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Abstract

Background

Bone marrow-derived mesenchymal stromal cells (BM-MSC) are crucial for haematopoietic niche
maintenance. There is evidence of continuous cross-talk between the neoplastic cells and BM-MSC,
inducing the modulation of both populations, which may favour the emergence and progression of
myeloproliferative neoplastic (MPN) disease. Extracellular vesicles (EV) have emerged as new play-
ers in cell-to-cell communication. These structures are associated with the bidirectional transfer of
proteins, MRNA, microRNA between cancer cells and stromal cells, inducing functional and genetic
alterations in neighbouring cells.

Objectives and methodology

- To characterise and compare BM-MSC from MPN patients (JAK2"®*'F) with BM-MSC from HD and
CML patients, population doubling, multilineage differentiation, immunophenotype, apoptosis and cell
cycle assays were performed.

- To study the presence of genomic alterations in the BM-MSC from ET and PV patients, and com-
pare to control MSC (HD), a global analysis of gene expression profile from the different experimental
groups was performed, using Affymetrix Oligoarrays (Human Gene 1.0 ST arrays). RT-PCR and
Western blot (WB) were performed to confirm the results.

- To evaluate if the alteration in the BM-MSC from JAK-2 MPN patients modifies the capacity to sup-
port normal and MPN haematopoietic progenitor cells, clonogenic (CFU-GM) and long-term BM cul-
ture (LTBMC) assays were performed.

- To identify altered genes and pathways in the MPN-MSC which could potentially be used as thera-
peutic targets, we selected from the previous experiments histone deacetylase 8 (HDACS8). Then we
treated BM-MSC from HD and MPN patients with a specific inhibitor PCI34051 at concentration of
25uM during 48h. The effects of HDACS8i on the BM-MSC was evaluated by annexing V (apoptosis),
cell cycle, RT-PCR and WB. To assess the impact of this inhibition on the capacity of MPN-MSC to
support haematopoiesis, BM mononuclear cells (BM-MNC) were co-cultured in transwell for 48h, with
PCI34051-treated and non-treated BM-MSC. After co-culture, cell viability, CFU-GM assays and TP53
expression were analysed.

- To compare the microRNA content in the MSC-derived extracellular vesicles (EV) from HD and MPN
patients, and to study the functional alterations that may be induced when incorporated into haemato-
poietic progenitor cells. Firstly, EV were isolated from BM-MSC of MPN patients and HD, and were
purified by ultracentrifugation. For EV characterisation, transmission electron microscopy (TEM), Na-
noSight, flow cytometry (MFC) and WB for CD63 were performed. To evaluate microRNA content into
EV-MSC from both groups (patients and controls), expression of miRNA was analysed using 384-well
microfluidic cards (TagMan® MicroRNA Array A).

EV incorporation was demonstrated by fluorescence microscopy and MFC, where HPC (CD34+cells
obtained by immunomagnetic selection) were co-cultured with EV previously labelled with Vybrant Dil.
To study HPC modification induced by the incorporation of EV, apoptosis and clonogenic assays were

performed.
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Results

Compared to HD, BM-MSC from MPN patients showed similar morphology and differentiation capaci-
ty, with an increased proliferation rate with less apoptotic cells. BM-MSC from MPN expressed com-
parable levels of CD73, CD44, CD90 and CD166, whereas they were negative for haematopoietic
markers. The median expression of CD105 was lower in BM-MSC from MPN patients (p <0.05) when
compared to controls. Gene expression profile of BM-MSC showed a total of 169 genes that were
differentially expressed in BM-MSC from MPN patients compared to HD. RT-PCR was performed in
two genes to confirm these results, demonstrating that HDAC8 and MYADM genes were up-
regulated. Next, we observed a significant increase in the number of CFU-GM when MPN-HPC were
co-cultured with MPN-MSC compared to HD-MSC. MPN-MSC also showed the ability to support
healthy HPC in LTBMC. However, MPN-MSC showed alterations in the expression of genes associ-
ated to the maintenance of haematopoiesis.

The inhibition of HDAC8 in BM-MSC from MPN was confirmed by RT-PCR and WB assays, when the
cells were treated with PCI34051. HDACS8-selective inhibition also induced a cell cycle arrest in the
MPN BM-MSC, with an increase of the percentage of apoptotic cells. Co-cultures of BM-MNC from
MPN patients with neoplastic stroma previously treated with HDACS inhibitor induced a decrease in
MNC cell viability (p=0.028), CFU-GM (p=0.018) and an increase of TP53 expression.

Regarding the EV studies, we showed that the characterisation by TEM and NanoSight revealed that
EV-MSC from both groups exhibited a size and morphology characteristic of EV, and were positive for
CD63 (WB), the characteristic marker of EV. By MFC, EV released from BM-MSC of both groups (HD
and JAK2) were defined as particles less than 1uM of diameter, positive for CD90, CD44 and CD73
and for EV markers. At the same time they were negative for CD34 and CD45, demonstrating the
specificity of monoclonal labelling. When the content of microRNA was analysed (8 HD-MSC and 11
MPN-MSC), we observed an overall increase in the microRNA expression in the EV from patients, yet
without reaching statistical significance.

Using RT-PCR, we observed a significant overexpression (p=0.032) of miR-155 in the EV derived
from MPN-MSC. We also observed an increase of CD34+ cell viability, after the incorporation of EV
from both groups (HD and JAK2). A significant increase (p=0.04) of miR-155 expression was ob-
served in the HD CD34+ cells, after incorporating MPN-MSC-derived EV. In addition, an increase of
CFU-GM was observed when neoplastic CD34+ cells incorporated the EV derived from MSC from
MPN patients (p=0.056).

Conclusions

These results suggest that MPN-MSC display different proliferative rate, immunophenotypic markers,
gene expression profile and HDAC8 overexpression compared to HD-MSC. The inhibition of HDAC8
expression by its specific inhibitor decreases the capacity of the stroma to support haematopoietic
cells from MPN patients, suggesting that HDAC8 may be a potential therapeutic target. Furthermore,
we suggest that EV released from MPN-MSC represent a mechanism of intercellular communication
between malignant stromal and haematopoietic cells, through the transfer of genetic information that

may be relevant in the pathophysiology of these diseases.
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1. Haematopoiesis
Blood is one of the most regenerative adult tissues in the human body. Mature blood cells
have a short life span, and it is estimated that every day one trillion new blood cells are pro-
duced (Emerson, et al 1987). This process is called haematopoiesis, and involves a complex
network between hematopoietic stem cells (HSC), intrinsic biology processes, and their con-
nection to the environment. The number of HSC is scarce (1 in every 20 million nucleated
cells in the bone marrow (BM)), and the fate of these cells determines if they remain quies-
cent, proliferate or self-renew, depending on the balance between genetic and environmen-
tal mechanisms.
Whereas in adult mammals HSC reside in the BM, during embryogenesis the anatomic loca-
tion of this process is variable (Galloway and Zon 2003). Primitive haematopoiesis originates
in the extra-embryonic yolk sac blood islands and then at the aorta-gonad mesonephros
(AGM) region, placenta, fetal liver, and ultimately in the BM (Costa, et al 2012).
Hematopoietic stem cells are derived from mesoderm, one of the three primary germ layers
of the embryo (Kinder, et al 1999). The properties of HSC in each spatial and temporal site
presumably reflects the environmental cues that could influence the timing of hematopoietic
cell appearance, and the type of hematopoietic cells that develops (Huber 2010).
Different studies have described a population of stem cells that co-express haematopoietic
and endothelial surface markers, referred to as hemangioblasts. The concept of a hemogen-
ic endothelium has its origin in early histological studies showing the close spatial and tem-
poral development of haematopoietic and endothelium lineages.
The concept that the entire spectrum of haematopoietic cells originate from a common pre-
cursor was first postulated at the end of the 19" century (Ramalho-Santos and Willenbring
2007). The first experimental assays proving this hypothesis were performed in the early
1960s by Till and McCulloch, where they demonstrated a multipotential population in the
murine BM (Till and Mc 1961). However, it was with the single cell transplantation experi-

ments that the capacity of a unique isolated long-term HSC (LT-HSC) to reconstitute the
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haematopoiesis of lethally-irradiated recipients was demonstrated, showing the ability for the
self-renewal and multilineage differentiation ability of the HSC (Osawa, et al 1996).

Recent techniques using advanced cell sorting by flow cytometry and clonal/molecular as-
says facilitated the identification of human HSC, enabling their biological and functional
characterisation at the single cell level. The CD34 antigen was the first and is still the most
commonly used marker to recognize and quantitate human HSC and progenitor cells. How-
ever, it identifies a highly heterogeneous population that can be further enriched by the ex-
clusion of CD38 and CD45RA, as markers of more differentiated haematopoietic cells. A
single cell defined with the phenotype Lin'CD34'CD38 CD45RA ThyRho°CD49f", trans-
planted in immunodeficient mice, was capable of long-term multilineage reconstitution
(Notta, et al 2011). Figure 1 represents the haematopoiesis hierarchy (mouse and human),
where the loss of CD49f from the LT-HSC gives rise to a more committed human multipotent
progenitor (MPP) cell population.

