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Abstract: Myelofibrosis (MF) is subtype of myeloproliferative neoplasm (MPN) characterized by a
relatively poor prognosis in patients. Understanding the factors that drive MF pathogenesis is crucial to
identifying novel therapeutic approaches with the potential to improve patient care. Driver mutations
in three main genes (janus kinase 2 (JAK2), calreticulin (CALR), and myeloproliferative leukemia
virus oncogene (MPL)) are recurrently mutated in MPN and are sufficient to engender MPN using
animal models. Interestingly, animal studies have shown that the underlying molecular mutation
and the acquisition of additional genetic lesions is associated with MF outcome and transition from
early stage MPN such as essential thrombocythemia (ET) and polycythemia vera (PV) to secondary
MEF. In this issue, we review murine models that have contributed to a better characterization of MF
pathobiology and identification of new therapeutic opportunities in MPN.

Keywords: myeloproliferative neoplasm; MPN; mouse model; myelofibrosis; cancer; hematopoietic
stem cells; oncogene; mutation

1. Introduction

Myeloproliferative neoplasms (MPN) are a group of myeloid-derived malignancies that lead to
excessive production of blood cells (erythrocytes, leukocytes, or platelets). Genetic gain of function
mutations drive abnormal clonal proliferation of myeloid progenitors, leading to accumulation of fully
differentiated hematopoietic elements. Unlike in acute myeloid leukemia (AML), MPN hematopoietic
progenitors retain a relatively normal differentiation program. However, they are characterized by
hypersensitivity to cytokines, in particular, to erythropoietin (EPO) and thrombopoietin (TPO) [1,2].
Three MPN subtypes have been identified: essential thrombocythemia (ET), polycythemia vera (PV),
and primary myelofibrosis (PMF). PMF was previously known as chronic idiopathic myelofibrosis
(CIMF), agnogenic myeloid metaplasia (AMM), and myelofibrosis with myeloid metaplasia (MMM).
In 2007, the International Working Group for Myelofibrosis Research and Treatment (IWG-MRT)
standardized the nomenclature referring to PMF [3]. Myelofibrosis arising secondary to PV or ET have
since been named post-PV MF and post-ET MF, respectively. PMF is the least frequent of the three
classic MPN but is the most aggressive and is associated with a significantly shortened survival [4,5].
The abbreviation MF will be used in this review to denote PMF and post ET/PV MFE. MF is defined as
proliferation, atypia of megakaryocytes (MK), and bone marrow (reticulin and/or collagen) fibrosis
(major diagnostic criteria) with additional features of extramedullary hematopoiesis, splenomegaly,
and abnormal cytokine expression.

The vast majority of patients carry mutations that activate the JAK-STAT signaling pathway,
namely janus kinase 2 (JAK2), calreticulin (CALR), and myeloproliferative leukemia virus oncogene
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(MPL). In PMF, JAK2V67F mutations are the most common (58%), followed by CALR (25%) and
MPL (7%) [5-7]. Constitutive or aberrant activation of JAK-STAT signaling plays a pivotal role in
the pathogenesis of MF. Following ligand receptor binding to cytokine receptors such as EPOR or
MPL, homodimeric JAK?2 signaling molecules activate downstream signaling pathways, leading to
the phosphorylation of transcription factor Stat5. This in turn triggers nuclear translocation of these
proteins and activation of multiple targets including inflammatory and survival-related genes [8-10].

Aberrant inflammatory cytokines and signaling molecules affect both hematopoietic stem cells
(HSC) and stromal cells within the hematopoietic niche. Little is known about the cellular targets of
bone marrow fibrosis; however, mesenchymal stromal cells (MSC) from pre-fibrotic MPN patients can
increase extracellular matrix remodeling, can decrease hematopoiesis supporting capacity, and can
thus play a role in MF pathology [11]. In this review, we will review murine models of MF (Figure 1),
discuss new findings that shed light on the underlying molecular mechanisms, and identify therapeutic
opportunities that might improve outcomes in this challenging disease.
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Figure 1. Timeline of published myelofibrosis mouse models.
2. J AK2V617F

JAK2 is a non-receptor tyrosine kinase that mediates cytokine receptor signaling pathways
downstream of MPL and the EPO receptor, where it homodimerizes to initiate STAT1,3,5-dependent
signaling in response to EPO-EPOR or TPO-MPL binding. JAK2 also signals downstream of numerous
other cytokines including interleukin (IL) 3, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and interferon y (IFNy) [12]. An activating mutation in JAK2 which involves a valine to
phenylalanine substitution JAK2V1"F was first identified in 2005 and is the most prevalent mutation in
MPN, found in 95% of PV, and in more than 50% of PMF and ET [1,13-16]

Following the discovery of the JAK2V¢1”F mutation (JAK2"F), retroviral models were generated
to assess the phenotypic effects of this mutation in vivo [1,17-20] (Table 1). Mice transplanted with
JAK2VF expressing donor bone marrow developed a phenotype resembling PV, but MF transformation
was described in two studies [18,19]. Common MPN features such as high hemoglobin, leukocytosis,
and megakaryocyte hyperplasia were observed at early stages in these two studies and splenomegaly
was identified at endpoints, consistent with early PV progressing to MF. However, Lacout and colleagues
described increased fibrosis at later time points (>4 months) after transplantation that were associated
with marrow hypocellularity, anemia, thrombocytopenia, and granulocytosis, more reminiscent of PMF
features. Wernig et al. observed MF in Balb/c but not in C57/Bl6 recipients after retroviral expression of
JAK2VE, suggesting that additional host factors may regulate the development of fibrosis [19].
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Table 1. Models of myelofibrosis generated by retroviral overexpression and bone marrow
transplantation in mice. ET: essential thrombocythemia, MF: myelofibrosis, TPO: thrombopoietin,
PV: polycythemia vera.

