCs and (E) for CALR-
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*P < 0.05; *P < 0.01, **P < 0.001, **P < 0.0001, 2-way ANOVA, Tukey’s
induced pluripotent stem cell; SEM = standard error of the mean; WT = wild-type.

multiple comparison test. ANOVA = analysis of variance; GPA = glycophorin A; iPSC =

that either CALRdel52 and CALRinsS stimulate MK precur-
sor proliferation or that they generate more immature MK
progenitors capable of increased proliferation than in control
conditions. Overall, CALR mutations may modify the MK dif-
ferentiation at multiple steps.

Overexpression of CALR mutant has been shown to induce
a constitutive activation of the JAK2/STAT pathway in cell
lines”'® and we tested whether endogenous CALRdel52 or
CALRins5 mutants were able to spontaneously activate this
signaling pathway. Day 12-megakaryoblasts (CD41+*) were
sorted, deprived of cytokines for 24 hours and stimulated

or not by TPO before Western-blot analysis (Figure 5C and
Supplemental Digital Content, Figure S7, http:/links.lww.
com/HS/A162). We detected significant spontaneous phos-
phorylation of STAT3 for all CALR-mutated compared with
control iPSC-derived MKs, but a variable phosphorylation of
ERK and AKT.

Taken together, these results show that both CALRdel52 and
CALRinsS induce an increase in the MK lineage due to an inde-
pendence/hypersensitivity to TPO with activation of STAT3.
Moreover, both CALR mutants induce hypersensitivity of pro-
genitors to G-CSE.
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Effect of JAK2, HSP90, PI3K, and MEK signaling
inhibitors on megakaryocytic colonies

Finally, we wondered if CALRdel52 iPSC could be used for
testing small molecules targeting JAK2, PI3K, or ERK signal-
ing or a chaperone protein of JAK2, HSP90. For this purpose,
we seeded day 10-CD34*CD43* progenitors in fibrin-clot assay
and tested the effect of different inhibitors such as the JAK1/2
inhibitor ruxolitinib (Figure 6A, B), a HSP90 inhibitor, AUY922
(Figure 6C, D), a pan PI3K inhibitor, LY294002 (Figure 6E, F),
and a MEK inhibitor, UO126 (Figure 6G, H). Dose-response
studies were performed on the growth of CFU-MK in the pres-
ence or absence of TPO. All these 4 small molecules inhibited
TPO-dependent megakaryocytic growth in a dose-dependent
manner in all iPSC (WT and CALRdel52; Figure 6A, C, E, G). A
trend to increased sensitivity to ruxolitinib and LY294002 were

found for CALRdel52 progenitors compared with WT progen-
itors (Figure 6I). Spontaneous CALRdel52-induced CFU-MK
were twice as more sensitive to JAK1/2, PI3K, and MEK inhib-
itors than the TPO-dependent CFU-MK colonies (Figure 6B, D,
EH,]).

Altogether, this study brings the proof of concept that iPSC
can be used for studying drug efficacy and shed light on JAK2/
PI3K/ERK as specific druggable targets.

Discussion

IPSC have been proven to be a useful and powerful tool to
model acquired hematological diseases. In this study, we have
generated iPSC from 2 patients harboring CALRdel52 muta-
tion either alone or associated with SETD1B mutation or from
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Figure 5. CALRdel52/ins5 induce a constitutive activation of JAK2/STAT pathway in megakaryoblasts. (A, B), CD34*CD43* progenitors were plated
in fibrin-clot assay in presence of SCF and TPO (10ng/mL) and the number of megakaryocytes were counted in each colony. (A), 50 colonies were counted
per condition. (mean + SEM, WT: n = 7; P38: n =4, P35: n =3, P11: n =3, P34: n = 3). *P < 0.05; **P < 0.001. Student t test. (B), Representative pictures
of CALRdel52/ins5-induced larger CFU-MK colonies compared with control cells. (C), Day 12-megakaryoblasts (CD41*) from all the iPSC were sorted, cyto-
kine-deprived for 24 h and then restimulated or not with 20ng/mL of TPO and subjected to western blot analysis using specific antibodies. A representative
experiment is shown out of 2. CFU-MK = colony forming unit-megakaryocyte; iPSC = induced pluripotent stem cell; JAK2 = Janus kinase 2; MEK = mitogen-activated protein kinase; MK
= megakaryocyte; SCF = stem cell factor; SEM = standard error of the mean; STAT = signal transducer and activator of transcription; TPO = thrombopoietin; WT = wild-type.

2 patients harboring CALRins5 mutation alone or associated
with PIK3CD mutation. Of note, we got a very high number of
iPSC associated with PIK3CD mutation suggesting a potential
positive impact of this mutation on reprogramming. Based on
this technology, we studied the role of the endogenous driver
mutations CALRdel52 and CALRins5 in a human hematopoi-
etic context.