Regarding the hierarchy of human haematopoiesis, it continues to be controversial to under-
stand how individual HSC contribute to lifetime haematopoiesis. Two models of clonal kinet-
ics have been proposed, the first being the “clonal succession”, which is based on the se-
guential activation of a small number of HSC clones (Abkowitz, et al 1990). The other model,
“clonal maintenance”, advocates the average contribution of the entire HSC pool during

steady-state haematopoiesis.
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Figure 1: Haematopoietic hierarchy. Simplified schematic representation of adult mouse and human haematopoietic
hierarchies. Figure illustrated in the work developed by Doulatov and co-workers. Cell stem Cell (2012) (Doulatov, et

al 2012)

1.1. Microenvironment cues that disturb haematopoiesis: mapping the bone
marrow

HSC niche is a very dynamic system defined by their anatomy and function, and is allocated
in diverse tissues during the development. After birth, BM represents the primary site of HSC
maintenance and haematopoiesis. The work developed by Schofield (Schofield 1978)
demonstrated the involvement of the BM stromal cells in the regulation and maintenance of

HSC.
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Determining which cells are responsible for maintaining the stem cell population has been
challenging. In the first studies, HSC were observed in the endosteum after being trans-
planted into irradiated mice, showing the important role of this region in HSC maintenance.
Based on these results, it was hypothesised the existence of two distinct BM niches with
defined functions: the endosteal niche, and the vascular niche.

The endosteal niche, where osteoblasts represent the major cell type, are responsible for
maintaining the HSC in a quiescent state. Osteoblasts provide crucial factors such as
thrombopoietin (THPO), CXC chemokine ligand (CXCL12), and angiopoietin 1 (ANG1) (Aral,
et al 2004, Calvi, et al 2003). Other factors as the dynamic bone remodelling by osteoclasts,
Ca’* gradients, oxygen levels and reactive oxygen species (ROS) also play an important
role in the endosteal niche (Adams, et al 2006, Mansour, et al 2012). In the vascular niche,
endothelial cells represent the main cell type to maintain the HSC, but inducing a prolifera-
tive state of HSC and differentiation.

Recent studies have challenged this concept of two separated niches, suggesting that primi-
tive haematopoietic cells traffic in different and specific micro domains of BM. New stromal
cell types have emerged as responsible for supporting the HSC.

In this section the different cues present in each particular cell type that constitute the BM

microenvironment will be described (Figure 2).
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Figure 2: Haematopoietic stem cell niches (structure and function). Bone marrow microenvironment is composed
of multiple cell populations that contribute directly or by cytokines and soluble factors to the regulation of haematopoi-
esis. Real-time imaging showed that HSC are found mainly adjacent to sinusoids through the bone marrow (BM),
where two major components of the BM, endothelial cells and mesenchymal stromal cells (MSC), promote HSC
maintenance by producing SCF and CXCL12. Extracellular vesicles released from MSC, macrophages, endothelial

cells and HSC have gained notoriety in the cross-talk between the BM microenvironment and HSC.

1.1.1. Osteoblasts lineage cells (endosteal niche) — are a group of cells that includes
mesenchymal progenitor cells, preosteoblasts, mature osteoblasts, bone lining cells and
osteocytes. Osteoblasts are characterised by the expression of osteocalcin. The population
between mesenchymal progenitor cells and mature osteoblasts (named pre-osteoblasts) is
heterogeneous, characterised by the expression of the transcript factor RUNX2, which is
maintained at a more advanced state of differentiation accompanied by the expression of

osterix (Fujita, et al 2004).
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The endosteum is not only constituted by osteoblasts, but also by a diverse group of cells
and anatomical elements, including arteriolar and sinusoidal blood vessels (Lo Celso, et al
2009, Morrison and Scadden 2014).

Results from in vivo studies demonstrating the capacity of osteoblasts to support the haema-
topoiesis are controversial. The first published results, from two independent groups,
showed that transgenic mice genetically altered to produce osteoblastic cells by constitutive-
ly activated receptor for parathyroid hormone (PTH) and PTH-related peptide-PTH/ PTHrP
receptors (PPRs), showed not only an increase of osteoblasts (number) but also an increase
of the Notch ligand jagged 1 levels, that was associated with HSC proliferation (Calvi, et al
2003). The other in vivo study was published by Zhang et al., and suggested that the adhe-
sion of HSC to osteoblasts may be mediated by N-cadherin. In this case, they developed a
mouse genetically modified with conditional inactivation of bone morphogenetic protein
(BMP) receptor type IA (BMPRIA), showing the correlation between an increase of spindle-
shaped N-cadherin CD45" osteoblastic cells and HSC (Zhang, et al 2003).

Recent results challenge the importance of the key adhesion molecule N-cadherin in pro-
moting HSC maintenance. The deletion of the gene that encodes N-cadherin (cdh2) from
HSC or from osteoblasts cells had no effect on HSC frequency and function (Greenbaum, et
al 2012, Kiel, et al 2009). The work of Calvi was also challenged in 2012 by herself, showing
that PTH receptor activation increases not only the number of osteoblasts, but also osteo-
cytes and osteoclasts in the trabecular bone. However, it was not enough to induce pheno-
typic and functional changes in the BM-HSC (Calvi, et al 2012).

Although the role of osteoblast or osteolinage cells in the regulation of the hematopoietic
system is not fully understood, several studies have suggested the relation between this two
systems. Osteoblasts express important factors that regulate HSC quiescence, as osteopon-
tin, THPO and Angp-1. The depletion of THPO in mice (THPO™) increase HSC proliferation
and reduce their number (Yoshihara, et al 2007). The expression of Angp-1 by osteoblasts
can activate the receptor tyrosine kinase and EGF-like domain 1 (Tie-2) in HSC, promoting

their adhesion by increasing 31 integrin subunit and their quiescence (Arai, et al 2004).



In addition to the direct influence of osteoblasts in the HSC, indirect effects like bone turno-
ver also affects the HSC. The degradation and formation of osteolineage cells results in high
local concentrations of ionic calcium, promoting the expression of calcium-sensing receptor
in the HSC, that is important for the engraftment of these cells during the development or
after transplantation (Adams, et al 2006). Results from in vivo assays demonstrated that the
depletion of osteocalcin from mature osteoblasts decrease the mobilisation of short-term
repopulating cells (Asada, et al 2013). Osteoblast lineage cells are the major constituents of
the endosteum, even though the last results suggest that mature osteoblasts cells probably
have an indirect role in modulating HSC.

Other cells that constitute the endosteum, as endothelial cells (arteriolar and sinusoidal
blood vessels) (Nombela-Arrieta, et al 2013), megakaryocytes (MKs) (Lemieux, et al 2010),
as well as mesenchymal cells with osteolineage potential, have been also demonstrate an
important role in HSC homing and engraftment. Recent findings described a group of more
immature and undifferentiated mesenchymal stromal cells (MSC) around blood vessels, re-
sponsible for maintaining HSC under homeostasis (Mendez-Ferrer, et al 2010b, Sugiyama,

et al 2006).

1.1.2. Endothelial cells (perivascular niche) — The BM is richly vascularised by specific
structures termed sinusoids, which can also be found in the liver and spleen (Kiel and
Morrison 2008).

It has been demonstrated that endothelial cells (EC) are an important functional component
of the HSC niche. These cells do not only promote chemotaxis, adhesion and differentiation
of HSC /progenitors (Li, et al 2004), but also provide important factors for maintaining the
self-renewal of the HSC in situations of stress, like irradiation and chemotherapy (Winkler, et
al 2012). In vitro studies showed the capacity of EC to maintain the HSC in culture, and the
capacity of BM sinusoidal endothelial cells to promote long-term reconstitution of HSC ex-
pansion (Li, et al 2004, Rafii, et al 1995). In vivo models also support the notion that sinusoi-

dal endothelial cells regulate haematopoiesis, in part by soluble factors and other by direct
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contact (Brandt, et al 1999, Salter, et al 2009). Some reports demonstrated the role of the
adhesion molecule E-selectin (expressed in the endothelial cells) in promoting HSC prolifer-
ation. The knockout of this gene in the EC leads to an increase of quiescence and re-
sistance to irradiation of HSC (Winkler, et al 2012).

Endothelial cells are not the only cell type that regulates perivascular HSC niche. The co-
localization of murine BM Nestin® MSC and HSC into the blood vessels surroundings and
adrenergic nerves, with the fact that the depletion of these cells led to reduction of HSC in
the BM, provide strong evidence for the capacity of Nestin-MSC to maintain HSC (Mendez-
Ferrer, et al 2010a, Mendez-Ferrer, et al 2010b). However, several types of MSC have been
identified: human perivascular MSC that express CD146 (Sacchetti, et al 2007), CXCL12-
MSC, Prx1* MSC and Leptin receptor” MSC.

Cells expressing high amounts of CXCL12, defined as CXCL12-abundant “reticular” (CAR)
cells can also be found co-localised with HSC throughout the BM (Sugiyama, et al 2006).
The ablation of CXCL12 from CAR cells not only leads to a reduction of HSC, but also the
capacity of bone marrow stromal cells to differentiate into adipocytes and osteoblasts
(Omatsu, et al 2010). Prx1" and Leptin® MSC also have been described as cells capable of
maintaining HSC (Ding and Morrison 2013, Greenbaum, et al 2013). Prx 1 is a transcription
factor expressed in pre-osteoblasts, mature osteoblasts and osteoclasts. In vivo depletion of
CXCL12 from these cells resulted in a decrease of HSC in the BM and increases extrame-
dullary haematopoiesis (Greenbaum, et al 2013). Additional studies showed that Leptin re-
ceptor’ MSC promotes HSC proliferation since they express high stem cell factor (SCF)
(Ding and Morrison 2013, Ding, et al 2012). Conditional deletion of SCF results in haemato-
poietic failure with decreased BM HSC content.

Other cells involved in the regulation of the perivascular HSC niche are those from the sym-
pathetic nervous system localised around the blood vessels (Mendez-Ferrer, et al 2009).
Circulating HSC fluctuates in antiphase with the expression of CXCL12 in the bone marrow
microenvironment, where high expression of CXCL12 leads to HSC retention in the BM

(Casanova-Acebes, et al 2013).



Noradrenaline-producing neurons activate 32- and R3- adrenergic receptors in osteoblasts
and MSC (Nestin® cells), decreasing the BM CXCL12 expression and promoting the mobili-
sation of HSC to the peripheral blood (PB) (Lucas, et al 2008).

