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Primary and secondary myelofibrosis (MF) present the worst prognosis in the group of
BCR::ABL-negative myeloproliferative neoplasms and are driven in half of cases by JAK2V61F,
In mouse models, MF occurs mainly secondary to essential thrombocythemia (ET)- or
polycythemia vera (PV)-like disorders induced by Jak2Vé"F or CALR!5? mutation. Direct and
strong activation of the thrombopoietin receptor MPL signaling by MPLWSL or high
thrombopoietin levels also results in rapid MF development.® All these models together with
the topology of the bone marrow (BM) at the onset of MF underscore the key role of the
megakaryocytes (MKSs) in the disease. Presently, there is no curative therapy in MF, except
allogenic BM transplantation; JAK inhibitors being not selective of the oncogenic JAK2
signaling.® Therefore, it is of great interest to identify and inhibit specific downstream targets

deregulated by the abnormal JAK2 activation.

Targeting CDKS6, which is up-regulated in MPN hematopoietic progenitors, either
pharmacologically by Palbociclib or by its genetic deletion in Jak2Vé’F and MPLWSSt mice
significantly inhibits MPN development.'®!* In addition, the knock-out (KO) of p19'™4d a
CDK4/CDKG® inhibitor that regulates the endomitotic arrest of MKs,*? leads to the amplification

of hyperploid MKs, increased levels of TGF-B1 and fibrosis development with aging.™

Here, we first investigated p19'™“¢ and CDK6 expressions in MKs of induced
Jak2FLEXVELTFI+S | _Cre* (K| thereafter) mice?. The p19'™“d expression level decreased unlike
that of CDK6 in MKs from KI mice as compared to controls (SF 1A) and correlated with their
higher ploidy (major peak at 32N versus 16N) (SF 1B). These results suggest that p19"k4d
downregulation could contribute to the abnormal megakaryopoiesis and MF development in

the Jak2V61’F context.
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To further support this hypothesis, the p19"™4d"- (p19 KO)** and KI mice were crossed and
heterozygous expression of Jak2V®'"" was induced in native p19'™4d-/Jak2FLEXVELTFHSC
Cre*” (KOKI thereafter) and KI mice. No marked difference in survival curve and blood
parameters was detected between KI and KOKI mice (SF2A, B). However, as soon as 1-week
post-Jak2V61'F induction, there were a significant reduction of BM cellularity and a faster
development of splenomegaly in KOKI compared to KI mice (Fig 1A, B). Moreover, after 3
weeks of Jak2V®'’F induction, a grade 1 BM MF was already present in KOKI mice (Fig 1C,
SF 2C). At 8 weeks, we detected a grade 2/3 MF in the BM of all KOKI mice compared to a
grade 1 MF in some, but not all KI mice (Fig 1C, SF 2C). A similar accelerated progression of
fibrosis was seen in the spleen (SF 2D). Numerous dysplastic MKs in both BM and spleen were
visible (SF 3A, B). P19 deletion accelerated the development of Jak2V6'7F-dependent
extramedullary hematopoiesis (EMH) as illustrated by the increased erythropoiesis and
granulopoiesis in the KOKI spleens as early as 1-week post-Jak2V6!’F induction (SF 4A, B, D,
E). At 3 weeks, we observed a marked decrease in all the BM erythroid populations of KOKI

mice in accordance with the establishment of MF, compared to KI mice (SF 4C).

We next focused on MKSs as they represent the major source of TGF-B1 involved in the MF
development. The numbers of MK progenitors (MK-Ps) and MKs gradually increased from 1-
week post-Jak2V61’" induction (data not shown) to be significant at 3 weeks in the BM and
spleen of KI and KOKI mice (Fig 1D, E, SF 5A, B) suggesting that p19'"N%4P depletion
predominantly increases the proliferation of MK-Ps during differentiation. Importantly, a
significant increase of MK-Ps and MKs was found in the spleen of KOKI compared to KI mice,
consistent with an enhanced EMH (SF 5C, D). As expected, the study of MK ploidy level
showed a major peak at 16N in WT mice and at 64N in p19 KO mice (SF 5E)*? and the mean
ploidy level (>4N) was significantly higher in KOKI than in p19 KO and KI mice (55.9N,

43.7N and 40.0N, respectively) (Fig 1F). These polyploid KOKI MKs were dysplastic and



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

diffuse von Willebrand factor (VWF) and P-selectin staining (SF 5F) was observed in BM
suggesting a spontaneous activation of MKs with premature release of granule content in KOKI
mice. This was confirmed at 1-week post-Jak2V®'’" induction. Indeed, the KOKI mice showed
the presence of numerous abnormal MKs (Fig 1G) with an increased P-selectin expression at
cell surface (Fig 1H) showing that p19 loss accelerates the development of an abnormal
megakaryopoiesis. Of note, electron microscopy revealed an abnormal localization of granules,
mitochondria and exosome-like particles close to the cell membrane only in KOKI MKs due to
a loss of the marginal zone. In addition, a more important emperipolesis was observed in KOKI
than in KI MKs (SF6A-D). Interestingly, KOKI MKs significantly harbored higher levels of
soluble VWF measured in BM supernatants compared to KI mice, confirming their activation
(Fig 11). Total and active TGF-B1 concentration measured in BM supernatants were increased
in both genotypes without significant difference between KOKI and Kl mice (SF 6E).
Nevertheless, only BM supernatants from KOKI mice co-cultured with stromal MS-5 cells
induced a significant increase in TGF-B1-mediated target genes such as Actin alpha2 (Acta2),
Plasminogen Activator Inhibitor 1 (Pail) and an increased trend in Connective tissue growth
factor (Ccn2) (SF 6F). These results suggest that active TGF-f1 levels might be underestimated
in KOKI BM potentially due to its rapid receptor binding, signaling and internalization in

stromal cells, leading to a decreased bioavailability.

Overall, these data show that KOKI mice present an accelerated development of MF as
compared to KI mice that were shown to lose approximately half of p19 expression. This
accelerated MF in KOKI as compared to KI mice is associated with numerous dysplastic,
activated, and hyperploid MKs leading to premature release of granule content such as VWF

and TGF-p1.
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P19'NK4d s an inhibitor of CDKA4/6, but has also other functions. Thus, we used Palbociclib
(PB), a CDKA4/6 inhibitor, to investigate if CDK4/6 activation was involved in the MF triggered

by Jak2V61"F and p19'™“d |oss.