Model Strain Vector Phenotype References

Jak2VF C57Bl/6 MEGIX PV with progression to MF [18]
C57Bl/6 and PV, progression to MF was only observed
VF

Jak2 Balb/c MSCV in Balb/c mice [19]
MplW515L Balb/C MSCV Features of ET with progression to MF [21]
Calrdel>2 C57Bl/6 MSCV ET with progression to MF [22]
TPO BDF1 MSCV ET with progression to MF [23]
TPO C57Bl/6 MPZen2 ET with progression to MF [24]

MF transformation potentiation could be explained by different plasmid backbone (pMEGIX
vs. MSCV-IRES-EGFP), transfection efficiencies, or possibly expression level of the Jak2'F transgene.
Of note, in the study of Lacout et al., phenotypic MF was transplantable into secondary recipients
while, in the model generated by Wernig et al., it was not [18,19].

Although informative, retroviral models engender marked overexpression of JAK2V617F, and to
more closely recapitulate physiological level expression, genetically engineered mouse models (GEMM)
of JAK2VF were developed (previously reviewed in detail [25,26]). The development of GEMM
models allowed correlation of disease phenotype with different gene expression levels, resulting in
the conclusion that JAK2"F expression levels influence the MPN phenotype. In one transgenic mouse
model, Shide et al. were able to demonstrate that Jak2"F expression could lead to MF transformation
when Jak2"F expression was higher than wild-type (WT) Jak2 expression [27]. In a second transgenic
model, Xing et al. expressed Jak2"F under the control of the vav promoter [28], resulting in higher
levels of Jak2"F expression and age-related MF in 38% of Jak2"F mice.

Five Jak2"F knock-in models were published [29-32] in which murine Jak2"* from the endogenous
murine [ak2 promoter was expressed in different manners (Table 2). Akada et al. and Mullally et al.
generated conditional Jak2VF knock-in models [29,32] while Jak2VF expression was constitutive in
the model generated by Marty et al. [31]. Hasan and colleagues generated conditional Jak2"F mice,
where mutant Jak2 was expressed from the endogenous locus using the VavCre system [33]; the same
model was later used by Mansier et al. using recombination by PF4Cre [34]. Li et al. developed a
model within which human JAK2"F was conditionally expressed from the endogenous murine Jak2
promoter. In all these models, erythrocytosis, leukocytosis, extramedullary hematopoiesis, and MF
development (in a minority of mice after 26 weeks) were observed. Interestingly, in the conditional
Jak2VF knock-in model we developed, we have not observed MF in primary mice (likely due to
thrombosis-related decreased survival); however, late progression to MF is infrequently observed in
secondary recipients [35]. Once again, heterogeneity in the fibrosis phenotype between the Jak2"*
knock-in models may relate to the level of Jak2"* expression.
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Table 2. Transgenic and knock-in mouse models of myelofibrosis. BMT: bone marrow transplant, ET: essential thrombocythemia, MF: myelofibrosis, PMF: primary

myelofibrosis, TPO: thrombopoietin, PV: polycythemia vera.

Model Type Strain Locus Activation Phenotype References
'Lme L Dec intron 12 on chr18 Line 1: about 50% PV or ET, 50% no
VE . Line 2: between Mef2a and Lrrc28 -
Jak2 Transgenic BDF1 . Constitutive clear phenotype [27]
on chr7, expression under Line 2: PMF
H-2Kb promoter '
Jak2VF Transgenic C57BL/6 XDBA Locus “‘//Z;Ii;‘rf;ﬁs;fr“ under Conditional ET, PV or PMF [28]
Conditional
VavCre: ET with progression to MF
VF : prog
JAK2VF Transgenic C57Bl/6 Huma;lu]rﬁ ;2] Akzxgice)frs\z)(f;runder EXSZE{SZ Mx1Cre: PV with progression [36]
é (Mx1Cre) to MF
= 1295y Conditional, PV with progression to MF in
5 Jak2VF Knock-in C57B/6 Endogenous Jak2 locus on chr19 inducible heterozygous, stronger phenotype [29]
g (Mx1Cre) in homozygous mice
- Y8
I . 129Sv I PV with progression to MF in
= VF . prog
i Jak2 Knock-in C57Bl/6 Endogenous Jak2 locus on chr19 Constitutive heterozygous mice [31]
VE . Conditional, PV, horr'lozygosrcy
Jak2 Knock-in C57Bl/6 Endogenous Jak2 locus on chr19 (E2ACre) embryonically lethal, [32]
MF only in secondary recipients
JAK2VF Knock-in C57Bl/6 Human JAK2VF in endogenous Jak2 Ci?gﬂ?ig?jl, ET, PV and one mouse with MF [30]
locus on chr19 in BMT
(Mx1Cre)
AK2VF Knock-in C57Bl/6 Endogenous Jak2 locus on chr19 Conditional PV with progression to MF [33]
& (VavCre) Prog
Conditional, ET in heterozygous, ET with
Calrdel52 Knock-in C57Bl/6 Endogenous Calr locus on chr8 inducible progression to MF in [37]
(Mx1Cre) homozygous mice
TPO Transgenic BDF1 Locus n/a, driven by the Constitutive Features of ET with progression [38]
a IgH promoter to MF
g Knock-out S
o] o,
g 1 (upstream Endogenous promotor region - >9Q o mortal}ty in C57B1/6, normal
S Gata-1'°% promotor region C57Bl/6CD1 on chrX Constitutive life span with develop-ment of [39]
%J of Gatal) PMF in CD1
Trisomy 21 Chromosomal Chrl16 (harboring 2/3 of human N Down syndrome, features of ET
(Ts65Dn) translocation C57Bl/6 chr21 genes) translocation to chr1?7 Constitutive with progression to MF (401
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3. MPL Mutation (W515L and W515K)