Bone marrow monocytes and macrophages also modulate the expression CXCL12, a sub-
population of this cells secretes prostaglandin E2 that upregulates CXCL12 expression in
the BM, changing the CXCR4 expression in haematopoietic progenitor cells. This modifica-
tion limits the production of ROS in the HSC, which is essential to maintain this cell in a qui-
escence state (Ludin, et al 2012). The depletion of this population reduces the production of
supportive cytokines at the endosteum that regulates HSC retention and promotes their mo-
bilisation to PB (Winkler, et al 2010b).

BM neuron-wrapping non-myelinating Schwann cells seems to regulate haematopoiesis
(Yamazaki, et al 2011), endorsing HSC quiescence by the expression of transforming
growth factor-R (TGF-R). Depletion of TGF-B receptor Il mice leads to the reduction of long
term HSC, increasing their proliferation (Larsson and Karlsson 2005).

Extracellular matrix (ECM) is a complex and dynamic network of macromolecules (mainly
glycosaminoglycans, proteoglycan, fibronectin and collagens), which represents an im-
portant component in stem cell niches (Gattazzo, et al 2014), since it can directly or indirect-
ly modulate the maintenance proliferation, self-renewal and differentiation of HSC (Gordon,
et al 1988, Saez, et al 2014).

Evidence that oxygen pressure influences haematopoiesis was first reported in the 19" cen-
tury showing that in high altitudes, where oxygen pressure is low, erythropoiesis is stimulat-
ed (Fisher 2010, Reissmann 1950). Hypoxia also promotes plasmacytoid dendritic cell dif-
ferentiation, delaying megakaryocyte differentiation (Cipolleschi, et al 1993, Mostafa, et al
2000). Recent methodology using bioprobe pimonidazole has allowed demonstrating in vivo
that endosteum is a hypoxic region (Levesque, et al 2007). However, it has been suggested
that pimonidazole staining reflects the metabolic state of the cells rather oxygen levels in the

microenvironment (Nombela-Arrieta, et al 2013).
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The mechanism, in vivo, by which hypoxia modulates haematopoiesis is believed to involve
the expression of hypoxia-inducible transcription factor 1-a (HIF-1a) (Takubo, et al 2010). In
hypoxic conditions, HIF-a subunit is not degraded, and forms a dimer with the constitutive
HIF-R. This heterodimer binds to hypoxia regulated elements, present in promoters of sev-
eral genes promoting its transcription (Semenza, et al 1996). The idea that perivascular are-
as are not in hypoxic state has been questioned. Direct measurements of the local oxygen
tension (pO,) showed low pO, in the perisinusoidal regions with low blood flow rate (0-0.2
mm/sec) (Simsek, et al 2010, Winkler, et al 2010a).

The balance between proliferation and differentiation is essential for the homeostasis in the
haematopoietic system. Another set of questions concerns how the microenvironment partic-
ipates in the haematological disorders. Are the changes in the niches being responsible but
non-cell autonomous driver of neoplasia in humans? Or do haematological diseases modu-

late the niche to be hostile to normal progenitors and to support leukemic stem cells (LSC)?



2. Myeloproliferative Neoplasms (MPN)

The concept of myeloproliferative heoplasms was first proposed by Dameshek in 1951, by
including a group of closely related entities characterised by excessive proliferation of mye-
loid cells from one or more lineages in peripheral blood (Dameshek 1951). The description,
of the Philadelphia chromosome (Ph) resulting from the reciprocal translocation
t(9;22)(g34;911) and, generating the oncoprotein BCR-ABL, the hallmark of Chronic Myeloid
Leukaemia (CML), led to a reorganisation of these chronic diseases. They were sub-
grouped into Ph positive MPN (CML) and the classic Ph negative MPN (Nowell 1962, Nowell
and Hungerford 1960, Rowley 1973).

The classical Ph negative MPN include Polycythemia Vera (PV), Essential Thrombocythe-
mia (ET) and Primary Myelofibrosis (PMF). In 2005, four independent research groups iden-
tified a somatic point mutation in the gene coding for the Janus Kinase 2 (JAK2) tyrosine
kinase that was present in most cases of PV and in some cases of ET and PMF (Baxter, et
al 2005, James, et al 2005, Kralovics, et al 2005a, Levine, et al 2005).

Janus kinases (JAKs) comprise a family of four members: JAK1, JAK2, JAK3 and Tyk2
(Yamaoka, et al 2004). The JAKs play an important role in the homeostasis of the cells, be-
cause they act as signal-transducers of cytokines involved in development, proliferation,
survival and immune regulation (lhle, et al 1998, Parganas, et al 1998).

Structurally JAK2 is a non-receptor tyrosine kinase and a member of the Janus kinase pro-
tein and, is composed of four domains: 1) the amino-terminal FERM (band 4.1, ezrin, radix-
in, and moesin) domains, 2) SH2 (the second domain), 3) JH2 is the third domain, which is
presumed to be catalytically inactive due to the lack of residues required for tyrosine kinase
activity, called “pseudo-kinase”, and lastly 4) JH1 being the fourth and c-terminal domain,
having all the characteristic features of a catalytic tyrosine kinase, that is activated upon
phosphorylation of tyrosine 1007 (Y1007) localised in the activation loop of JAK2 protein

(Figure 3) (Huang, et al 2001, Ungureanu, et al 2011).
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Figure 3: Domain structure of JAK2. JAK2 contains a tyrosine kinase domain (JAK homology 1 (JH1)), a pseudoki-
nase domain (JH2), SH2-like domain, and amino-terminal FERM domain, responsible for attachment to the cytosolic
domains of cytokine receptors. The pseudokinase domain, JH2, functionally prevents the activation of the kinase

domain, JH1.

The somatic guanine-to-thymine (G>T) mutation encoding to a valine-to-phenylalanine sub-
stitution at the position 617 (V617F) of the auto inhibitory JH2 domain in JAK2, originates the
activation of the tyrosine kinase that results in the downstream activation of different path-
ways leading to uncontrolled cell proliferation, survival and blocking of apoptosis (Zhao, et al
2005).

Several growth factors (EPO, TPO, G-CSF, GM-CSF, SCF, IL-3 and IGF-1) are essential for
normal haematopoiesis (Gadina, et al 2001, Jatiani, et al 2010). These growth factors bind
to cytokine receptors, which activate JAK proteins, setting off a cascade of signalling events.
Once JAK molecules are activated induce downstream the activation of signal transducer
and activator of transcription (STAT). The phosphorylation of STAT allows their homodimeri-
zation (mainly STAT3 and STATS5) and translocation into the nucleus, where they act as
transcript factors (Park, et al 1996, Staerk and Constantinescu 2012). Other signalling path-
ways are also activated due to JAK signalling activation, such as mitogen-activated protein
kinase (MAPK), phosphatidylinositol-3’-kinase (PI3K) and AKT/mammalian target of ra-

pamycin (MTOR), responsible also for cell proliferation (Levy and Darnell 2002).



JAK-STAT signalling is controlled by several regulatory mechanisms that stress the sup-
pressors of cytokines signalling (SOCS) proteins. These proteins acts as negative regulators
binding to phosphotyrosine residues of either activated JAK or cytokine receptors (Starr and
Hilton 1999).

JAK2V®YF mutation is a clonal mutation that can be detected in the haematopoietic progeni-
tors as well as in mature hematopoietic cells. Microsatellite mapping allowed to demonstrate
that the loss of heterozygosity from chromosome 9p (9p24) in individual cells resulted on a

2V81F increases,

mitotic recombination. Over time, the number of cells homozygous for JAK
suggesting a proliferative and survival advantage of mutant progenitor cells (Kralovics, et al
2005b).

The frequency of JAK2Y®"" mutation is estimated to be 97% in PV, 50-60% in ET and 55-
65% in PMF. However, this mutation is not specific of MPN and can be also found in pa-
tients with Acute Myeloid Leukaemia (AML), Myelodysplastic Syndromes (MDS) (<5%) and
CML (Barbui, et al 2015, Steensma, et al 2005). Despite the presence of this mutation in
other haematological diseases, the JAK2 mutation screening was adapted as a useful clonal
marker of MPN by the World Health Organization (WHO) system of hematopoietic tumour
classifications in 2008 (Tefferi, et al 2007, Vardiman, et al 2009).

Recently, another mutation involving the CALR gene (located in chromosome 19p13.2) was
described for MPN patients. It represents the second most frequent mutation in this group of
diseases (Nangalia, et al 2013), being present in 20-50% in ET and PMF and almost absent
in PV (Barbui, et al 2015). Myeloproliferative leukaemia virus oncogene (MPL), also known
as gene for the thrombopoietin receptor, localised on chromosome 1p34 it has been found
mutated in 3% of patients with ET, 7% in PMF and in a very low percentage of patients with
PV (Gianelli, et al 2014). Additionally, a variety of mutations that modify the epigenetic regu-
lation are found in MPN patients, including mutations in: TET (oncogene family member 2),
IDH1/2 (isocitrate dehydrogenase 1 and 2), EZH2 (enhancer of zeste homolog 2), ASXL1
(additional sex combs-like 1), and DNMT3A (DNA cytosine methyltransferase 3a)

(Passamonti, et al 2011, Vannucchi, et al 2013).
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The determination of allele burden in JAK2/CARL/MPL mutations can be useful to clarify the
specific diagnosis and also to provide important prognostic information. For example, low
JAK2Y®'F allele burden in PMF has been associated to worse prognosis and also higher
than 50% JAK2"®*" allele burden in PV has been associated to increased risk of fibrotic

transformation (Passamonti, et al 2010).

2.1. Leukemic bone marrow niche: A partner in crime.

HSC are maintained throughout life and, their genomic integrity is preserved to prevent leu-
kemic transformation and ensure normal blood production. However, these cells are con-
stantly exposed to both intrinsic and extrinsic stressing factors that can lead to genomic in-
stability (DNA damage) and mutations (Bakker and Passegue 2013). These mutations ac-
cumulate with age and, if not properly resolved, can result in loss of function or malignant
transformation (Welch, et al 2012).