Here, we provide evidence that CALRdel52 and CALRinsS
iPSC reproduce the MK hyperplasia observed in patients and in
mouse models.”*15223 We observed an increase in the generation
of MK, a TPO hypersensitivity of the CFU-MK progenitors as well
as an increase in their size in CALR-mutated iPSC derived from 4

different patients compared with control iPSC, suggesting a stron-
ger MK precursor proliferation and/or a generation of more imma-
ture MK progenitors. Thus, CALR mutations modify the MK
differentiation at multiple steps. Accordingly, we found a constitu-
tive phosphorylation of STAT3 in MK obtained from CALRdel52
and CALRins5 iPSC. These phenotypes were not much impacted
by the presence of PIK3CD or SETD1B mutation. Previously, sim-
ilar effects on megakaryopoiesis were found for iPSCs with hetero-
zygous and homozygous JAK2V617F* and with the CALRinsS
iPSC generated by the group of Komatsu.’! They are also in line
with the MPL-dependent activation of MK hyperplasia induced by
CALR mutants in primary cells, in iPSC, and in retroviral mouse
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Figure 6. Impact of JAK2, HSP90, PI3K, and MEK signaling inhibitors on CFU-MK. Day 10-CD34+/CD43* cells were seeded in fibrin clot assay with SCF
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models.” 1015161857 e also show that CALRdel52 and CALRinsS
impact the G-CSF sensitivity of progenitors. Unfortunately, we were
not able to specifically test the effect of CALR mutants on granu-
locytic differentiation and signaling since the CD15 is also present

10

on macrophages, which represents the majority of the cells in this
type of iPSC-derived culture. These results are also in accordance
with the fact that CALRdel52 does induce a weak activation of
G-CSF-R and a transient independent growth of the Ba/F3 cell lines
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expressing G-CSF-R,”!S but are more unexpected for CALRinsS.
However, the impact of this phenotype on the clinical feature is
still elusive since JAK2V617F-mutated patients exhibit higher leu-
kocytosis than CALR-mutated patients.>*** Further studies should
be conducted to precisely compare the effect of JAK2V617F and
CALRdel52/ins§ on G-CSF-R signaling including STAT3/5, ERK,
and AKT. Of note, iPSC differentiate into an embryonic type of
hematopoiesis and it is possible that G-CSF-R activation by CALR
mutants impact differently embryonic versus adult hematopoiesis.
In contrast to homozygous JAK2V617F iPSC, we observe no or
a moderate effect on the erythroid lineage and no EPO hypersen-
sitivity of progenitors with CALRdel52 and even a tendency to a
decreased generation of erythroblasts with CALRinsS previously
observed in the work of Takei et al.253%3!

A very interesting finding is the difference found in the gen-
eration of progenitors between CALRdel52 and CALRinsS,
suggesting that CALRdel52 may have a higher impact on the
total number of myeloid progenitors than CALRinsS. This
result is comparable to what is observed in the CALRdel52
and CALRins5 KI mouse models or in the bone marrow model
after retroviral transfer, and probably explains the lower sever-
ity of the disease in the case of CALRinsS.”'¢ Altogether, iPSC
represent a valuable tool for MPN modeling, mimicking the 2
different diseases driven either by JAK2V617F or CALRdel52/
insS. Indeed, iPSC showed phenotypes that correlate with clin-
ical features in patients: a MK phenotype with heterozygous
JAK2V617F or CALRdel52/ins5 and an additive erythroid phe-
notype with homozygous JAK2V617FE. 1028303139 They also fit
well with the mouse modeling giving an ET/PV-like disease pro-
gressing to myelofibrosis for JAK2V617F and an ET phenotype
progressing to myelofibrosis for CALRdel52.16:17:40:41

Previous studies have shown that overexpression of CALR
mutants including CALRdel52 and CALRins5 activate the
JAK2/STAT signaling pathway in cellular models and primary
cells via MPL.”->!52237 Here, we confirm that endogenous
CALRdel52/ins5 activates JAK2/STAT pathway in MKs by
observing a constitutive phosphorylation of STAT3. The con-
stitutive phosphorylation of ERK was not reproducible for all
CALR-mutated iPSC unlike a previous study using primary cells
from patients or transduced with lentiviral vectors encoding
CALR mutations,* although MEK inhibitor could inhibit the
CALRdel52-induced spontaneous CFU-MK growth.

As previously shown, iPSC are a good model to test the effi-
cacy and to screen molecules that are used in clinic or clini-
cal trials.?®3° Dose-response studies performed on the growth
of MK colonies with a JAK1/2 inhibitor (ruxolitinib), a PI3K
inhibitor (LY294002), a HSP90 inhibitor (AUY922), and a MEK
inhibitor (UO126) showed a lack of specificity for CALRdel52
progenitors from iPSC in the presence of cytokines. However,
we found that the CALRdel52-mutated CFU-MK progenitors
are more sensitive to ruxolitinib, LY294002, and UO126 in
the absence than in the presence of TPO. This result indicates
that the CALRdel52-induced MK spontaneous growth is more
dependent on JAK2/PI3K/ERK than TPO-mediated growth and
opens a therapeutic window for treatments of CALR-mutated
MPN. It would be interesting to test others inhibitors, particu-
larly STAT3 inhibitors for which we pointed a rationale to use,
or newly developed inhibitors in future studies using these iPSC.

In aggregate, this study brings the proof-of-concept that iPSC
can be used for studying CALRdel52/ins5-mutated MPN patho-
genesis and drug screening.
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