After 2 weeks of treatment, PB induced a decrease in the blood parameters (Fig 2A) of the
KOKI mice, and only slightly decreased their already low BM cellularity. In contrast, a 2.1-
fold decrease was observed in WT mice due to a reduction of all types of progenitors (Fig 2B,
SF 7A-D). Interestingly, PB restored normal spleen weight in KOKI mice (Fig 2C) due to a
decrease in the numbers of all progenitors (SF 7D-G). In KOKI BM, PB treatment induced an
increase in LSK number and a decrease in MK-Ps with no change in erythroid progenitors (pre-
CFU-E) and granulo-monocytic progenitors (GMP) (SF 7A-D). Although MK number in
KOKI BM did not change (SF 8A), PB decreased their modal ploidy (64N versus 32N) (SF
8B) and mean ploidy (65.3N versus 35.2N) (Fig 2D). PB-treated KOKI MKs were of smaller
size with a less diffuse VWF staining in the cytoplasm as compared to untreated condition (SF
8C). Importantly, PB treatment prevented the development of a reticulin fiber network (Fig 2E)
and restored basal active TGF-p1 levels (Fig 2F) in the KOKI BM. Overall, the PB treatment
prevented the occurrence of EMH and the development of MF in KOKI mice through inhibition
of MK endomitosis and TGF-B1 activation.

To further confirm the effect of PB on KOKI and evaluate its role in KI mice, we used a model
of primary transplanted mice, with BM cells of the different genotypes (WT, KI and KOKI)
being engrafted into lethally-irradiated WT mice. In both KI and KOKI models, PB
administration decreased blood parameters (SF 9A), BM cellularity in all the mice except in
KOKI mice (SF 9B), and spleen weight particularly in Kl and KOKI mice (SF 9C). A decrease
in MK-Ps due to an inhibition of cell cycle and in mean ploidy level of MKs was detected in
both KI and KOKI animals while MK numbers were only reduced in KI mice (SF 9D-G). The

MKSs were smaller as shown by VWF staining, and the MF development in the BM of KOKI



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145
146

147

148

mice was prevented by PB treatment (SF 9H). Overall, these results show a similar effect of
PB on hematopoietic parameters in KI and KOKI mice. To further study the specificity of PB
treatment on Jak2V®!F cells, a competitive engraftment between 75% WT-GFP* cells and 25%
of KlI- or KOKI-GFP- cells was performed. In both WT/KI and WT/KOKI engrafted mice, PB
treatment once again significantly reduced the blood parameters (SF 10A). To know whether
this effect was due to the specific targeting of Jak2V®!'F cells, the frequencies of GFP- cells were
analyzed. The PB treatment significantly decreased the proportion of Jak2V®'’F granulocytes,
platelets and erythrocytes in mice engrafted with WT/KI and WT/KOKI cells (Fig 2G, SF
10B). A significant decrease in the BM cellularity (SF 10C) and spleen weight (SF 10D) was
associated with a decrease in the frequencies and numbers of Jak2V®*’F MKs, erythroblasts and
granulocyte precursors (Fig 2H). A specific decrease in the frequencies and numbers of
Jak2Ve’F SLAM and MK-Ps in both WT/KI and WT/KOKI mice was also detected (SF 10E).
Finally, to test whether these last results could be extrapolated to human, we tested the effect
of PB treatment on the clonogenicity of JAK2V6'7F progenitors. We observed a decrease in the
clonogenicity of the JAK2V®1"F CD34* cells isolated from peripheral blood of 3 ET and 2 PV
patients (JAK2V8Y'F variant allele frequency 4.4-40.5%) (Fig 21).

Overall, these results afford evidence that p19"* deregulation is involved in the abnormal
megakaryopoiesis of Jak2V6’F mice and that its loss accelerates the development of a severe
myelofibrosis. The effects of p19'™“4 deregulation are mediated through CDKA4/6
overactivation. Therefore, CDK4/CDKG®6 inhibitors appear as potent therapeutic molecules to
prevent the progression of MPN into MF. Preclinical studies have shown their synergic effect

with ruxolitinib, which predominantly targets the inflammation.1%%°
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Legends

Figure 1. P19'"4d depletion favors the rapid development of splenomegaly and MF in
Jak2V6l’F context trough deregulation of megakaryopoiesis

A-B. Rapid splenomegaly and MF development in absence of p19'™4d, A, Total BM cellularity
for 2 femurs and 2 tibias (x10°) is shown for each genotype after 1 or 3 weeks (W) post-
Jak2Vel’F induction. Data represent mean+SEM, *p<0.05; **p<0.01; ***p<0.005,
****p<0.001, nonparametric Mann-Whitney test. WT (n=11, 16), KO p19 (n=11, 17),
Jak2Ve’F K| (KI, n=12, 15) and p19 KO / Jak2V®'"F KI (KOKI, n=16, 21). B. Spleen weight
(mg) is shown for the four genotypes at 1, 3 and 8 weeks post-Jak2V®'’F induction. Data
represent meantSEM, *p<0.05; **p<0.01; ***p<0.005, ****p<0.001, nonparametric Mann-
Whitney test. WT (n=12, 22, 9), KO p19 (n=9, 20, 8), Jak2V!'F K| (KI, n=13, 16, 4) and p19
KO / Jak2Vel’F KI (KOKI, n=19, 19, 5). C. Representative pictures of BM stained with a
standard histological silver kit to underscore reticular fibers in hematopoietic organs at 3- and
8- weeks post Jak2V61’F induction for WT, KO p19, KI or KOKI mice. Scale bar = 20 um. D-
F. BM analysis of MK lineage 3 weeks post-Jak2V!'F induction. D. Number of CFU-MKSs in
semi-solid conditions per 100x10° of total BM cells seeded in duplicate for each mouse (n=6
for each genotype) and counted at 7 days of culture after acetylcholinesterase staining. Data
represent mean+SEM, **p<0.01, nonparametric Mann-Whitney test. E. Frequency of MKs
(CD41'CD42"). Data represent mean+SEM, ***p<0.005, nonparametric Mann-Whitney test.
WT (n=15), KO p19 (n=13), KI (n=15), KOKI (n=19). F. Mean ploidy >4N for BM MKs for
each genotype. Data represent median with 95%CI, *p<0.05; **p<0.01; ***p<0.005,
nonparametric Mann-Whitney test. WT (n=8), KO p19 (n=10), KI (n=12), KOKI (n=9). G.
Immunofluorescence staining of MKs in BM of WT, KI or KOKI mice 1-week post-Jak2"é’F
induction. CD41 is in red, P-selectin in green and nucleus (DAPI) in blue color. Scale bar = 50

um or 20 um. The lower panels show the white squares of the panels at the top by higher