Different reports along the last decade have suggested that the alterations in the BM-MSC
can lead to haematological abnormalities (Schepers, et al 2015). The first studies reported
that genetic deletion of IKBa in mice induces a severe hematologic disorder, characterized
by an increase of granulocyte/erythroid/monocytes macrophages colony-forming cells (CFU-
GEMM). This particular myeloproliferative disturbance was mediated by the dysregulation of
Jagged-1 expression in IKBa-deficient hepatocytes (Rupec, et al 2005). In 2007, Walkley
and colleagues demonstrated that the loss of one the major receptor of vitamin A, retinoic
acid receptor y (RARYy), resulted in a murine myeloproliferative neoplasm (MPN), with an
increase of granulocytes in PB, BM and spleen (Walkley, et al 2007a). They suggested that
microenvironment induces the myeloproliferative disease by increasing the expression levels
of tumour necrosis factor a (TNFa). Transplantation of TNFa” BM mice into RARy” mice
had the capacity to revert the MPN-like phenotype. The same group also reported that Mx1-
Cre-mediated deletion of the retinoblastoma (RB) gene in both haematopoietic and stromal

cells resulted in MPN-like disease in the mice with splenomegaly. However, the develop-



ment of MPN in mice was dependent on the deletion of RB in both components, myeloid
cells and BM microenvironment (Walkley, et al 2007b). In the same line, the development of
a mice where the canonical Notch ligand receptor mind bombl (Mibl) in the stroma was
inactive resulted in MPN- like disease, independently of Mibl status in haematopoietic sys-
tem (Kim, et al 2008).

The results described underscore the role of BM stromal niches in disease initiation. Howev-
er, in these reports the hyper-proliferation was not accompanied by haematopoietic cell
transformation or abnormal differentiation. Recent studies have suggested that altered mi-
croenvironment can serve as the initiating event in haematological malignances. The dele-
tion of Dicer 1 gene, required for microRNA processing in osteoprogenitor cells, was suffi-
cient to drive a myelodysplastic-like syndrome, which was fully reverted upon transplantation
into wild-type mice (Raaijmakers, et al 2010). Subsequently, it was demonstrated that the
increase of R-catenin expression stimulates the Notch ligand Jagged-1 in osteoblasts, which
can increase Notch signalling in haematopoietic cells developing AML in mice (Kode, et al
2014).

Another recent study suggests that Notch signalling plays an important role in HSC regula-
tion. A conditional knockout model of RBPJ, a non-redundant downstream effector of the
canonical Notch signalling cascade, induces the up-regulation of miR-155 expression on BM
stromal cells and endothelial cells. The constitutive over-expression of the miR-155, which
directly targets the nuclear factor kB (NF-kB) inhibitor kB-Ras1, induces NF-kB activation
and a global state inflammation in the BM, increasing the production of pro-inflammatory
cytokines including G-CSF and TNF-a. This inflammatory state altered the mechanisms in
BM- stromal cells, leading to an uncontrolled expansion of myeloid cells and the develop-
ment of a MPN-like disease in mice (Wang, et al 2014). They also studied the implications of
miR-155 in human MPN patients, analysing 85 BM mononuclear cells (BM-MNC) of patients
with myelofibrosis (MF) (characterized by a high inflammatory process), and found an over-

expression of the miR-155 when compared to healthy donors.
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Other controversial idea is that genetic changes could independently occur in BM stromal
cells during the course of the disease or be already present at diagnosis (Blau, et al 2011,
Blau, et al 2007, Lopez-Villar, et al 2009), although it is not confirmed if this genomic chang-

es are related to the development of the disease.

2.1.1. The tumour microenvironment as a key to MPN pathogenesis
In the last years, different groups have found evidence that the haematopoietic niche influ-
ences leukemic stem cell proliferation, survival and migration, contributing to the disease
progression (Mendez-Ferrer, et al 2015, Schmitt-Graeff, et al 2015). During neoplastic trans-
formation, BM niches undergo a profound modulation with a disruption of their physiological
architecture. Examples of that include the JAK-STAT pathway activation in malignant and
non-malignant cells or the hyper-activation in pre-fibrotic MPN of the fibronectin secretory
pathway in stromal cells (Kleppe, et al 2015). A hallmark of profound alteration in the BM
niche, with a progressive remodelling of the BM stroma, can be observed in PMF, a subset
of PV and in a minority of ET patients resulting in fibrosis and osteosclerosis (Gianelli, et al
2012, Thiele, et al 2005).
Various studies have suggested that the development and progression of MPN can be driv-
en through mutated haematopoietic stem/progenitor cells (HSPC) and the BM-niche feed-
back loop (Figure 3), which include:
> Neuroglial damage in the BM - JAK2"**" MPN mouse model, where the excessive
production of interleukin (IL)-18 by mutant MPN HSC induced neural damage and
depletion of nestin® MSC (apoptosis), leading to acceleration of MPN and subse-
guent disease progression. This phenotype was reverted by treatment with 4-
methycatechol, a neuroprotective drug that signals through R3-adregenic receptors
(Arranz, et al 2014).
» Production of pro-inflammatory cytokines by leukemic and normal cells — Some re-
ports have shown that CML cells can generate an inflammatory environment by the

production of IL- 6, IL-1a that can decrease the expression of CXCL12 in the stromal



niche with an increment of MSC proliferation (Krause, et al 2013). Murine models of
CML showed the role of THPO, the chemokine (C-C motif) ligand 3 (CCL3) and di-
rect cell-cell interaction between the leukemic cell and the MSC, resulting in the
overproduction of functionally altered osteoblasts (Reynaud, et al 2011, Schepers, et
al 2015). These models also demonstrated the capacity of MPN hematopoietic cells
to remodel the endosteal BM niche, where the ability of osteoblasts to maintain nor-
mal HSC is severely compromised (Schepers, et al 2013). Myelofibrotic osteoblasts
also expressed pro-inflammatory cytokines (IL-1 and TNF-a) which likely amplify ab-
errant myeloid cell production, creating a vicious circle.

The capacity of leukemic cells to alter neighbouring non-transformed hematopoietic
progenitor cells - An in vivo model reported that normal cells exposed to leukemic
cells (CML) acquired characteristics of the transformed cells. The production of ab-
normal cytokines (IL-6) by human CML can inhibit the proliferation of normal haema-

topoietic cells while sparing the transformed ones (\Welner, et al 2015).
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Figure 4: Scheme model for MPN BM niche. Myeloproliferative neoplasms (MPN) are haematological disorders
from a clonal hematopoietic stem cell, which originates a population of leukemic stem cells (LSC) with increased sur-
vival and proliferative capacity. LCS secretes IL-18, which damages sympathetic nervous system (SNS) nerve termi-
nals and MSC apoptosis. LSC overproduce leukemic myeloid cells that secrete high levels of proinflammatory cyto-
kines, thus creating a paracrine feedback loop that drives myeloid differentiation and also directly stimulate MSC to
overproduce functionally altered osteoblasts, which accumulate in the BM cavity as inflammatory myelofibrotic cells
(Myelofibrosis). With an altered stroma severely compromised in their ability to maintain normal HSC, but not LSC.
The high production of IL-6 by the LSC transforms normal leukaemia-exposed progenitor cells (HSC) into “leukemic-

like” cells, promoting myeloid differentiation.




2.1.2. Extracellular vesicles

In recent years, it has been widely recognised the cross-talk between neoplastic cells and
the microenvironment in the progression of haematological neoplasms, where we have to
highlight the role of extracellular vesicles (EV) (Raimondo, et al 2015, S, et al 2013). Repro-
gramming of somatic cells requires a complex interaction between intracellular and extracel-
lular signals leading to epigenetic changes. Cell fate is therefore determined by signals that
can change the phenotype of the target cells. Cell-secreted vesicles were initially described
nearly 30-40 years ago, where two independent groups observed the presence of mul-
tivesicular bodies in the reticulocytes and their capacity to release vesicles (Pan, et al 1983,
Pan and Johnstone 1983). Raposo and colleagues (Raposo, et al 1996) demonstrated that
vesicles isolated from Epstein-Barr virus transformed B lymphocytes were able to stimulate
adaptive immune response was a landmark in the EV research field.

Numerous studies have reported the role of EV in intracellular communication based on the
presence of proteins, lipids and nucleic acids (RNA and microRNA) in their cargo. EV have
been isolated from almost all biological fluids and cell types demonstrating the important role
in normal and pathology processes (Yanez-Mo, et al 2015).

Extracellular vesicles, it is a general term to describe all types of vesicles released by the
cells and can be classified in different subtypes based on their cellular origin, biological func-
tion and biogenesis (Yanez-Mo, et al 2015):

(a) Apoptotic bodies — vesicles released during the process of apoptosis;

(b) Cellular microparticles/microvesicles/ectosomes — generated from plasma membrane
budding and thus, their membrane composition reflects the parental cells;

(c) Exosomes — derived from the endolysosomal pathway — exosomes are generated
from the multivesicular bodies (MVB) as part of the endocytic machinery known as
late endosomes, which are released to the extracellular environment upon the fusion
of MVB with the plasma membrane.

Extracellular vesicles exert their effects on fundamental biological process, so the impact of

EV in disease pathogenesis is not surprising. Numerous studies have implicated EV in the
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bidirectional transfer of genetic information between cancer and stroma, leading to altera-
tions that include cell proliferation, angiogenesis, matrix remodelling, metastasis and im-
mune escape (\Webber, et al 2015).