In 2006, point mutations in the TPO receptor MPL were discovered among JAK2VF-negative
MPN [21]. Somatic mutations in MPLW?15M/K have been found in 5% and 1% respectively of MF and ET
patients [41]. Pikman et al. used MPLW15L expressed retrovirally in hematopoietic stem and progenitor
cells (HSPC) to induce MPN characterized by leukocytosis, thrombocytosis, splenomegaly, and reticulin
fibrosis [21] (Table 1). MPLW?15L expression recapitulated phenotypic features of human MF such
as megakaryocytic hyperplasia, splenomegaly, extra medullary hematopoiesis, and thrombocytosis.
Using this model, Kleppe et al. showed that JAK-STAT activation (STAT3) and cytokine production
is found in malignant and nonmalignant hematopoietic cells in MF [9]. MPLW°IL -mutant HSPC
were the largest source of IL6; however, mutant and WT cells secreted tumor necrosis factor (TNF),
IL10, and C-C motif chemokine 2 (CCL2). Global cytokine production and the proportion of cells
secreting multiple cytokines were increased in differentiated cells (both mutant and nonmutant) and in
MPLW51SL mutant-expressing HSPC from MF mice. These data suggest a potential cross talk between
malignant and nonmalignant cells and show that cytokine production by both populations is an
important feature of MF. The authors identified six cytokines (IL6, IL10, IL12, TNFe, CCL2, and CCL5)
aberrantly produced in their murine models, which were also found to be increased in granulocytes
from patients with MF (as compared to healthy individuals). This work provided preclinical evidence
in support of the use of JAK2 inhibitors in MPN patients positive for MPLW?15L mutation [42,43].

4. CALR

CALR is a molecular chaperone protein localizing in the endoplasmic reticulum. In 2013, recurrent
mutations in CALR were described as a key MPN driver mutations, which occur in a mutually
exclusive manner with JAK2 and MPL mutations [6,7]. Two main mutations account for approximately
80% of all identified CALR mutations: a 52-base deletion (del52) (type 1: ¢.1092_1143del) and 5-base
insertion (ins5) (type 2: ¢.1154_1155insTTGTC). However, more than 50 types of CALR mutation
have been reported. All of them are base-pair insertions (+2) or deletions (—1) leading to a +1
base-pair frameshift that generates a mutant-specific 36 amino acid sequence in the CALR C-terminus.
The mutant-specific C-terminus is found in all CALR mutant-expressed proteins and central to the
pathogenesis of disease [6,7]. Subsequent studies by different groups demonstrated that the mutant
CALR protein causes constitutive activation of MPL and downstream JAK-STAT signaling [44—49].
CALR alongside JAK2 and MPL mutations are included as major diagnostic criteria for PMF by the
World Health Organization (WHO) classification of myeloproliferative neoplasms. CALR mutations
are associated with better prognosis and lower risk of thrombosis in patients with PMF compared to
JAK2 mutations [6,50,51]. However, the favorable prognostic effect of CALR mutations in PMF might
be restricted to the type 1 mutant [52].

In 2016, Marty et al. showed that both CALR%/? and CALR™® mutants can be expressed in
mouse lineage-negative bone marrow (BM) cells using retroviral vectors (pMSCV-IRES-GFP) to induce
MPN, with MF developing in CALR%/_expressing mice [22] (Table 1). CALR¥" (lacking the entire
exon 9) did not induce an MPN phenotype, suggesting that gain of function of the CALR mutant
C terminus rather than loss of the WT C-terminal sequence drives the MPN phenotype. CALR®€!52
conferred a competitive advantage over WT HSC in vivo and in vitro, while this phenotype was not
reported for CALR™®, However, CALR"®2 and CALR™> both amplify the megakaryocyte (MK)
lineage. All CALR mutant-expressing mice rapidly developed thrombocytosis due to MK hyperplasia.
After 6 months, CALR¥%2transduced mice developed MF associated with splenomegaly and a marked
osteosclerosis;, however, this was rarely observed in CALR™?. MK progenitors expressing CALRY€!52
displayed a hypersensitivity to TPO, exhibited an increased growth in the absence of TPO, and induced
MPL activation and JAK/STAT signaling. Interestingly, growth of CALRY!>? MK progenitors and
thromobocytosis was dependent on Mpl expression. CALRY/2-Tpo—/— recipient mice developed ET,
suggesting that TPO is not required for in vivo induction of MPN by CALRI2 [22].
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Transgenic [53] or knock-in mice [37,54] expressing human CALRYe52 mytant protein [37] have
also been generated; however, MF was only observed in one model, potentially due to the difference in
transgene loci insertion and expression (Table 2). Shide et al. introduced mutant CALR complementary
DNA in intron 5 of Tmigd3 on mouse chromosome 3 [53], driven by the H-2KB promoter and Moloney
murine leukemia virus long terminal repeat. These CALR mutant mice develop ET, which is sensitive
to ruxolitinib treatment. In contrast, Li et al. generated a conditional mouse knock-in model of the
human mutant C-terminus (CALRY¢!52) knocked into the mouse Calr gene locus, resulting in mutant
CALR expression under the control of the endogenous mouse Calr locus [37]. These heterozygous
CALR mutants developed a transplantable ET-like disease with marked thrombocytosis associated with
increased and morphologically abnormal MK and increased HSC numbers. Homozygous CALR!>2
mice developed extreme thrombocytosis accompanied by features of MF, including leukocytosis,
reduced hematocrit, splenomegaly, and increased bone marrow reticulin fibrosis. Interestingly,
CALR%>2 HSC did not display a competitive advantage upon transplantation in primary or secondary
recipient mice. These data suggest that the expression level of the CALRI¢!52
MF development. More recently, Balligand et al. generated germline Calrd¢’>? knock-in mice using
Clustered Regularly Interspaced Short Palindromic Repeats-Cas9 (CRISPR/Cas9) [54]. These mice had
a transplantable ET phenotype but did not develop MEFE. Finally, CALR sequencing data from patients
has shown that CALR9€!2 js more enriched in MF (70%) compared to CALR™ (13%) [55,56] and that
there is evidence of increased susceptibility to MF for CALR¢> mutations as compared to CALRI™?
mutations [57].