10
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magnification. The white arrow indicates the MK with disorganized cytoplasm. H. P-selectin
expression on cell surface of mature BM MKs (CD41*CD42%). The median fluorescence
intensity (MFI) for each mouse of each genotype was normalized to the MFI measured for P-
selectin on MKs of one WT mouse. 1. % of VWF measured by ELISA in BM supernatants of
WT, KI and KOKI mice. H-1. Data represent mean+SEM, *p<0.05; **p<0.01, nonparametric

Mann-Whitney test. WT (n=6), KI (n=5), KOKI (n=6).

Figure 2. Palbociclib treatment prevents myeloproliferation, splenomegaly and MF
development in Jak2V6’F context.

A-F. Two weeks after Jak2V!'F induction, KOKI mice were treated daily for 2 weeks with PB
150 mg/kg, a dose that did not affect the mouse weight (SF 11). The WT mice were used as
controls. A. White blood cells count (WBC) (x10%/uL), platelet count (x10%uL), Hematocrit
(%) and Hemoglobin (g/dL) were analyzed weekly from week 0 to week 4 post-Jak2Vel’F
induction (end of treatment and sacrifice). Data represent mean+SEM, *p<0,05; **p<0.01;
***n<0.005, one-way ANOVA coupled to Bonferroni test. WT + vehicle (n=11) or PB (n=11),
KOKI + vehicle (n=9) or PB (n=11). B. Total BM cellularity for 2 femurs and 2 tibias (x10°).
C. Spleen weight (mg). B-C. Data represent mean + SEM, *p<0.05; **p<0.01; ***p<0.005,
nonparametric Mann-Whitney test. WT+vehicle (n=6, 9); WT+PB (n=8,11), KOKI+vehicle
(n=6, 9), KOKI+PB (n=7, 11). D. Mean ploidy >4N for BM MKs. Data represent median with
95%ClI, *p<0.05, nonparametric Mann-Whitney test. n=3-4 for each condition. E. Left panel:
Representative pictures of KOKI BM stained with a standard histological silver kit to
underscore reticular fibers. Scale bar = 20 um. Right panel: Fibrosis grade scored in BM. Data
represent meant SEM, **p<0.01, nonparametric Mann-Whitney test. WT+vehicle (n=3),
WT+PB (n=3), KOKI+vehicle (n=6), KOKI+PB (n=3). F. Total and active concentration of

TGF-B1 in BM supernatant. Total concentration is measured after latent TGF-B1 activation

11
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with HCI. Data represent mean£SEM, *p<0.05; **p<0.01, nonparametric Mann-Whitney test.
WT+vehicle (n=4) or PB (n=5), KOKI+vehicle (n=6) or PB (n=5). G-I. PB specifically targets
the Jak2V81'F clone. G-H. The irradiated (9.5 Gy) WT mice were engrafted with 3x10° cells
(75% WT-GFP* + 25% KI- or KOKI-GFP"). After 4 weeks of hematopoietic reconstitution,
Jak2V8'’F was induced by tamoxifen. From week 2 to 6 post-Jak2V51’F induction, mice were
treated daily with vehicle or 125 mg/kg PB (dose not toxic for engrafted animals, SF 11) and
analyzed at the end of treatment. G. Frequency of Jak2V®!’F (GFP") granulocyte precursors (Gr-
1°CD11b"), platelets (CD41"), and erythrocytes (Ter-119) were analyzed weekly from week
0 to week 6 post-Jak2V61’F induction. Data represent mean+SEM, **p<0.01; ***p<0.005, one-
way ANOVA coupled to Bonferroni test. KOKI+vehicle (n=8), KOKI+PB (n=9), Kl+vehicle
(n=9), KI+PB (n=9). H. Frequencies and absolute numbers of BM Jak2V®'’F MKs
(CD417CD42"), erythroblasts (CD71*Ter-119%) and granulocyte precursors (Gr-1"CD11b%).
Absolute numbers are calculated according to the total frequency of the population of interest
and the total BM cellularity. Data represent meantSEM, ns: non-significant *p<0.05;
**p<0.01; ***p<0.005, nonparametric Mann-Whitney test. KOKI+vehicle (n=8), KOKI+PB
(n=9), Kl+vehicle (n=9), KI+PB (n=9). I. CD34" cells isolated from ET and PV patients were
cultured at 1 progenitor/well in 96-well plates in presence of EPO, TPO, FLT3-L, IL-3, G-CSF,
IL-6, SCF and GM-CSF without or with PB (0.1 uM) for 14 days. Then the individual colonies
were genotyped for JAK2V®F or wild-type (WT) JAK2 status for 3 ET and 2 PV patients with
heterozygous JAK2V8'F mutation with a VAF 4-40.5%. Shown is a ratio of the colony numbers
grown in presence of PB normalized to the colony numbers grown in absence of PB (vehicle).

Data represent mean=SEM, ns: non-significant; **p<0.01, nonparametric Mann-Whitney test.
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MATERIAL AND METHODS

Patients

Peripheral blood samples were collected from patients with their written informed consent in
accordance with the Declaration of Helsinki and the study was approved by the Ethics
Committee from Gustave Roussy; from Comité de Protection des Personnes (CPP) lle de
France IV- Institutional review board (agreement from US Department of Health and Human
Services n°IRCB 00003835- Protocol 2015/59-NICB and then n°IRCB 2021-A03067-34.) The
JAK2VIF \/AF (4.4-40.5%) was determined on granulocytes by PCR (patient N*1) or by NGS
(patients N*2-5). The sampling was done during the treatment with hydroxyurea or aspirin and
the additional mutations are listed in ST1.

Patient cell purification

Mononuclear cells were purified from peripheral blood cells by a Ficoll density gradient, and
CD34" cells were purified by a double-positive magnetic cell sorting system (AutoMACS;
Miltenyi Biotec).