Previous studies reported by our group showed that BCR-ABL cell release an EV containing
the oncogene (MRNA), that can be incorporated into endothelial cells leading to the expres-
sion of the oncoprotein in negative BCR-ABL cells (Ramos, et al 2015). In the context of
MPN, other groups also showed that vesicles released by CML cell lines induce the reduc-
tion of VCAM-1 and CXCL12 expression in endothelial cells, demonstrating the capacity of
EV of reprogramming the microenvironment (Taverna, et al 2014).

The crosstalk is not unidirectional, incorrect signals from the microenvironment may lead to
a destabilisation of haematopoietic system. Rocarro et al reported that BM-MSC from multi-
ple-myeloma patients derived exosomes with a direct impact in multiple myeloma disease
progression in vivo (Roccaro, et al 2013). Work developed by our group (Muntion, et al
2016) also showed that BM-MSC from MDS patients release EV containing the microRNA-
10a and microRNA-15a. The incorporation of these EV in haematopoietic progenitors had

the ability to modify their behaviour, increasing their viability and clonogenic capacity.
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Hypothesis and Main Objectives of the Thesis

Myeloproliferative neoplasms are caused by a clonal mutation in the haematopoietic stem
cells. JAK2V®'"F mutation is the main molecular marker in patients with Polycythemia Vera
(PV) and Essential Thrombocythemia (ET). Different findings have demonstrated the im-
portance of the bone marrow stromal microenvironment in the survival, proliferation and re-
sistance to chemotherapy of the leukemic cells. It could be hypothesised that the BM micro-
environment could be differentially altered in patients with PV and ET with JAK-2 mutation,
and maybe this changes could play a role in the different clinical characteristics of both enti-
ties.

Thus, the main objective of this thesis was to compare the functional and genomic charac-
teristics of bone marrow mesenchymal stromal cells of JAK2-MPN patients with PV and ET,

and the interactions established between stromal and haematopoietic cells.

Specific Aims:

1. To compare ability to proliferate, to differentiate and the immunophenotype of the
BM-MSC from MPN patients (JAK2Y®*'F), with that of BM-MSC from healthy donors (HD) and
CML patients;

2. To study the presence of genomic alterations in the MSC from ET and PV patients,
by conferring them with control MSC (HD);

3. To evaluate if the alteration in the MSC from JAK-2 MPN patients modifies the ca-
pacity to support normal and MPN haematopoietic progenitor cells;

4, To identify altered genes and pathways in the MPN-MSC which could potentially be
used as therapeutic targets;

5. To compare the microRNA content in the MSC-derived extracellular vesicles from
HD and MPN patients, and to study the functional alterations that may be induced when in-

corporated into haematopoietic progenitor cells.
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1. Patient characteristics
Seventy-two MPN patients were included in the study (45 JAK2Y®'', 4 CARL, 9 MPN

JAK2/CARL/MPL negative and 14 CML). Median age of JAK2"'®'" patients was 66 (range 31-
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85), 55 (range 43-82) for MPN patients without the mutation in JAK2 (JAK2 (negative)) and
51 (range 35-57) for CML patients. MPN diagnosis was established according to the WHO
classification (Tefferi, et al 2007). Patient’s characteristics are summarised in Table 1. Nor-
mal BM samples were obtained from 50 healthy donors, 32 men and 18 women, with a me-
dian age of 49 years (range, 31-73 years). Written informed consent was obtained from all
healthy donors and patients according to the ethical guidelines of the Hospital Universitario

de Salamanca and was also in accordance with the Helsinki Declaration.

Table 1: Patient’s characteristics

Subject Sex Age Hb Platelets WBC  %JAK2"™'" CARL Other Muta-
(y) (g/dL) 10%/uL 10%/uL tion/Observations
PMF1 M 66 —- — —- 60% NO NO
PMF2 M 75 — — —- 36% NO NO
PV1 F 46 16.9 775 11.1 17% NO NO
PV2 F 78 17.8 364 14.1 70% NO NO
PV3 M 53 13.9 262 4.01 49% NO NO
PV4 F 52 17.3 649 8.11 33% NO NO
PV5 M 74 15.7 233 4.19 40% NO NO
PV6 F 72 16.4 454  14.13 90% NO NO
PV7 M 66 16.9 1041 17.6 46% NO NO
PV8 M 67 17.3 485 12.9 33% NO NO
PV9 F 69 16.7 356 5.87 33% NO NO
PV10 F 79 17.8 557 11.6 57% NO NO
PVl M 71 18.4 597 8.26 23% NO NO
PV12 F 70 16.8 387 17.3 75% NO NO
PV13 M 55 —- — —- NO NO NO
PV14 F 43 — — —- NO NO NO
PV5 M 46 — — —- NO NO NO
PV1i6 M 54 —- — —- NO NO NO
ET1 F 40 14.3 415 9.2 24% NO NO
ET2 F 51 14.1 596 9.17 16% NO NO
ET3 F 70 17.6 567 8.67 54% NO NO
ET4 M 52 135 567 8.96 11% NO NO
ET5 M 74 15.7 180 6.08 35% NO NO
ET6 F 37 14.7 484 6.56 21% NO NO
ET7 M 65 14.5 483 7.63 20% NO NO

53



ET8 M 85 155 98 8.82 90% NO NO
ET9 M 69 14.9 293 6.79 32% NO NO
ET10 F 51 13.5 644 7.41 13% NO NO
ET11 M 72 11.8 472 7.98 48% NO NO
ET12 F 74 14.3 636 5.83 22% NO NO
ET13 M 73 12.3 1167 13.7 25% NO NO
ET14 M 77 16.9 595 10.44 26% NO NO
ET15 F 45 155 648 10.5 12% NO NO
ET16 M 73 11.3 656 9.73 60% NO NO
ET17 F 56 16.1 856 8.5 20% NO NO
ET18 M 62 17 697 10.2 10% NO NO
ET19 M 31 16.6 168 3.78 30% NO NO
ET20 F 79 15.7 548 5.22 12% NO NO
ET21 F 68 14.7 571 6.92 18% NO NO
ET22 M 74 15.8 387 11.6 16% NO NO
ET23 M 70 14.1 224 3.8 22% NO NO
ET24 F 67 15.8 1027 111 24% NO NO
ET25 F 50 15.3 517 7.78 15% NO NO
ET26 F 78 15.9 640 11.97 80% NO NO
ET27 M 47 14 634 5.22 44% NO NO
ET28 F 76 15.5 523 9.23 22% NO NO
ET29 F 73 —- — — NO Si NO
ET30 F 47 —- — — NO Si NO
ET31 F 75 —- — — NO Si NO
ET32 F 47 —- — — NO NO NO
ET33 M &5 = — — NO NO NO
ET34 M 43 —- — — NO NO NO
ET35 M 70 — — — NO NO NO
ET36 F 72 —- — — NO NO NO
ET37 F 58 —- — — NO Si NO
CML1T M 53 —- — — NO NO BCR-ABL
CMLZ2 M 58 —- — — NO NO BCR-ABL
CML3 M 41 —- — — NO NO BCR-ABL
CML4 F 68 —- — = NO NO BCR-ABL
CMLS M 39 — — — NO NO BCR-ABL
CML6 F 47 —- — — NO NO BCR-ABL
CML7 M 50 —- — — NO NO BCR-ABL
CML8 F 74 —- — — NO NO BCR-ABL
CML9 F 47 —- — — NO NO BCR-ABL
CML10O M 35 —- — — NO NO BCR-ABL
CML11 F 52 —- — — NO NO BCR-ABL
CML12 F 87 —- — = NO NO BCR-ABL
CML13 F 47 —- — — NO NO BCR-ABL
CML14 WM 64 —- — = NO NO BCR-ABL

Y= years; M= Male; F= Female; PMF= Primary myelofibrosis; PV= Polycythemia Vera; ET= Essential thrombo-
cythemia; Hb= Haemoglobin; WBC= White blood cells



2. Bone marrow mesenchymal stromal cells (BM-MSC) and cell lines

2.1 BM-MSC isolation and expansion

Bone marrow (BM) aspirates were obtained following institutional standard protocols
(Carrancio, et al 2008). BM was diluted in HBSS Hanks Solution (Gibco, Invitrogen™) and mon-
onuclear cells (MNC) were separated by density gradient centrifugation using a solution of
high density with low viscosity and low osmotic pressure - Ficoll-Paque (density: 1.077k; GE
Healthcare BioSciences). MNC from buffy coat layer were recovered, washed and seeded at a
density of 10° MNC/cm? on a plastic culture flask (Coming Incorporated) with an expansion me-
dium consisting on Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Invitrogen™) supple-
mented with 5% of platelet lysate, heparin (200 IU/mL) and 1% of penicillin/streptomycin
(10°U/mL/10°ug/mL - Gibco, Invitrogen™) and cultured at 37°C and 5% of CO, in a humidified
atmosphere (Carrancio, et al 2011, Carrancio, et al 2008). Platelet lysate (PL) were obtained
from the University Hospital of Salamanca Blood Bank. Culture medium was replaced every
3-4 days and non-adherent cells were removed. BM-MSC were isolated due to their charac-
teristic adherence to plastic surfaces. When cultures reached approximately 70-80% conflu-
ence, cells were detached by treatment with 0,05% trypsin/EDTA (Gibco, Invitrogen™) and re-
planted for culture expansion at a density between 3000-5000 cells/cm?. The procedure has
been schematically represented in Figure 5. In each expansion cycle, cells counts were
performed applying Trypan Blue (Gibco, Invitrogen™) staining on Neubauer chamber. Cell
growth rates were analysed calculating the population doublings (PD) at each passage, fol-
lowing the formula: logio(N)/logi0(2) where N represents the cells harvested/cells seeded

(Lu, et al 2006). Results were expressed as PD for each passage.
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Figure 5: Protocol scheme of BM-MSC isolation and expansion

2.1.1 Multiparametric flow cytometry analysis (MFC)

For immunophenotypic characterisation, MSC were identified following the ISCT recommen-
dations (Dominici, et al 2006). Adherent cells at passage 3 were harvested and incubated
using the following conjugated monoclonal antibody combinations: CD34-FITC, CD73-PE,
CD45-PerCPCy5.5, CD105-APC/ CD44-FITC, CD14-PE, CD19-PerCPCy5.5/ CD90-FITC,
CD166-PE, HLA-DR-PerCPCy5.5 (FITC: fluorescein isothiocyanate, PE: phycoerytrin,
PerCP: peridinin chlorophyll protein, APC: allophycocyanin.) Table 2. To control background
fluorescence, unstained MSC were also acquired and used as negative control. Expression
of individual markers was recorded both as percentage of positive cells and as mean fluo-
rescence intensity (MIF) after subtracting the baseline auto-fluorescence levels observed for

MSC.