mutant contributes to

5. Other Models of MF

5.1. TPO Overexpression

Although overexpression of TPO is not found in patients with MF, two groups initially reported
induction of MF by retroviral expression of murine TPO within bone marrow cells [23,24] (Table 1).
Very similar phenotypes were observed in these studies, that is, enforced expression of murine
TPO in bone marrow transplanted cells leads to fatal MPN with associated MF and osteosclerosis.
Interestingly, biphasic disease reminiscent of human MF was observed. During the first 10 weeks,
posttransplant mice presented with megakaryocytosis and granulocytosis in both the spleen and
bone marrow with erythroblastic hypoplasia in the bone marrow. In the second phase, pancytopenia,
a drop in hematopoietic progenitors, osteosclerosis, together with spleen and bone marrow fibrosis
were observed.

Using the retroviral TPO overexpression model and genetic fate mapping, Decker et al. investigated
the role of Leptin receptor (Lepr) expressing MSC in MF development [58]. Cells that were positive
for Lepr and platelet-derived growth factor receptor (PDGFR) « were the source of fibrosis-driving
myofibroblasts and expanded extensively in the bone marrow fibrosis induced by TPO overexpression.
Depletion of PDGFRa in myofibroblasts or treatment with imatinib, which also targets the PDGFR
kinase domain, improved the MF phenotype in these mice, resulting in higher BM cellularity and
amelioration of BM fibrosis. Although megakaryocyte dysplasia and fibrosis in the spleen was not
changed upon PDGFRa depletion, the favorable effects on BM fibrosis suggest that targeting PDGFRa
might be a potential strategy in treating MF.

Kakumitsu et al. generated murine TPO transgenic (TPO Tg) mice [38] driven by the IgH promoter.
Similar to the retroviral system, the authors showed elevated platelets and neutrophils in peripheral
blood and increased numbers of megakaryocytes and granulo-myelomonocytic progenitor cells in
the bone marrow. Anemia was also observed in TPO Tg mice, while erythrocyte progenitors were
increased. This suggests a block or a shift in erythroid differentiation toward megakaryocyte/platelet
differentiation. TPO Tg mice developed MF and osteosclerosis starting at 9 months with progression
at 12 months, associated with splenic extramedullary hematopoiesis. It is thought that the local
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production of TPO in the bone marrow and spleen drives the development of fibrosis and osteosclerosis
in that model.

5.2. Gata-1"“ Mouse

Gata-1 is an essential hematopoietic transcription factor regulated by an 8-kb upstream region
containing a DNase hypersensitive site or enhancer region. Gata-1" transgenic mice were generated
by replacing this cis-acting enhancer element by a neomycin-resistance cassette using homologous
recombination in mouse embryonic stem cells [39]. In the CD1 background, most of mice survived until
adulthood but were anemic at birth. These mice present with impaired megakaryocyte maturation
and consequent thrombocytopenia. Gata-1“ mice develop slow progressive MF, resembling the
development of PMF in patients (Table 2) [59]. They become anemic from 5 months of age and
anemia is associated with tear-drop poikilocytes, circulating progenitor cells, and fibrosis in the
marrow and in the spleen. Bone marrow from Gata-1'“ mutant mice is enriched for osteocalcin,
TGFpB-1, platelet-derived growth factors (PDGF), and vascular endothelial growth factor transcript
compare to control mice [60]. Subsequent mechanistic investigation performed in that model identified
alteration of TGFf-1, hedgehog, and p53 signaling pathways [61]. Inhibition of TGFf3-1with SB431542
normalized TGFf3-1 signaling and expression of p53-related genes. This was associated with restoration
of hematopoiesis and normal megakaryocyte development, while the authors observed reduced
fibrosis, neovascularization, and osteogenesis in the bone marrow. These data further support a pivotal
role of TGFf3-1 in the pathogenesis of MF.

In recent years, Zingariello et al. characterized the Tpo/Mpl axis and downstream Jak/Stat
activation in the Gata-1°“ mouse model in more detail, finding good agreement with key pathological
features that are characteristic for PMF patients [62]. Tpo expression was elevated in liver and plasma of
Gata-11°" mice, and higher expression levels of Mpl were detected in lineage —, Scal+, cKit+ (LSK) cells.
Jak2 and Stat5 protein expression was increased in BM and spleen of Gata-1'°" mice. Treating Gata-1°¥
mice with ruxolitinib reduced spleen size and Jak2 expression in the spleen but did not have an
effect on Jak2/Stat5 levels in the bone marrow or bone marrow cellularity and did not ameliorate BM
fibrosis. Interestingly, Zingariello et al. observed poorly developed endoplasmic reticulum with rare
polysomes in megakaryocytes of Gata-1°“ mice using electron microscopy, supporting their finding of
ribosomal deficiencies.

More recently, the Gata-1° model was used to investigate the PDGF system and regulation of
PDGFR in bone marrow fibrosis. Using multispectral imaging, Kramer et al. showed increased
PDGFRp expression in bone marrow stromal cells in MF [59]. PDGF-B expression was likewise
increased but found to be mainly derived from megakaryocytes, supporting the hypothesis that growth
factors produced by malignant cells drive bone marrow fibrosis. Furthermore, T-cell protein tyrosine
phosphatse (TC-PTP) was identified as a negative regulator of PDGFf in bone marrow fibrosis.

5.3. Trisomy 21 Mouse

Trisomy 21 is frequently found as a somatic aberration in myeloid malignancies. Kirsammer et al.
observed highly penetrant MPN with modest MF in Ts65Dn mice [40] (Table 2). These mice are trisomic
for 104 orthologs of the mouse chromosome 21 (Hsa21). Cellular compartment analysis showed
accumulation of stem cells (LSK) and megakaryocytes, together with thrombocytosis, granulocytosis,
and anemia. Interestingly, as opposed to many models, splenomegaly was not observed in Ts65Dn
mice, despite the bone marrow fibrosis.