Mice

Heterozygous p19'™4%*- mice with a C57BL/6 x Sv129j genetic background were kindly
provided by Martine Roussel (Memphis, TN) and crossed to obtain homozygous p19"44** and
p19"™4d” mice. Homozygous p19"™“%" mice were crossed with the conditional
Jak2FLEXVeITF* g -Cre*- K1 mice available in the laboratory. Transgenic mice expressing GFP
(UBI-GFP/BL6)! were used in competitive assays.

All animal experiments were performed in accordance with 2010/63/UE European legislation
and decree n°2013-118 of French legislation; and recorded under protocol number 2012_060
and 2020 _007_23589. Mice were housed in pre-clinical platform of Gustave Roussy Animal
Facilities PFEP (Villejuif, France) (ministerial approval n® 94-076-11) under 12-hour light/12-
hour dark cycles and monitored ambient temperature (21 £ 1 °C) and humidity range (20—70%).

Mice genotyping

Mice were genotyped using the Mouse Direct PCR Kit according to manufacturer’s protocol
(Bimake) with the different sets of primers available upon request.

Jak2Vé1’F induction by tamoxifen

Tamoxifen (Sigma) solution was administrated to 6-8- weeks-old mice at 200 mg/kg by force-
feeding during 4 days. Mice were subsequently fed during 2-4 weeks with tamoxifen food
(Ssniff Diet + 400 mg/kg tamoxifen (Sigma)).

Blood parameters and mouse experimentation

Blood parameters were determined using an automated blood counter (MS9, Schloessing
Melet). BM cells were collected by flushing the femurs and two tibiae of individual mice.
Cellularity was calculated using the 2 femurs and 2 tibias or 1 femur of mice as indicated in
legends. Spleens were weighted and dissociated to prepare single-cell suspensions. The BM
and spleen cell number was determined by Sysmex Cell Counter.
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Cell analysis by flow cytometry

BM lineage-negative (Lin") cells were identified for their absence of labeling with the following
FITC-conjugated antibodies (Ab) against CD3, Ter-119, CD11b, Gr-1, B220 (BioLegends).
APC-conjugated antibodies for GFP positive mice were used in competitive engraftment
experiments. BM and spleen cell content were investigated including: progenitor cell-enriched
fraction Lin"Sca-1"c-Kit" (LSK), hematopoietic stem cell (HSC)-enriched population Lin"Sca-
17c-Kit"CD48'CD150* (SLAM), and progenitors from the megakaryocytic (MK-P: Lin"Sca-1-
c-Kit"CD150"CD41"), erythroid (pre-CFU-E: Lin'Sca-1c-Kit"CD41 CD150"FcyRII/II
CD105") and granulocytic (GMP: Lin Sca-1c-Kit"CD41 FcyRII/I1I"CD1507) lineages, using
the anti-c-Kit-PerCP/Cy5.5, -Sca-1-PE/Cy7, -CD150-PE, -CD41-BVv421, -CD105-APC, -
CD16/32-APC/Cy7 and -CD48-Pacific Blue Ab (all purchased from BioLegend).

Precursor and mature cells including MKs (CD417CD42"), granulocytes (Gr1*CD11b") and the
erythroid lineage (CD71%Ter119", CD71"Ter119", CD71 Ter119*), were analyzed with Ab
against CD41-PerCP/Cy5.5, CD42d-APC, Gr1-FITC, Cd11b-PE, Terl19-FITC (BioLegend),
CD71-PE (BD).

Activation of MKs, was investigated by determining the level of P selectin on the cell surface.
In this purpose, the Median Fluorescent Intensity (MFI) of anti-P-selectin-PE Ab (Emfret) and
of 1gG-PE at cell surface (without activation) was measured on cells expressing CD41 and
CDA42 (anti CD41-PerCP/Cy5.5 and CD42d-APC antibodies) after Lin positive depletion.
Treatment of cells with TRAP 4 at 10mM was used as a positive control of activation.

Progenitors cell cycle analysis by flow cytometry

BM progenitors were first labelled with non-conjugated antibodies against CD3-FITC, Ter-
119-FITC, Cd11b-FITC, Gr-1-FITC, B220-FITC, then with c-kit PerCP/Cy5.5, Sca-1-PE/Cy7,
CD41-AF700R, CD48-APC/Cy7 and CD150-PE (BioLegend). After extracellular staining,
cells were fixed and permeabilized with Cytofix/Cytoperm and cytofix plus (BD Biosciences).
The intracellular staining was then performed with a Ki-67-APC Ab (Biolegend) and with
DAPI (5 ug/mL). Different cell cycle phases were analyzed by flow cytometry.

Flow Cytometry analysis and cell sorting

FACSCanto Il, FACS Canto X and LSR Fortessa (BD Biosciences) were used for analysis. All
data were collected on Diva software. INFLUX (BD Biosciences) was used for cell sorting.

MK ploidy analysis

BM MKs were labeled with anti-CD41-FITC and anti-CD42d-APC Ab (BiolLegend). After
hypotonic lysis with a citrate solution containing 50 pg/mL propidium iodide (PI) (Sigma-
Aldrich), ploidy was determined using a FACSCanto Il cytometer (BD Bioscience). The mean
ploidy in >4N MKs was calculated as (%8Nx0.08) + (%16Nx0.16) + (%32Nx0.32) +
(%64Nx0.64) + (%128Nx1.28) + (%256Nx2.56).

Histology and immunohistochemistry

BM (femur) and spleen samples were fixed in 4% paraformaldehyde (PFA), decalcified and
embedded in paraffin. Sections were stained with hematoxylin, eosin and safran. MK were
revealed with immunohistochemistry using a rabbit anti-von Willebrand Factor (VWF) antibody
(Dako). Reticulin fibers were stained following the Gordon and Sweet’s silver staining
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procedure (black stain). Slides were examined using a Zeiss Axiophot microscope (Carl Zeiss)
with 2.5x1 (magnification x2.5) or 10x/1 (magnification x10) numeric aperture objectives.