Table 2: Panel of antibodies used for characterise BM-MSC by MFC
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Antibody Concentration Clone Commercial
CD90-FITC 0.5 mg/mL 5E10 Becton Dickinson, BioSciences
CD34-FITC 25 pg/mL 8G12 Becton Dickinson, BioSciences
CDA44-FITC 12.5 pg/mL L178 Becton Dickinson, BioSciences

CD73-PE 20 pl/per.Test. Clone AD2 Becton Dickinson, BioSciences

CD14-PE 50 pg/mL Clone M¢P9 Becton Dickinson, BioSciences
CD166 PE 20 pl/per.Test 3A6 Becton Dickinson, BioSciences

CD45- PerCPCy5.5 6 pg/mL Clone 2D1 Becton Dickinson, BioSciences
CD19- PerCPCy5.5 5 pg/mL Clone SJ25C1  Becton Dickinson, BioSciences
HLA-DR- PerCPCy5.5 6.25 pg/mL Clone L243 Becton Dickinson, BioSciences
CD105 APC 10 uL/10° cells Monoclonal R&D systems
Mouse 1gG1

Clone # 166707

Labelled cells were acquired immediately after the staining using a FACSCalibur flow cy-
tometer (BD Biosciences) equipped with the CellQuestTM program (BD Biosciences). Data were
analysed using the Infinicyt software (Cytognos, Salamanca, Spain), as previously described (Del

Canizo, et al 2003, Sanchez-Abarca, et al 2013, Sanchez-Guijo, et al 2009).

2.1.2 Differentiation assays

Osteogenic and Adipogenic Differentiation

For in vitro differentiation the cells were cultured with specific medium - osteogenic medium
(NH Osteodiff Medium, Miltenyi Biotec) and adipogenic medium (NH Adipodiff Medium, Miltenyi Biotec).
Osteoblastic alkaline phosphatase activity was detected by staining with NTB/BCIP (nitro-

blue tetrazolium chloride / 5-bromo-4-chloro-3-indolyl-phosphate) solution (Roche, Switzer-

o7
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land) and counterstained with hematoxylin (Merck, Germany). For adipocyte detection cells
were stained with Oil-Red-O solution (Certistain Merk KGaA).

2.1.3 Cell cycle assays

BM-MSC from HD (n=10) and JAK2"®*"F (n=15, 11 ET and 4 PV) or MNC from the different
experimental conditions were stained with propidium iodide (PI), using the kit Cycle Tests
(BD), according to manufacturer's instructions. A minimum of 20,000 events was acquired
on a FACSCalibur flow cytometer using the CellQuest software program. The distribution of

cells along the cell-cycle phases was analysed using ModFit LTTM Macintosh program (Verity
Software House, Inc., Topsham, ME, USA).

2.1.4 Apoptosis assays

For apoptosis assessment, the BM-MSC and MNC from the different experimental condi-
tions were stained with Annexin V-PE using the PE Annexin V Apoptosis Detection Kit | (BD)
following the manufacturer’s instructions. The samples were acquired on FACSCalibur and
analysed using the Infinicyt software to determine the percentage of viable cells (both an-
nexin-V and 7ADD negative).

2.2 Cell lines

2.2.1 BM-MSC stromal cell lines: hMSC-TERT, a human MSC cell line immortalised by the
expression of the telomerase reverse transcriptase gene was used (generous gift of Dr. En-
rique Ocio, Centro de Investigacion del Cancer, Universidad de Salamanca) as well as the
fibroblastoid cell line HS-5 obtained from the ATCC (ATTC CRL11882). These cell lines
were cultured in DMEM medium supplemented with 10% FBS and 1% penicil-
lin/streptomycin (P/S).

2.2.2 MPN cell lines — Different JAK2V®'"F cell lines derived from patients diagnosed with
myeloproliferative diseases and BCR-ABL positive cell line were used.

> Hematopoietic cell lines K562 cells from ATCC (ATCC CCL243), a human cell de-
rived from a patient with Ph* blast crisis (BCR-ABL positive) was cultured in Roswell Park
Memorial Institute (RPMI)-1640- medium (Gibco ® - Life Technologies-Invitrogen, UK) with 10%

FBS and 1% P/S.



> UKE-1 is a cell line derived from an essential thrombocythemia (ET) patient trans-
formed into acute leukaemia, homozygous for JAK2"®*"F mutation (Buors, et al 2012). UKE-1
cell line was cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) containing high glu-
cose (4,500 mg/L), sodium pyruvate and HEPES buffer (Lonza, Belgium) supplemented with

20% of FBS, 1uM of hydrocortisone, 1% P/S and L-Glutamine (Life Technologies).

> SET-2 cell line was established from a patient with ET at megakaryoblastic leukemic
transformation (Uozumi, et al 2000). This megakaryoblastic leukemic cell line is heterozy-

gous for the JAK2V®*"F mutation.

> HEL cell line was established from a patient with erythroleukemia, being homozy-
gous for JAK2Y®F mutation (Papayannopoulou, et al 1983). SET-2 and HEL cell lines were
cultured in Roswell Park Memorial Institute (RPMI-1640) medium with 10% FBS and 1%
P/S. All cell lines were kindly donated by Prof. Anténio de Almeida (Instituto Portugués de

Oncologia de Lisboa, Portugal).

All cell types were cultured at 37°C in a humidified atmosphere in the presence of 5% CO2-
95% air.

3 RNA-related assays

3.1 RNA extraction and purification
BM-MSC from all groups, were trypsinized and frozen (-80°C) in 1mL of TRIzol® (Invitrogen,

CA) at passage 3 for eventual precipitation and purification. Briefly, to isolate the RNA chloro-

form was added (Sigma, Aldrich) and centrifuged. The aqueous phase was transferred in to a

clean Eppendorf, 2-propanol (Merck, USA) was added and the final solution was centrifuged.
RNA was cleaned with sterile ethanol (Sigma-Aldrich) 70% and re-suspended in sterile water.
For microarrays assays the RNA was submitted to a purification process using the RNA-

extraction kit from Qiagen following manufacturer’s instructions.
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3.2 RNA quantification

RNA quantity was determined using a spectrophotometer NANOdrop and 260nM/280nM
and 260nM/230nM ratios were analysed. In order to accept the RNA, both ratios should be
as close 2.0 as possible.

RNA integrity was assessed by the RNA 6000 Lab Chip® kit using a 2100 Bioanalyzer (Ag-
ilent technologies, CA).

3.3 Gene Chip® Human Gene ST Arrays

Total and purified RNA extracted from BM-MSC were hybridized in the platform Gene Chip
Gene 1.0 ST array system (Affymetrix, Santa Clara, CA). This platform uses a subset of 28,869
well-annotated genes with 764,885 distinct probes. Briefly, 100 ng of total RNA from each
sample were reverse-transcripted to cDNA.

Microarrays were hybridized, washed, stained, and scanned according to the protocol de-
scribed in WT sense target labelling assay manual from Affymetrix. The arrays were
scanned using the Affymetrix Gene Chip scanner 3000 7G system. Gene- and exon-level
expression signal estimates were derived from CEL files generated from Affymetrix
GeneChip Exon 1.0 ST arrays using the multiarray analysis algorithm implemented from the
Affymetrix Power Tools software.

3.4. Microarray data analysis: normalisation, signal calculation, differential gene expression
and clustering

Microarray data analyses were performed in the R/Bioconductor statistical environment.
Micorarrays were pre-processed and normalized with the RMA (Robust Multi-Array Average)
algorithm (from R library affy) (Irizarry, et al 2003). The expression signal at gene level was
calculated applying a gene-centric redefinition of the Affymetrix probes to Ensembl genes
(Ensembl IDs: “ENSG”). This alternative Chip Definition File (CDF) with complete unambig-
uous mapping of microarray probes to genes is available at GATExplorer
(http://bioinfow.dep.usal.es/xgate/) (Risueno, et al 2010). The algorithm LIMMA (from R li-
brary limma) was used for differential expression analyses (Smyth, et al 2005). Differential

expression was considered statistically significant when adjusted p-value was under 0.05



(for multiple-testing adjustment, the FDR method of Benjamini-Hochberg was applied). Un-
supervised sample to sample clustering and heatmap were produced based on Euclidean
distances between micoroarrays.

3.4.1. Gene functional enrichment analysis

Selected sets of genes, that were differential expressed compared to control, were submit-
ted to functional enrichment analysis using two bioinformatics tools: DAVID Bioinformatics

Resources 6.7 (http://david.abcc.ncifcrf.gov/) (Huang da, et al 2009) and GeneTerm Linker

(http://gtlinker.dacya.ucm.es/) (Fontanillo, et al 2011). The gene sets analysed for functional

enrichment were the most significant from List | (up-regulated genes with FDR<0.03) and
List Il (up-regulated genes with FDR<0.02). The down-regulated significant genes were also
analysed in separated runs.