5.4. Abi-1 Knockout Mouse

Chorzalska et al. recently demonstrated that Abelson interactor 1 (ABI-1), a negative regulator
of ABL, is downregulated in CD34+ cells from PMF patients. Reduced ABI-1 gene expression was
observed in granulocytes from PMF patients and patients with MF secondary to PV but not in ET,
PV, or MF secondary to ET. Hence, Chorzalska et al. induced conditional deletion of Abi-1 in mice
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using the Mx1Cre system [63] (Table 2). Loss of Abi-1 in the bone marrow of mice resulted in a
PMF phenotype featuring leukocytosis, thrombocytosis, anemia, splenomegaly, megakaryocytosis,
and fibrosis in the bone marrow. HSC self-renewal was impaired in competitive bone marrow transplant
experiments, and Src family kinases, Stat3, and NF-«kB signaling were found to be more activated in Abi
-deficient mice. Interestingly, there was no increase in Jak2/Stat5 signaling in the BM of Abi-1 knockout
mice. Transducing heterozygous Abi-1 knockout mice with Mpl">1°L accelerated development of
the MPN phenotype, showing that loss of Abi-1 cooperates with mutant Mp! to induced MPN. Thus,
Abi-1-deficient mice are an interesting new model to interrogate Src, Stat3, and NF-«B signaling in MF.

6. Disease Evolution Through Additional Genetic Mutations

JAK2VE-LNK

Upon TPO stimulation of MPL, the adaptor protein LNK binds to JAK2 and negatively regulates
JAK-STAT signaling [64]. However, JAK2F and LNK mutations are not necessarily mutually exclusive,
as they have been found co-mutated in patients with PMF [65,66]. Interestingly, in a mouse model,
LNK loss exacerbates JAK2VF-driven MPN and accelerates the development of MF through the
potentiation of JAK2"F signaling [67]. LNK-deficient mice exhibit a mild, chronic myeloid leukemia
(CML)-like phenotype [68], demonstrating how acquisition of additional mutations can modulate
disease progression (Table 3).
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Table 3. Mouse models of myelofibrosis targeting multiple genes. BMT: bone marrow transplant, ET: essential thrombocythemia, MF: myelofibrosis, PMF: primary

myelofibrosis, TPO: thrombopoietin, PV: polycythemia vera.

Model Type Strain Jak2VF model (locus) Activation Phenotype References

Retroviral overexpression N PV with progression to MF

Jak2VE-LNK (MIG)/BMT (Jak2VF) C57BL6/J / Conii;‘lc%’if)LNK is accelerated in [67]
Knockout (LNK) double mutant

Transgenic (Jak2"F) Tiedt et al. JAK2VF Jak2VF mice Conditional, ET with progression to MF

JAK2VF-Ezh2 Kansglf Ct (]S h2) C57BL6/] (human JAK2VF, expression under inducible (Mx1Cre, is accelerated in [69]
ockout (£z human JAK2 promoter) SclCreFR) double mutant
VEY ohi
Jak2VF-Ezh2 Knock-in (Jak2VF) C57B/6 Akada et al. 2010 Jak2VF mice Conditional, g¥ i(r{AKribiisglrfItls f;lovlvjvri?}i [70]
a Knockout (Ezh2) (endogenous Jak2 locus on Chr19) inducible (Mx1Cre) <0 ed moce
rapid progression to MF
Transgenic (Jak2VF) Shide et al. 2008 Jak2VF mice (line 1 " o
Jak2VF-Ezh2 Knockout (Ezh2) C57Bl/6 chrl18, line 2 chr7, expression under ?&lc_lgg;;l hﬁiﬁ;?:g;;gf;f t/o ml];th [71]
BMT H-2Kb promoter)
. . . ET, PV, or PMF with
Jak2VF-Asxl1 Transgenic (Jak2VF) C57BL/6 Xing et al. 2008 Jak2VF mice (locus Conditional accelerated MF in [72]
Knockout (Asxl1) XDBA n/a, expression under Vav promoter) .
combined model
PV with progression to MF
T VF VE .. . .

Jak2VF-Dnmt3a Knock-in (Jak2"") C57B/6 Mullally et al. 2010 Jak2¥" mice Conditional in combined model (MF (73]

Knockout (Dnmt3a)

(endogenous Jak2 locus on Chr19)

was absent in
JAK2VF model)
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7. Genetic Lesion in Epigenetic Regulators

Genes encoding epigenetic regulators such enhancer of zeste homologue 2 (EZH2), DNA methyl
transferase 3A (DNMT3A), and additional sex combs-like 1 (ASXL1) are among the most frequently
mutated genes in patients with MPN [74-76]. These mutations usually coexist with one of the three
main driver mutations of MPN (i.e., JAK2, CALR, or MPL) [77], and the presence of certain additional
mutations (e.g., ASXL1) has a powerful, adverse effect on clinical outcomes [78]. Recent publications
have now provided evidence of cooperation between driver mutation-associated constitutive activation
of JAK-STAT signaling and mutations in epigenetic regulators, as discussed below.

7.1. JAK2VF -EZH?2

EZH2, a histone methyl transferase member of the polycomb repressive complex 2 (PRC2), is a
master regulator of chromatin topology that mediates silencing through di- and trimethylation of lysine
H3 (H3K27me2/3) [79,80]. Overexpression of Ezh2 induces MPN in mice [81]. Activating mutations in
EZH2 have been observed in malignant B cell lymphomas [82,83]; however, loss of function mutations
in EZH? are frequently identified in patients with myelodysplastic syndrome (MDS) and MF [84]
and loss of function is associated with drug resistance and adverse clinical outcome in hematologic
malignancies [85-87].