Immunofluorescence

BM (femur) and spleen samples were fixed in 4% paraformaldehyde (PFA), decalcified and
embedded in paraffin. After deparaffinization and rehydration, the antigen retrieval was
performed (Tris EDTA pH8, 98°C, 30min). Slides were cooled 30 min at room temperature and
after washing in distilled water they were permeabilized (4% Triton X-100 in PBS (PBS-T))
and blocking of non-specific binding was done with 5% BSA in PBS-T for 10 min. Then the
slides were incubated with specific anti-vWF-FITC (Abcam) and P-selectin-PE (Emfret)
antibodies diluted in blocking solution (1% BSA in PBS-T) for 1h at room temperature. Nuclear
labelling was done with DAPI (Molecular Probes). The slides were examined using Vectra
Polaris Automated Quantitative Pathology Imaging System (AKOY A) with a x20 objective.

Transmission electron microscopy

Tibias were flushed with 2% glutaraldehyde in 0.1M phosphate buffer for 1h at 4°C for fixation
and were postfixed with 2% osmium tetroxide in 0.1M phosphate buffer for 1h at room
temperature. Following dehydration through a graded ethanol series, samples were embedded
in Epon™ §812. Polymerization was complete after 48 h at 60 °C. Ultrathin sections were
stained with standard uranyl acetate and lead citrate and observed with FEI Tecnai 12 electron
microscope. Digital images were taken with a SIS Megaviewlll CCD camera.

In vitro growth of MKs in semi-solid conditions

To quantify MK progenitors (CFU-MK), 1x10° total BM cells were seeded in serum-free fibrin
clot media as previously described? supplemented with TPO (10 ng/mL, Kirin Brewery, Tokyo,
Japon), mSCF (25ng/mL, Biovitrum AB, Stockolm, Sweden) and IL-6 (10ng/mL, Peprotech,
France).

After 7 days of culture, cells were fixed with glutaraldehyde 5% and MK colonies were stained
with acetylcholinesterase solution (acetylcholine iodide dissolved in sodium phosphate buffer
pH 6.3, 0.1 M sodium citrate, 30 mM copper sulfate, 5mM potassium ferricyanide).

TGF-B1 and VWF level determination in BM supernatant
BM cells were recovered by flushing one femur in 1 mL of PBS and centrifuged.
TGF-p1

a) TGF-B1 level in the supernatant was detected using the Quantikine ELISA Kit (R&D system,
Bio-Techne SAS). The kit detects active TGF-B1 levels. In order to measure latent TGF-f1
levels, we followed the manufacturer’s instruction to activate the latent form by addition of
20% of IN HCI followed with neutralization with 15% of 1.2N NaOH/0.5 M HEPES. Total
TGF-B1 represents the addition of latent and active forms.

b) 40 x 10° of BM stromal murine MS-5 cells were co-cultured in 6-well plates with 200ul of
BM supernatants and 800 ul of DMEM supplemented with 10% FCS at 37°C in 5% CO> for 5
hours. The expression levels TGF-f1 responding genes (Ccn2, Actal and Pail) were then
measured by qPCR.3
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VWF

VWEF antigen levels in BM supernatants were measured with an in-house enzyme-linked
immunosorbent assay essentially as previously described*. A pooled plasma prepared from 20
(males and females) C57BI/6 mice was used as reference.

Transplant procedures

Recipient are WT mice irradiated at 9.5Gy with XRAD 320 KV irradiator. These mice were
grafted with 3x108 (15x10° cells/mL in PBS) WT or non-induced KOKI BM cells by retro
orbital injection. For competitive procedure mice have received 75% of WT-GFP cells + 25%
of non-induced K1 Jak2V®!'F or 25% of non-induced KOKI cells. Proportions of cells have been
verified by following the GFP by flow cytometry. Four weeks after engraftment, Jak2V617"
expression was induced by tamoxifen.

Palbociclib administration

Palbociclib isethionate salt (#P-7766, LC Laboratories, USA) was suspended in sterile water
(15 or 12.5 mg/mL) and 200 pL/20g were administered to the mice every 24 h by force-feeding.
Preventive treatment was administrated between weeks 2 and 4 post- Jak2V®!'F induction at
150mg/kg for native mice. For engrafted mice, PB was administrated between weeks 2 and 6
post-Jak2V61'F induction at 125 mg/kg (or at the indicated concentration in the legend). Control
mice received vehicle (water). The toxicity of Palbociclib was tested in both native and
engrafted mice (SF11).

Patient progenitor cultures

To study the effect of Palbociclib, CD34" cells were sorted (anti-CD34-APC Ab (BD) and
DAPI’) at 1 progenitor/well in 96-well plates with a BD Influx cell sorter. Clones were
expanded in serum-free medium with a cocktail of human recombinant cytokines containing 1
U/mL EPO (Amgen), 20 ng/mL TPO (generous gift from Kirin), 10 ng/mL FLT3-L (Celldex
Therapeutics), 10 ng/mL IL-3, 20 ng/mL G-CSF, 10 ng/mL IL-6 (Miltenyi Biotech), 25 ng/mL
SCF and 5pg/mL GM-CSF (Peprotech) without or with Palbociclib (0.1 uM). Fourteen days
later, individual colonies corresponding to the progeny of each progenitor were lysed and DNA
was genotyped for homozygous, heterozygous or wild-type (wt) JAK2V1'F status as previously
described®.

gPCR

Sorted BM MKs and MS-5 cells cocultured with BM supernatants were kept in Trizol and RNA
was extracted with Direct zol RNA Microprep. p19'"™4d CDK6, Ccn2, Acta2 and Pail
expression levels were measured by RT-qPCR (Superscript IV Vilo and Takara Sybr Green).
HPRT was used as housekeeping gene. Following murine primers were used: p19'"4d: F: CAA-
GAT-GCC-TCC-GGT-ACT-AG and R: CAA-CTC-CAG-GGG-AGT-GAG-AC; Cdke: F:
GGCACCTGGAGACCTTCGA and R: CGTGACACTGTGCACACATCA; Ccn2: F: AGG
ACCGCACAGCAGTTGand R: GCAGTT GGC TCG CAT CAT AG; Acta2: F: TCA GGG
AGT AAT GGT TGG AAT GG and R: GTT GGT GAT GAT GCC GTG TTC,; Pail: F: CTC
CTCATCCTGCCTAAGTTCand R: GTCCCG CTC TCG TTT ACC.

Cytometry data and statistical analyses.