3.5. Gene expression assays — Real-time PCR

Total RNA obtained from both BM-MSC and MNC with TRIzol and subsequent reverse tran-
scription was carried out using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). The total RNA input was 1000ng in a final reaction volume of
20uL and the conditions for this reaction were as follows: 10 min at 25°C, 120 min at 37°C
and 5 sec at 85°C. To prepare the 2X RT Master mix (per 20uL reaction): - 10X RT Buffer:
2.0uL; - 25X dNTP Mix (100nM):0.8uL; - MultiScribe™ Reverse Transcriptase: 1.0yL;
RNase Inhibitor: 1.0pL; - Nuclease-free H,O: 3.2uL.

To analyse the expression of interesting genes (Table 3), RT-PCR after generation of cDNA
was performed, using commercial TagMan® Gene Expression Assays and MicroAmp 96
well optical plates on Step One Plus Real-Time PCR System (Applied Biosystems). Housekeep-
ing gene Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to assess RNA
guality and to normalise gene expression in the experiments.

All reactions were carried out in a 10uL final volume containing 5uL of 2X TagMan FAST
Universal Mastermix (Applied Biosystems), 200nM of probe and 300nM of each prime. A meas-

ure conditions were 15 sec at 95°C and 50 cycles consisting of 1 sec denaturation at 95°C,
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and 20 sec at 60°C for annealing/ extension. Reactions were carried out in a StepOnePlus
Real-Time PCR System.

The expression level of each gene was analysed using the average of the duplicates. Re-
producible amplification curves of both duplicates were analysed.

ACt
2-

Relative quantification was calculated using the values where:

ACt = Ctgene - Cteapro-

Table 3: Panel of genes used in RT-PCR assays

Gene symbol Assay IDs Gene symbol Assay IDs
KIT Hs00174029 MYADM Hs00414763
SPP1 Hs00167093 CXCL12 Hs00171022
THPO Hs00171458 HDACS8 HS00954353
JAG1 Hs01070032 BAD Hs000188930
BMP2 Hs01055564 MYADM Hs00414763
ANGPT1 Hs00181613 hsa-miR-155-5p 2623
NFKBIB Hs00182115 RNU6B 1093
TNF Hs00174128
TP53 HS00153340

All the genes were purchased from Applied Biosystems, Foster City, CA, USA

4. Protein assays

4.1. Western Blot assays

4.1.1. Protein extraction: BM-MSC proteins extractions were obtained re-suspended with
lysis buffer and centrifuged to obtain the protein. To prepare lysis buffer we used milliQ H,O
complemented with 20mM of Tris-HCI| pH=7.0, 140mM NaCl, 10mM EDTA, 1% of Nonidet
P-40 and 10% glycerol (all purchase from Sigma-Aldrich), complemented with 0.1 mM sodium
orthovanadate, 1mM PMSF and Protease Inhibitor Cocktail (Roche Diagnostics, Mannheim, Ger-

many).



4.1.2. Protein quantification: The protein concentration was measured using Bradford assay
(Bio-rad) using a solution of 3mg/mL BSA as standard. Samples and standards were pre-
pared by adding 10uL of the extract to 790uL of MilliQ H,O and 200uL of Bradford. The
samples were reed in a spectrophotometer (Bio-Rad) at 595nm. Protein concentration was
determined according to the Beer-Lambert Law.

4.1.2. Electrophoresis and Transference: The proteins extracts were subjected to SDS-
PAGE under reducing conditions, using the method of Laemmli (Laemmli 1970). The sam-
ples were diluted in loading/sample buffer, which was prepared with 125mM Tris HCI pH 6.8,
2% SDS (p/v), 5% glycerol (v/v), 0.003% of bromophenol blue and 1% (v/v) of 3-mercapto-
ethanol. Then, were heated at 95°C for 5 min, for their denaturation, and directly loaded on
the acrylamide gel or stored at -20°C. Finally, the proteins were loaded on a discontinuous
acrylamide gel consisting of 7%-15% separating gel (depending on size of protein of inter-
est) and 5% of stacking gel. Electrophoresis was run at 40V-90V until reaching the resolving
gel and since them at 120V. As weight marker 3-5 puL Page Ruler Prestained Protein Ladder
was used (Bio-Rad). After being resolved by SDS-PAGE the proteins were transferred to
PVDF Immobilon-FL membranes (Mmillipore). In short, membranes were activated for 2 min in
methanol and left in transference buffer (Tris 25mM, glycine 190mM and methanol 20% (v/v)
pH 8.1-8.4). Transference ran for 4h at 40V at 4°C. The quality of the transference was as-
sessed by Ponceau (0.5g of red Ponceau in 1000mL of acetic acid (Merck)). Finally, the
membranes were washed in MilliQ H,O and in TBS-Tween (Tris 10mM and tween 20 0.05%
(VIV))

4.1.3. Blocking and incubation with the primary and secondary antibodies: Membranes were
left blocking for unspecific binding with 5% non-fat dry milk or 2% BSA in TBS-Tween for 1
hour. After membrane blockage, membranes were incubated with primary antibodies at the
appropriate dilution (Table 4) was performed overnight at 4°C. The respective secondary
antibody incubation was performed at room temperature for 1 h. Blots were visualised using

chemiluminescence using ECL-Plus reagent (Thermo Fischer Scientific, United States of America).
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Table 4: Panel of antibodies used in Western blot assays

Primary MW Host Dilution Commercial Secondary Block Solution
Antibody (kDa) species

MYADM 30 Mouse 1:500 mAb2B12#was generated 1:10000 Milk 5%
as previously described
Aranda et al 2011

HDACS 42 Rabbit 1:10000 Abcam#ab187139 1:10000 Milk 5%
CD73 73 Rabbit 1:1000 Abcam#ab124725 1:10000 Milk 5%
CD63 53 1:500 Biosciences (SBI system)  1:1000 Milk 5%
#EXOAB-CD63A-1
GAPDH 37 Rabbit 1:2000 Cell Signaling 1:10000 Milk 5%
3-Tubulin 55 Mouse 1:1000 Santa Cruz 1:10000 Milk 5%
pSTATS5(ve0sy 90 Mouse 1:2000 BD 1:20000 BSA 2%
STATS 90 Rabbit 1:2000 Santa Cruz 1:20000 Milk 5%

4.2. Immunofluorescence assays

Cells were fixed for 30 minutes with 4% paraformaldehyde, rinsed in 1X PBS three times
each for 10 min and finally blocked for 1 hour at room temperature with 0.2% Tripton X-100,
5% normal donkey serum (Jackson Immnuno Research) and 2% of BSA in PBS. Primary anti-
body (Table 5) was incubated overnight at 4°C. Secondary antibody Alexa Fluor 488 donkey
anti-rabbit or anti-mouse IgG and Alexa Fluor 555 donkey anti-rabbit or anti-mouse (all from
Invitrogen, Paisley, UK) were incubated for 1 hour at room temperature. After the final washes, 1
pug/ml 4’, 6-Diamidine-2’ -phenyl indole, dihydrochloride (DAPI) in PBS was added. Slides
were mounted using Vectashield H-1000 medium (Vector Labs) and examined images were
captured using a TCS SP5 Confocal Laser Scanning Microscope (Leica Microsystems, Wetzlar,
Germany) with the LAS AF acquisition program (version 2.6.0.7266). Fluorescence images
were captured using a Leica DMI6G000B microscope (Leica Microsystems). Captured images

were handled using Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA).



Table 5: Panel of antibodies used in immunofluorescence assays

Primary Antibody Host species Dilution Commercial
Anti-HDACS8 Rabbit 1:1000 Abcam#ab187139
Anti-SDF1 Rabbit 1:1000 Abcam#ab187139

Tubulin Mouse 1:1000 Santa Cruz

5. Functional studies

5.1. Isolation of CD34" cells

CD34" cells were isolated from BM (HD and MPN) and from leukapheresis of HD. MNC
were counted with trypan blue and CD34" progenitor cells were sorted by magnetic labelling
using the human CD34 MicroBead kit (Miltenyi Biotec, Germany) in accordance with manufac-
tures protocol. The purity of CD34" cells after separation was assessed by flow cytometry
using FITC-conjugated CD34 (BD, USA).

5.2. Transwell assays — haematopoiesis support

To analyse the capacity of JAK2'**""-MSC (isolated at diagnosis) and HD-MSC to support
normal and leukemic haematopoiesis in vitro transwell assays were performed. Briefly, con-
fluent MSC at passage 3 were trypsinized and subculture at a concentration of 1X10°
MSC/well in 24-well plates. After overnight adhesion, 1X10° CD34" cells were co-cultured
using a transwell membrane of 0.04um (Costar, Corning NY, USA) (Figure 6). Cultures were
maintained for 48 hours. Thereafter, the persistence of primitive progenitors was assessed
by transferring cells into a semi-solid medium to allow the development of hematopoietic

colonies.
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— => MSC -HD

transwell

=> MSC - JAK2V617F

CD34* cells HD CD34* cells JAK2VS17F

Colony-forming cell assay - CFU-GM

Figure 6: Protocol scheme of transwell assays. In vitro studies of haematopoiesis supporting ability of BM-MSC in

transwell assays. JAK2"*"F-MSC and HD-MSC were co-culture with CD34" cells from BM-HD and BM-JAK2"**"%

5.3. Colony-forming cell assay

To study the capacity of the different stromal layers to support haematopoiesis, CD34"cells
recovered from the different culture experiments were washed and counted. 5X10° cells
were plated in a 24-well culture plate (Costar, Corning NY, USA) with 0.5mL complete methycel-
lulose medium - MethoCult H4534 (Stem cell Technology, Vancouver, Canada) and recombinant
cytokines, as previously described (Lopez-Holgado, et al 2004). The cultures were incubated
in a humidified atmosphere at 37°C with 5% CO, cultured for 14 days. Colony-forming units
in culture (CFU-C) were subsequently scored with an inverted microscope following stand-
ard criteria for colony counting. Colonies were defined as clusters consisting of 40 or more
cells. Results were expressed as the number of progenitor produced (CFU-GM (Granulo-
cyte/Macrophage)/10° cells.