In vivo cooperativity between Jak2"F and Ezh2 loss of function was reported by three independent
groups [69-71], using intercrossed genetically engineered mouse models of Jak2"F [27,29,36] and
Ezh2 [88-90] (Table 3). In two studies, expression of Jak2"F and the deletion of Ezh2 were simultaneously
induced in hematopoietic stem cells by polyinosinic—polycytidylic acid (pIpC) injection and induction
of Mx1=Cre [69,70]. Conversely, Sashida et al. deleted Ezh2 by tamoxifen injection within secondary
hosts transplanted with bone marrow cell from Jak2"F-Ezh2floX/flox_CreERT2 [71]. These complementary
studies demonstrated that coincident induction of Jak2"F and deletion of Ezh2 leads to impairment
of erythropoiesis and alterations of megakaryopoiesis, highlighted by expansion of megakaryocytic
precursors and increase in platelet counts compared to Jak2'F mice. Moreover, reticulin fibrosis
develops in the bone marrow and spleen of these mice. Loss of Ezh2 enhanced the repopulation
capacity of Jak2"F expressing HSC, and transplantation of bone marrow from Ezh2-deleted Jak2"F
resulted in accelerated progression to MF. Mechanistically, Ezh2 deletion altered PRC2 function and
lead to marked decrease H3K27 tri-methylation (H3K27me3) repressive marks in HSPC with associated
increase in H3K27 acetylation activation marks (H3K27ac) in Jak2VF mice. PRC2 targets, such as the
oncogenes MIfl and Pbx3, and inflammatory regulators such as 51008, S100a9, Ifi2712a, Lin28b Hmga2,
and TGFB1 were upregulated. HMGA?2 has been reported to be activated in CD34+ cells from patients
with PMF [91,92].

Sashida et al. demonstrated that targeting this epigenetic deregulation using bromodomain
inhibition leads to abrogation of MF-initiating cells and is associated with a significant H3K27ac
attenuation at the promoter regions of PRC2 target gene in Jak2"F-Ezh27 -recipients mice [71]. Also,
as previously reported in MF, TNF/NF-kB inflammation and TGF{3-1 signaling were enriched in these
mouse models, confirming the important role of these pathways in the development of MF [70].

7.2. JAK2VE_ASXL1

Mutations in the Additional Sex Combs-Like 1 (ASXL1) epigenetic regulator have been found to
occur at high frequency in patients with myeloid malignancies (48% of CML, 20% of MDS, 10% of
MPN, and 20% of AML) [85,93-102]. ASXL1 mutations are associated with poor prognosis and
leukemic transformation [103]. Interestingly, these mutations are more common with advanced age
and are also found in patients with clonal hematopoiesis of indeterminate potential (CHIP) [104-106].
ASXL1 contains an N-terminal ASX homology (ASXH) domain and a C-terminal plant homeodomain
(PHD). The majority of patient-derived ASXL1 mutations are nonsense or frameshift downstream
of the ASXH domain, leading to truncation and loss of the PHD domain [98,100,102,107]. It remains
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unclear if ASXL1 confers a gain of function due to expression of a truncated protein or whether
a somatic mutation leads to loss of function. Additional studies are required to more accurately
understand ASXL1 mutations in the context of MPN. In mouse models, both loss and Truncated Asxl1
expression leads to altered erythropoiesis [108,109]. Mechanistically, ASXL1 physically interacts with
PRC2 and ASXL1 silencing is associated with loss of PRC2-mediated gene repression and global loss
of H3K27me3 [107]. Recently, Yang et al. described a gain of function mediated by expression of
ASXL1 truncating protein in the pathogenesis of myeloid malignancy [110]. Here they demonstrated
that expression of ASXL1231-%7 truncating protein in the hematopoietic system was sufficient to lead
to diverse myeloid malignancies such as MDS, MPN, and AML. ASXL1231-%7 expression increases
HSC/HSPC functions and increases chromatin accessibility in cKit+ hematopoietic precursors cells.
Importantly, they demonstrate that ASXL.1331-%7 interacts with BRD4 in bone marrow cells, providing a
rationale to treat these malignancies with BET bromodomain inhibitors.

ASXL1 mutations are found in 34.5% of PMF patients [111]. In line with other epigenetic-related
mutations; coincidence of JAK2'F and ASXL1 mutations are more frequent in secondary acquired
MF (post-PV; 26%) than in PV patients without MF (4%) [72]. Guo et al. crossed Jak2VF mice [28]
with AsxI1*/~ [112] to generated a Jak2VE-AsxI1*~ transgenic mice (Table 3). They demonstrated
that cooperation of Jak2VF and AsxI1 heterozygous loss accelerates secondary MF when compared
to Jak2Vf and/or Asx111*/~ mice alone. Notably, 12% of Jak2"F -AsxI1*/~mice, but not the littermate
controls, progressed to secondary AML at 6-8 months of age. Even at early time points (2-3 months),
Jak2VE-AsxI1*/~ mice showed increased white blood cell and neutrophil counts in the peripheral blood
when compared with the WT but not with Jak2VF mice, with increased MEPs and CD41+CD61+
megakaryocytic precursors and erythroid precursors in BM and spleen. Jak2""-AsxI1%/~ mice exhibited
splenomegaly with disrupted splenic architecture and prominent megakaryocytes and myeloid
precursors. Finally, reticulin staining revealed extensive fibrosis in the BM at the age of 3 months.
However, after 8-10 months, Jak2VF-AsxI1*/~ mice display BM failure with anemia and reduced BM
cellularity, consistent with progression to advanced MF. More investigation may provide additional
information about chromatin landscape and epigenetic changes in this model.