Cytometry data were analyzed on FlowJo software and statistical analyses were performed
using the Prism software. If not otherwise mentioned, tests used an unpaired design with two-
tailed nonparametric Mann-Whitney test. Blood parameters were analyzed with the One-way
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ANOVA with the Bonferroni correction test. Results are presented as means £ SEM. *p < 0.05,
“*p < 0.01 or **p < 0.001; ****p<0,0001; “n =" stands for individual mice in all experiments.
Data sharing statement

Other material and methods will be provided upon request by corresponding author.
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SF1: Ploidy and p19'"k4d and CDK6 expression levels in WT and Jak2Vé'’F (K1) MKs.

A. p19'™4d and Cdk6 expression relative to HPRT in WT and KI CD41*CD42* MKs after 3
weeks post-Jak2V61’F induction. Data represent mean+SEM, *p<0.05; **p<0.01; ***p<0.005,
nonparametric Mann-Whitney test. WT (n=4, 5) and KI (n=5). B. The representative picture of
BM MK ploidy for WT and KI mice.

21



521
522  Supplementary figure 2

A .. ~w B .
- KOp19 -
. - K = =
o S
2 ool . - KOKI g o) 2 o
] 4 S
2 s = =
uw 404 * - =
o hd S 20004 2
2 : o :
2 s 3
@ 1000} 1 I8}
100 200 300 400 T |MW g »]
]
V617F ; ®
Days post Jak2 induction =
5 10 15 5 10 15
Weeks post Jak2V617F induction Weeks post Jak2V67F induction
| 65
1004
604
- 2 5
204 3
3 8% AL g el 3 g
'AE 604 EEed p— c a&
Q
g : 3 § 2
® 40 " W o E
£ S 1o c 3
o £ © 04
T ] s>
204 x 404
H 10 1s i o s 3 T Ts
Weeks post Jak2Vé17F induction Weeks post Jak2"6*f induction Weeks post Jak2Vé17F induction
1 wr
KO p19
[
%)
‘D 3 Kok
o w
S8
[ g
E oo
o

525  SF2. P19'"k4d depletion favors the rapid development of splenomegaly and myelofibrosis
526  in Jak2V®1’F context

527  A. Survival curve (315 days follow-up) for the WT, p19 KO (KO p19), Jak2V517F K1 (KI) or
528  pl19 KO/Jak2Vé'F KI (KOKI) mice according to the days post-Jak2V61’F induction. n=7-11 for
529  each genotype. Log-rank test was used, *p<0.05; **p<0.005; ***p<0.001. B. Platelet count
530  (x10%/uL), white blood cells count (WBC, x10%/uL), hematocrit (%), hemoglobin (g/dL) and
531  mean corpuscular (um®) were analyzed weekly for 11 weeks post-Jak2V®'’" induction. Data
532  represent meantSEM, *p<0.05; **p<0.01; ***p<0.005, one-way ANOVA coupled to
533  Bonferroni test, (n=4 to 29). C. Fibrosis grade scored in bone marrow (BM) of WT (n=3 or 4),
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KO p19 (n=3), KI (n=3 or 4) and KOKI (n=3 or 4) mice at different weeks (W) post-Jak2V61'F
induction. Data represent mean+SEM, *p<0.05, nonparametric Mann-Whitney test. D.
Representative pictures of spleen stained with a standard histological silver kit to reveal

reticular fibers at 3 and 8 weeks post-Jak2®’F induction. Scale bar = 20um.
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Supplementary figure 3
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SF3. A-B. Representative pictures of BM (A) and spleen (B) von Willebrand factor staining at

3 and 8 weeks post-Jak2V®1’F induction. Scale bar = 20pm.
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P19'"k4d depletion favors the rapid development of extramedullar hematopoiesis in

Jak?2Vel7F context

SF4.

Erythroid differentiation followed in bone marrow (A, C) and spleen (B, D) with CD71 and
Terl19 markers at week 1 (W1; A, B) and 3 (W3; C, D) post-Jak2V6l'F induction.
CD71"Ter119 cells represent the more immature erythroblasts and the CD71 Terl19*
population represents the more mature erythroid cells. E. Absolute numbers of granulocytes
(Gr1* CD11b") in spleen at week 1 (W1) and 3 (W3) post-Jak2V®1’F induction. A-E. Absolute
numbers are calculated according to the total frequency of each population and the total BM or
spleen cellularity. Data represent mean+SEM, *p<0.05; **p<0.01; ***p<0.005, nonparametric
Mann-Whitney test. WT (n=6-12), KO p19 (n=7-11), KI (h=9-11) and KOKI (n=11-16).
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SF5. P19'"k4d depletion favors the amplification of MK lineage in Jak2V®17F context

A. Frequency of MK-Ps (Lin™ Sca-1c-kit'CD41*CD150%) in BM 3 weeks post-Jak2V6l’F
induction. WT (n=10), KO p19 (n=10), Jak2Ve1'F KI (KI, n=12), p19 KO / Jak2V®!'F KI (KOKI,
n=12). B, D. The numbers of MK stained by immunohistochemistry with vWF in BM (B) and
spleen (D). The MK numbers were counted on equal area of 3 independent BM and 5
independent spleen pictures for each mouse. WT (n=5), KO p19 (n=4), Jak2V®'"F KI (KI, n=4),
pl9 KO / Jak2V®'F KI (KOKI, n=5). Data represent mean+SEM, *p<0.05; **p<0.01,
nonparametric Mann-Whitney test. C. Absolute numbers of MK-Ps in spleen at week 3 post-
Jak2VelF induction. Data represent mean+SEM, *p<0.05; **p<0.01; ****p<0.0001,
nonparametric Mann-Whitney test. WT (n=8), p19 KO (n=8), KI (n=8) and KOKI (n=12). E.
Ploidy of BM MKs is calculated for each genotype after 3 weeks of Jak2Y®'"Finduction. The
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representative picture for KO p19 and KOKI genotype is shown on the left panel. The
representative picture for WT and KI genotype is shown on SF 1B. The mean percentage for
each peak (from 2N to 256N) and for each genotype is shown on the right panel. Data represent
mean=SEM, *p<0.05; **p<0.01; ***p<0.005, nonparametric Mann-Whitney test. WT (n=8),
pl9 KO (n=10), Jak2V®'’F Kl (n=12), p19 KO / Jak2V®¥’F Kl (KOKI, n=9). F.
Immunofluorescence staining of MKs in BM of WT or KOKI mice 3 weeks post-Jak2Vé1’F
induction. VWF is in red, P-selectin in green and nucleus (DAPI) in blue color. A diffuse
localization of VWF and P-selectin are detected in BM of KOKI mice. Scale bar = 20um.
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SF6. Abnormal ultrastructure of MKs in KOKI mice with increased TGFb1 secretion.
A-D. Representative pictures of MKs in BM of WT, Kl or KOKI mice at 1-week post-Jak2V61'F
induction observed by electronic microscopy. WT (A) and Kl (B) MKs with conserved
marginal zone are shown. C. Emperipolesis in KI and KOKI MKs indicated by black arrows.
D. KOKI MKs with disrupted marginal zone are shown. Red arrows indicate the granules,
yellow arrows the mitochondria and green arrows the exosome-like particles localization on the
periphery of cells. The lower panels show zooming in on the black squares of the panels at the
top.