7.3. JAK2YF-DNMT3A

DNMT3A is a de novo DNA methyltransferase that catalyzes the addition of methyl groups into
active chromatin in CpG-rich regions, leading to gene inactivation [113,114]. DNMT3A mutations are
found in up to 22% of AML patients [115]. Interestingly, DNMT3A mutations are found at low rates
below 5% in primary MPN (PV and ET) but appear to be more frequent in advanced MPN (10-15% of
PME, 15% of secondary MF, and 17% of AML arising from MPN) [115-117]. Mutations in DNMT3A
cluster in the methyltransferase domain, leading to dominant negative function with loss of DNA
binding and reduced catalytic activity [118,119]. Dnmt3a”- HSC have enhanced self-renewal capacities
and a block in differentiation upon serial transplantation in vivo [120]. This may relate to the observation
that DNMT3A mutations are frequently found in CHIP [121,122]. In AML, DNMT3A mutations mediate
resistance to chemotherapy drugs through altering chromatin conformation [123].

In 2018, we reported that Dnmt3a loss and Jak2VF could cooperate to induce MF, using in vivo
CRISPR-Cas9 targeting to disrupt Dnmt3a function within Jak2VF 1SK [73]. Jak2VF-Dnmt3a-Cas9
progenitors were transplanted into irradiated recipients and showed a biphasic disease reminiscent of
secondary transformation of PV to MF (Table 3). At early time points (8 weeks), Jak2VF-Dnmt3a-Cas9
recipients showed high hematocrit, platelet, and white blood cells counts; however, by 32 weeks,
mice became pancytopenic with progressive BM failure. Furthermore, a dense fibrocellular infiltrate
and BM osteosclerosis developed in Jak2VF-Dnmt3a-Cas9 recipients, together with disorganized
and effaced splenic architecture, dense reticulin fibrosis, and massive splenomegaly. Blood smears
from Jak2VF-Dnmt3a-Cas9 recipients showed severe anemia with left shifted myelopoiesis,
anisocytosis, poikilocytosis, and tear-drop erythrocytes, reminiscent of human MF. In this model,
myelofibrotic transformation was associated with HSC depletion and the accumulation of multipotent
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progenitors (MPP). Transcriptional analysis revealed gene expression changes associated with not only
HSC identity and function but also proinflammation (TNFx via NF-«B), and these changes were also
seen when comparing PMF patients vs. ET, PV, or healthy individuals. Mechanistically, loss of Dnmt3a
caused PRC2 alteration and increased chromatin accessibility at active enhancers of Jak2"-Dnmt3a-Cas9
upregulated genes, including the aforementioned stemness and inflammatory-related pathways such
as TNFo/NF-kB signaling. These data demonstrate that Dnmt3a loss of function was sufficient to drive
MF through activated TNFa signaling and pro-inflammatory gene expression.

8. Signaling Pathway Activation

Heterogeneity in the fibrosis phenotype between driver mutants in JAK2, MPL, or CALR and the
type of models (knock-in/retroviral) appears to be related to allele burden/expression level. However,
recent studies point out that acquisition of additional mutations (Asx!1, Ezh2, or Dnmt3a) can also
alter transcriptional program and can accelerate disease transformation from early stage MPN (PV/ET)
toward MF in a scenario where low allele expression of the mutant driver might not be sufficient.
It would be interesting to test in CALR mutant models if additional mutation such as Ezh2, Dnmt3a,
or Asxl-1 could accelerate MF transformation (in CALRY¢152) or MF incidence (in CALRI™Y).

9. Using Mouse Models to Validate Preclinical Therapeutic Strategies for MF

Murine models of MF provide excellent opportunities to develop and validate preclinical
therapeutic strategies for patients with MF. Inflammation has been a key and recurrent feature
of MF development, and strategies targeting cytokine inflammation hold great promise clinically.
Kleppe et al. further demonstrated that ruxolitinib treatment normalized cytokine expression and
that JAK2 inhibition reduced cytokine production from both normal and mutant cells in vivo [9].
Among the aberrantly activated networks, they identified TNF/NF-«B inflammatory signaling as a
key pathway activated in both malignant and nonmalignant cells and as a common pathway in MF
progression, thus providing insights into the molecular basis of MPN-associated inflammation and a
therapeutic approach to target aberrant inflammatory signaling in MPN.

In an alternative approach to JAK2 inhibition, Yue et al. used the MPLW>!5L model to target
transforming growth factor 3-1 (TGF{3-1) signaling [124]. Administration of galunisertib, an inhibitor
of TGF-3 receptor I kinase (ALKS5), decreased collagen deposition by MSC in the bone marrow and
improved MF in the MPLW315L model. However, ALKS5 inhibition did not have an effect on blood
cell counts or splenomegaly. Yue and colleagues successfully reproduced the beneficial effects of
ALKS5 inhibition on BM fibrosis in the transgenic JAK2"F mice generated by Xing et al., indicating that
targeting the TGF(3-1 axis might be a promising treatment strategy [28]. These findings are also
supported from work using TPO overexpression, as TGF(3-1 is required for fibrosis development in that
model. TPO expression in Tgfb1 null mice donor cells could not recapitulate MF physiopathology [125].
Complementary works demonstrated later that thrombospondin (Tsp) is not the major activator of
TGF-p1 [126] and that osteoprotegerin (Opg) is required for osteosclerotic transformation in this
model [127].

Interestingly, Verstovsek et al. have reported that monocyte-derived fibrocytes are abundant in
primary myelofibrosis and produce collagen [128]. In this study, immunodeficient mice transplanted
with bone marrow cells from patients with myelofibrosis developed a lethal myelofibrosis-like
phenotype and, importantly, that treatment with the fibrocyte inhibitor, serum amyloid P, slowed the
development of fibrosis.

More recently, Schneider and colleagues demonstrated that TPO transduced cells promote
the outgrowth of Glil+ MSC that expand into fibrosis in the bone marrow of recipient mice [129].
Mechanistically, the authors elegantly demonstrated that hematopoietic cells overexpressing TPO
induced expression of profibrotic factors such as Cxcl4, Endothelin 1, and MMP9 [130] by stromal cells.
Release of chemokine Cxcl4 by hematopoietic and stromal cells is necessary and sufficient to attract
Glil+ stromal cells and to induce their differentiation into myofibroblastic cells. Glil antagonist 61
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(GANT®61), a small-molecule inhibitor of fibrosis [131,132] with the potential to normalize production of
fibrotic factors, significantly reduced the number of Glil+-myofibroblasts and malignant hematopoietic
cells and abolished the development of reticulin fibrosis. This mechanism is relevant to patients,
emphasized by the finding that Gli1+ MSC also expand in human MF and are sensitive to GANT61
inhibition [130]. Thus, this model was able to provide a rationale for targeting the GLI1 pathway in MF.

10. Discussion

The mechanisms leading to MF converge on the amplification and modification of signaling
pathways, ie. JAK2 signaling via JAK/STAT, IFNy response, INF«x response, TGF3-1, p53,
and hedgehog and TNF« signaling via NF-«B [8,69,70,73,129,133]. There are many similarities across
the MF models including cytokine dysregulation, inflammatory pathway activation, megakaryocytic
morphologic abnormalities, and enhancer reprogramming, leading to HSC dysfunction. In the
constitutively active MPL mutant (MPLW>15L), JAK-STAT activation (STAT3) was required in malignant
and nonmalignant hematopoietic cells, and this identified six cytokines (116, IL10, IL12, TNFe, CCL2,
and CCL5) aberrantly produced that were also found to be increased in granulocyte from patients
with MF. Importantly, ruxolitinib treatment normalized cytokine expression and reduced cytokine
production from both normal and mutant cells in vivo [9]. Interestingly, highly sensitive protein
studies suggest that cytokine levels remain markedly abnormal in MF, even in the presence of JAK2
inhibition [134].

Kleppe et al. showed that, both in the retroviral MPL">°l model and Jak2"F knock-in mice,
MF-related inflammation is associated with alterations of chromatin regulatory element such as
enhancer and promoter regions in the MF clone, also seen in other studies [72,73]. These findings
suggest that different genetic lesions may alter similar pathways within hematopoietic progenitors
in MF.

TNF« via the NF-«B inflammatory signaling pathway was also identified as central to
pathophysiology in two additional MF models: Jak2"*-Ezh27- [70] and Jak2VF-Dnmt3a [73]. However,
in those two MF models, TGFB-1 signaling was only enriched in Jak2VF-Ezh27" recipients,
perhaps explaining the absence of megakaryocytosis in Jak2"F-Dnmt3a-Cas9 mice [61]. It cannot be
excluded that this difference is due to disease kinetics as bone marrow observation and transcriptional
analysis were not performed under strictly comparable condition across studies. Interestingly,
elevated TGFB-1 was found in plasma from JAK2'F homozygous but not JAK2"F heterozygous
patients compared to healthy controls [61].

MF is a chemo-refractory disease associated with a poor clinical prognosis. So far, the only curative
treatment is allogeneic stem cell transplantation which is only available to a minority of patients.
Conventional treatment is mainly aimed at controlling symptoms and complications. For many
years, the cytoreductive agent hydroxyurea was the therapy of choice for MF splenomegaly. Here,
the overall response is 40% and the median duration is 13.2 months [135]. Oral or leg ulcers and
progressive cytopenias are related toxicities of hydroxyurea and may be dose limiting. More recently,
JAK2 inhibitors have become the standard of care in patients with high or intermediate risk MF [136-138].
JAK inhibitors such as ruxolitinib and fedratinib can control the symptoms of MF, in particular
splenomegaly, but MPN cells are not cleared by these drugs, perhaps due to the inherent resistance
of stem cell populations [139] or by persistent cross activation of JAK-STAT signaling [140]. In the
latter example, JAK inhibitor persistence is reversible and is associated with site-specific changes
in the chromatin state, consistent with an epigenetic mechanism by which MPN cells evade JAK
kinase inhibition.

The findings from murine models of MF give some direction to new possibilities in the treatment
of MF. Kleppe et al. have shown that BET Inhibition with (JQ1) attenuates NF-«B transactivation
in vivo and that combined ruxolitinib/JQ1 delays JAK inhibitor persistence and shows efficacy against
MPN cells [8]. These findings are supported by the work of Sashida et al., who demonstrated that
bromodomain inhibition leads to abrogation of MF-initiating cells and is associated with H3K27ac
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attenuation at the promoter regions of PRC2 target genes in a Jak2"F-Ezh27- model [71]. Together,
these studies provide strong evidence and rationale for targeting the bromodomain protein in MF.
Despite their strong efficiency in MF, the use of BET inhibitor molecules has initially been limited due
to dose-limiting toxicities including thrombocytopenia, fatigue, nausea, vomiting, and diarrhea [141].
However, use of CPI-0610 alone or in combination with ruxolitinib showed encouraging results with
good tolerability [142,143].

Altered chromatin landscape has been described in a number of mouse models [8,69-71,73].
Loss of H3K27me3 repressive marks at chromatin regulatory element (promoter or enhancer)
controlling inflammation-related genes appears to be a common mechanism driving MF pathology,
also implicating PRC2 as a key element in MF pathology. PRC2 is essential for controlling
hematopoietic cell differentiation, shapes chromatin regulatory components by turning off stemness
genes, and facilitates a normal differentiation program. Chromatin landscape is thoroughly regulated
during hematopoiesis [144]. Thus, alteration of PRC2 function leads to topological changes in chromatin,
failure to repress developmental enhancers, abnormal stem cell differentiation, and inflammatory
programs in the context of ME.

11. Conclusions

In MPN, progression to MF represents a high-risk clinical scenario and murine models of disease
demonstrate the important role that MPN phenotypic driver gene dosage and the acquisition of
additional genetic lesions play in this process. Mechanistically, pathways to MF appear to converge
on epigenetic deregulation and pro-inflammatory signaling pathway activation, identifying these
pathways as tractable therapeutic opportunities. Moving forward, translational clinical trials will be
needed to address the optimal ways to target these pathways in patients with MF to improve long-term
outcomes, survival, and potentially even cure.
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