The interrupted black lines show the edge of the cell wall. Scale bar =2, 5 or 10um as indicated.
E. Total and active concentration of TGF-f1 in BM supernatant after 1 (W1) week post-
Jak2V®!F induction. Total concentration is measured after latent TGF-B1 activation with HCI.
Data represent mean+SEM, *p<0.05; **p<0.01; ***p<0.005, nonparametric Mann-Whitney
test. WT (n=6), KI (n=8, 4), KOKI (n=10, 5). F. Ccn2; Acta2 and Pail expression relative to
Hprt in MS-5 stromal cells co-cultured for 5h with BM supernatants isolated from BM of WT,
K1 and KOKI mice at 1-week post-Jak2v®1’F induction. Data represent mean+SEM, *p<0.05;
nonparametric Mann-Whitney test. WT (n=4), Jak2V®'’F K| (n=4) and KOKI (n=4).
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Supplementary figure 7
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SF7. Palbociclib treatment prevents establishment of extramedullary hematopoiesis 2
weeks after Jak2V!'F induction, mice were treated daily with PB (150 mg/kg) for 2 weeks. A-
D. Absolute numbers of bone marrow progenitors at the end of treatment with vehicle or PB.
A. LSK (Lin'Sca-1"c-Kit"). B. Pre-CFUE (Lin™ c-kit" Sca-1"CD41" FCyR" CD105" CD150").
C.GMP (Lin c-kit" CD41" FCyR" CD150°). D. MK-P (Lin" Sca-1¢c-Kit"CD150"CD41"). Data
represent meantSEM, *p<0.05, nonparametric Mann-Whitney test. WT+vehicle (n=3),
WT+PB (n=4), KOKI+vehicle (n=3), KOKI+PB (n=4). E-H. Absolute numbers of progenitors
in the spleen at the end of treatment. E. LSK. F. Pre-CFU-E. G. GMP. H. MK-P. Data represent
mean+SEM, *p<0.05, nonparametric Mann-Whitney test. WT+vehicle (n=3), WT+PB (n=4),
KOKI+vehicle (n=3), KOKI+PB (n=4). Absolute numbers were calculated according to the
total BM or spleen cellularity.
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Supplementary figure 8
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SF8. Palbociclib treatment partially restores megakaryopoiesis in KOKI mice

Pl

T
o 102

1=y, b T
10° 10* 10°

KOKI

2 weeks after Jak2V®!’F induction, mice were treated daily with PB (150 mg/kg) for 2 weeks.
A. Absolute numbers of mature MKs (CD41°CD42*) in BM (1 femur). Data represent
mean+SEM, *p<0.05, nonparametric Mann-Whitney test. WT+vehicle (n=3), WT+PB (n=3),
KOKI+vehicle (n=4), KOKI+PB (n=4). B. Ploidy analysis: representative histograms of BM
MKs for WT or KOKI mice with or without PB treatment. C. Representative pictures of BM

von Willebrand factor (VWF) staining for WT or KOKI mice with or without treatment.
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Supplementary figure 9
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SF9. Palbociclib treatment prevents the myeloproliferation and restores the
megakaryopoiesis in Jak2V®1’F context

The irradiated (9.5 Gy) WT mice were engrafted with 3 x10° of total BM WT, Jak2"®1’F K|
(K1) or p19 KO / Jak2V8i'F K| (KOKI) cells. After 4 weeks of hematopoietic reconstitution,
Jak2V8F was induced by tamoxifen. From week 2 to 6 post-Jak2V61'F induction, mice were
treated daily during 4 weeks with vehicle or PB (125 mg/kg) and analyzed at the end of
treatment. A. Shown are: white blood cells count (WBC) (x10%/uL), platelet count (x10%/uL),
hematocrit (%), hemoglobin (g/dL) and red blood cells (RBC) count (x10%/uL). Data
represent mean + SEM, *p<0,05 ; **p<0,01 ; ***p<0,005, ****p<0,0001 one-way ANOVA
coupled to
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Boneferroni test. WT + vehicle (n=9), WT + PB (n=9), KI + vehicle (n=11), KI + PB (n=10),
KOKI + vehicle (n=11), KOKI + PB (n=12). B. Total BM cellularity for 2 femurs and 2 tibiae
(x10%). C. Spleen weight (mg). B-C. Data represent mean+SEM, *p<0.05; **p<0.01;
***p<0.005, nonparametric Mann-Whitney test. WT+vehicle (n=9), WT+PB (n=9),
Kl+vehicle (n=11) KI+PB (n=10), KOKI+vehicle (n=11), KOKI+PB (n=12). D-E. Absolute
numbers of MK progenitors (MK-P, Linc-Kit'Sca-1"CD150"CD41") (D), and mature MKs
(CD417CD42*) (E) in total BM calculated according to their frequency and the total BM
cellularity. Data represent mean£SEM, *p<0.05; **p<0.01; ***p<0.005, nonparametric Mann-
Whitney test. WT+vehicle (n=8), WT+PB (n=9), Kl+vehicle (n=10,11) KI+PB (n=9),
KOKI+vehicle (n=10,8), KOKI+PB (n=11,9). F. Mean ploidy level of mature BM
CD41°CD42" MKs stained with propidium iodide. Data represent meantSEM, *p<0.05;
**p<0.01; ***p<0.005; ****p<0.0001, t-test Mann-Whitney. WT + vehicle (n=9), WT+PB
(n=9), Kl+vehicle (n=12), KI+PB (n=10), KOKI+vehicle (n=10), KOKI+PB (n=11). G. Cell
cycle analysis of MK-Ps. Gating strategy is shown on the top panel. Histograms on bottom
panel represent different cell cycle phases (GO, G1, S/G2/M) in MK-Ps of all genotypes treated
with vehicle or PB (125mg/kg). Data represent mean+SEM, *p<0.05; **p<0.01; ***p<0.005,
nonparametric Mann-Whitney test. Statistical analysis represents the significative difference
between each cell cycle phase compare to their respective control: PB condition is compared to
vehicle condition for same genotype and for same cell cycle phase. For vehicle, different
genotypes are compared to the WT for the same cell cycle phase. WT+vehicle (n=8), WT+PB
(n=9), Kl+vehicle (n=11), KI+PB (n=9), KOKI+vehicle (n=11), KOKI+PB (n=9). H. Left
panel: Representative pictures of BM stained with a standard histological silver kit to
underscore reticular fibers or von Willebrand factor. Scale bar = 50um. Right panel: Fibrosis
grade scored in bone marrow (BM). Data represent mean+SEM, *p<0.05, nonparametric Mann-
Whitney test. KOKI+vehicle (n=3), KOKI+PB (n=5).
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671  SF10. Palbociclib specifically targets the Jak2V61’F clone

672 Irradiated (9.5Gy) WT mice were engrafted with 3x10° cells (75% WT-GFP* + 25% KI- or
673 KOKI-GFP"). After 4 weeks of hematopoietic reconstitution, Jak2v®'’F was induced by
674  tamoxifen. From week 2 to 6 post-Jak2V®'’F induction, mice were treated daily with vehicle or
675 PB (125mg/kg) and analyzed at the end of treatment. A. Shown are: white blood cells count
676  (WBC) (x10%/uL), platelet count (x10%uL), hematocrit (%), hemoglobin (g/dL) and red blood
677  cells count (RBC) (x10%uL). Data represent mean+SEM, *p<0.05; **p<0.01; ***p<0.005,
678 one-way ANOVA coupled to Boneferroni test. KOKI+vehicle (n=8), KOKI+PB (n=9),
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Kl+vehicle (n=9), KI+PB (n=9). B. Gating strategy for the analysis of WT granulocytes
(Gr1*CD11b*GFP"), WT erythrocytes (Terl19*GFP*) and WT platelets (CD41"GFP") in
peripheral blood. C. Total BM cellularity for 2 femurs and 2 tibiae (x10°). D. Spleen weight
(mg). B, D. Data represent mean + SEM, *p<0.05; **p<0.01; ***p<0.005, nonparametric
Mann-Whitney test. KOKI+vehicle (n=8), KOKI+ PB (n=9), Kl+vehicle (n=9), KI+PB (n=8).
E. Frequencies and absolute numbers of BM Jak2V®’F progenitors: LSK (Lin"Sca-1*c-Kit*),
SLAM (Lin'Sca-1*c-Kit"CD48CD150%) and MK-P (Lin"Sca-1¢c-Kit"CD150"CD41").
Absolute numbers are calculated according to the total frequency of the population of interest
and the total BM cellularity. Data represent mean£SEM, *p<0.05; **p<0.01; ***p<0.005,
nonparametric Mann-Whitney test. KOKI+vehicle (n=8), KOKI+PB (n=9), Kl+vehicle (n=9)
KI+PB (n=9).
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Supplementary figure 11
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A. 2 weeks after Jak2V61’F induction, WT and p19 KO / Jak2"®1"F K1 (KOKI) mice were treated
daily with PB (150 mg/kg) for 2 weeks. Mouse weight was followed each week, the histogram
represents the percentage of weight loss at the end of 2 weeks of treatment compare to the initial
weight. Data represent meanzSEM. WT+vehicle (n=14), WT+PB (n=16), KOKI+vehicle
(n=16), KOKI+PB (n=14). B. Irradiated (9.5Gy) WT mice were engrafted with 3 x10° WT
cells. After 4 weeks of hematopoietic reconstitution, mice are treated daily during 6 weeks with
vehicle or PB (80 or 150mg/kg). Mouse weight was followed each week, the histogram on the
left panel represents the percentage of weight loss at the end of each week of treatment compare
to the initial weight. A dose of 150 mg/kg induced a 20% loss of weight and was considered as
a toxic in transplanted mice. Spleen and liver weights are shown on the right panel. Data
represent meantSEM, *p<0.05; nonparametric Mann-Whitney test. WT+vehicle (n=4),
WT+80 mg/kg PB (n=5), WT+150 mg/kg PB (n=5). C. The irradiated (9.5Gy) WT mice were
engrafted with 3 x10° of non-induced KOKI cells. After 4 weeks of hematopoietic
reconstitution, Jak2V®'’F was induced by tamoxifen. Mice were treated daily from week 2 to
week 6 post-Jak2V®1’F induction with vehicle or PB (80, 100 or 125 mg/kg). Mice weight was
followed each week, the histogram on the left panel represents the percentage of weight loss at
the end of each week of treatment compare to the initial weight. BM cellularity, spleen and liver
weights are shown on the right panel. A decrease in the spleen weight with PB treatment
correspond to the decrease of splenomegaly in KOKI mice. A dose of 125 mg/kg of PB is not
toxic in the transplanted mo del and was chosen for further experiments. Data represent

SF11. Toxicity test of Palbociclib treatment
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mean+SEM, *p<0.05; nonparametric Mann-Whitney test. KOKI+vehicle (n=3), KOKI+80
mg/kg PB (n=3), KOKI+100 mg/kg PB (n=3), KOKI+125 mg/kg PB (n=4).

Patient N# (Polycythemia JAK2VOIFV/AF (%) Additional mutations

vera or Essential (VAF %)

thrombocythemia)

1 (PV) 4.4* nd

2 (PV) 12 TET2MS085™ (23)
BCORL1"8105 (13)
TP53Y220C (4 5)

3(ET) 8 SF3B1K866N (25)

4 (ET) 11 DNMT3APL (9)

5(ET) 40.5 TET2 R1452% (1.5)
SF3B1 K6eeN (1)

Supplementary table 1

ST1. Polycythemia vera (PV) and Essential Thrombocythemia (ET) patients.
List of PV and ET patients, their Jak2V®1’F allelic frequency (VAF) and associated additional
mutations. *VVAF determined by PCR, the other VAFs were determined by NGS. nd: not done.
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