5.4 Long-term bone marrow cultures (LTBMC)

LTBMC were established according to the methods of Gartner and Kaplan with slight modifi-
cations (Lopez-Holgado, et al 2005). HD-MSC and JAK2"*"F-MSC were plated (concentra-

tion of 10% in a 48-well plate (Costar, Corning NY, USA) and were maintained in culture. When



confluence was achieved the expansion medium was changed for LTBMC medium (IMDM
350 mOsm/kg supplemented with 10% pre-selected FCS, 10% horse serum (Biowittaker) and

5x10-7 M hydrocortisone sodium succinate (Sigma). The cultures were incubated in a humid-
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ified atmosphere with 5% CO, in air at 33 -C for 5 weeks. Weekly stromal layer formation
was analysed under an inverted microscope. For re-feeding, half of the supernatant was
removed and replaced with fresh LTBMC medium. The harvested non-adherent cells were
counted and 5x10° were plated in a 24-well culture plate (Costar, Corning NY, USA) with 0.5 mL
of methylcellulose medium - MethoCult™ H4434 Classic - with recombinant cytokines and
EPO for human cells (Stem cells Technologies, Grenoble, France) to quantify erythroid progenitors
(CFU-E and BFU-E), granulocyte-macrophage progenitors (CFU-GM, CFU-G and CFU-M)
and multi-potential granulocyte, erythroid, macrophage and megakaryocyte progenitors
(CFU-GEMM). After 14 days, the colonies were scored with an inverted microscope follow-
ing standard criteria for colony counting (Figure 7). Results were expressed as the number

of CFU per 10° cells seeded and the total number of CFU present in the culture.

CFU-GM

BFU-E

¥ ax objective

Figure 7: Identification of the different colonies derived from human hematopoietic progenitors cells 5x10°
were plated in a 24-well culture plate with 0.5 mL of methylcellulose medium - MethoCult™ H4434 Classic - with re-

combinant cytokines and EPO for human cells. The different colonies type showed in an inverted microscope
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6. BM-MSC HDACS inhibition (in vitro assays)

6.1. HDACS selective inhibitor

PCI34051 (1H-Indole-6-carboxamide, N-hydroxy-1-[(4-methoxyphenyl)methyl]-, N-Hydroxy-
1-[(4-methoxyphenyl)methyl]-1H-indole-6-carboxamide) with the formula C17H16N203
(Figure 8) is a potent, specific inhibitor of histone deacetylase 8 (HDACS8) (IC50=0.01uM)
with more than 200-fold selectivity over the other HDAC isoforms, such 1, 2, 3, 6 and 10.
PCI34051 was supplied as crystalline solid (Cayman Chemical, Ann Arbor, USA) dissolved in

DMSO in a stock solution of 10mM and stored at -20°C for posterior use.

PCI-34051
0]
H;N
HO
N /\@ P
O
—

Figure 8: PCI34051 structure

6.2. In vitro studies in BM-MSC from HD and MPN patients after treatment with PCI 34051
To test if the PCI 34051 treatment affects the growth capacity of the BM-MSC from HD, ET
and PV patients, the cells were seeded in 96-well or 24-well plates at a concentration of
3X10° cells/well or 10 cells/well, respectively. AlamarBlue, apoptosis (Annexin-V) and cell
cycle assays were performed to study the alterations on BM-MSC due to the inhibition of
HDACS.

RT-PCR, western blot and immunofluorescence assays were performed to study the ex-
pression of HDACS8 in the BM-MSC (HD and JAK2"%'’F) after the treatment with PCI34051.
The cells were seeded in 6 well-plates at a concentration of 2X10°/mL and treated with
PCI34051 for 48 hours. Then, the cells were trypsinized and the different methodologies

described above were performed (Figure 9).
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Figure 9: Scheme of the in vitro studies performed on BM-MSC treated with the HDACS8 specific inhibitor PCI

34051.

6.2.1. AlamarBlue staining

AlamarBlue staining (Invitrogen, UK) was performed according to the manufacturer’s instruc-
tions. The BM-MSC from -HD (n=3), -PV (n=3) and -ET (n=3) were plated and maintained in
culture during 6 hours to allow cell attachment, then they were incubated for 6h, 24h, 48h
and 72h with PCI34051 at different concentrations (0,5uM - 1uM - 2uM - 5uM - 10uM- 25uM
- and 50uM).

After treatment, BM-MSC were incubated for 4-6 hours at 37°C with a solution prepared with
alamarBlue and fresh culture medium (with reduced serum) in a proportion 1:9 (v/v).
Absorbance was measured at 570 nm and 620 nm with a photometric microplane reader in
an Infinite® F500 teach plate reader (Tecan; Maennedorf, Switzerland). Fluorescence was also
measured using a fluorescence excitation wavelength of 540-570 nm (peak excitation is 570
nm). AlamarBlue activity was calculated subtracting the blank value (well with medium but
not cells) and normalised with control (untreated cells).

6.3. Haematopoietic supportive capacity of BM-MSC treated with PCI 34051

To study the impact of HADCS inhibition in the capacity to maintain haematopoiesis BM-
MSC from HD and JAK2Y®F patients, co-culture experiments were performed. BM-MSC
from both groups (passage 3-5) were tripsinized and plated at concentration of 10° cells/ well

in a 6-well plate (Costar, Bodenheim, Germany) overnight. Then the BM-MSC were incubated
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with PCI34051 at concentration of 25uM for 48 hours. After BM-MSC treatment, the
CD34"cells/MNC from BM of HD and JAK2"®*F patients were co-cultured by direct contact
or in a transwell system constituted by a polycarbonate membrane (3.0um pore size, Corning
Incorporated, Costar). The MNC:MSC ratio was 10:1 and CD34"cells:MSC was 2:1, according
previous experiments (Sanchez-Guijo, et al 2005, Villaron, et al 2004). The cultures were
maintained in a 5% CO,, humidified atmosphere at 37°C for 48 hours. After the time of co-
culture the hematopoietic cells were recovered and different protocols were performed as

showed in the Figure 10.
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Figure 10: Scheme of hematopoietic supportive capacity of BM-MSC treated (HDACSi). Hematopoietic cells

(CD34" cells and MNC) from HD and JAK2Y®'"F were co-cultured, transwell and direct contact, with BM-MSC treated

with PCI134051




To study whether or not the stroma protects the leukemic cells from PCI34051 treatment an
in vitro experimental draw was used, where the BM-MSC and different MPN cell lines were
treated at the same time with the specific HDACSi.

BM-MSC from HD and JAK2"%'"" patients were cultured until reaching 70% confluence, then
MPN cell lines (UKE-1, SET-2 and HEL) were added to the stromal layer at 2x10° cells/mL in
culture medium, either in direct contact (cell to cell contact) or separated (by a 3 um mi-
cropore membranes). After 48h of treatment with the specific inhibitor of HDACS, the cell
lines were harvested and assessed as described below for viability, colony assay, and im-

munoblotting (pSTATS).

7. Extracellular vesicles

7.1 Isolation of EV from BM-MSC culture medium

The protocol used in our experiments was adapted from Théry et al (2006) (Thery, et al
2006) and has been recently published from our group (Muntion, et al 2016, Ramos, et al
2016)

BM-MSC culture conditioned media - To prepare the condition media, BM-MSC from HD
and MPN patients (ET and PV) were cultured in standard condition until reached a 60-80%
of confluence. Then the cultures were washed with PBS twice and cultured, during 24 hours,
under starving conditions in RPMI-1640 medium without FBS to induce stress and the re-
lease of EV.

The conditioned medium (CM) was collected and centrifuged at 300 g for 10 minutes to elim-
inate the cells, then the supernatant was centrifuged at 2000 g for 20 minutes to remove cell
debris. To remove large cell organelles and apoptotic vesicles the supernatant was filtered
through a 0.22 um filtered (millipore, Billerica, MA). After filtration the CM was ultracentrifuged at
100,000 g for 70 min at 4°C to obtain the EV. In some cases the EV pellets were washed
with doubled filtered PBS and ultracentrifuged at 100,000 g for 70 min at 4°C. The pellets
were stored in DMEN with 1% of DMSO at -80°C until their use or in doubled filtered PBS for

other protocols (Figure 11).
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The samples were ultracentrifuged in polycarbonate tubes (25 mm x 89 mm, Beckman Coul-

ter) that have a volume of 22 ml. A Beckman Coulter ultracentrifuge (Beckman Coulter OptimaL-

90K ultracentrifuge; Beckman Coulter, Fullerton, CA, USA) was used with a fixed angle rotor type 70ti.

Culture condition medium

300xg 10 min

\ 4

Supernatant

2000xg 20 min

v

0,22 pm filter sterilization device

100,000xg 70 min

é pellet = cells

é pellet = dead cells

EV
. PBS
100,000xg 70 min washed
EV pellet

EV characterization

. Western Blot (WB)

= Flow cytometry (FC)
Transmission electron microscopy (TEM)
Nano-particle tracking analysis (NTA)

EV microRNA expression
analysis

Incorporation analysis/
Functional studies

- Flow cytometry

- Inmunofluorescence
. RT-PCR

. Colonies assays

Figure 11: Isolation and characterisation scheme of EV from BM-MSC

Commercial isolation kits to EV isolation — We also used ExoQuick-TC™ (ExoQuick; System

Biosciences, Mountain View, CA, USA), a commercial exosome isolation kit. This kit was used to

obtain more EVs from BM-MSC in early passages, to use them for microRNA analysis. The

EV from culture medium were isolated according to the manufacturer's instructions.



7.2 EV characterisation

7.2.1 Multiparametric flow cytometry (MFC) analysis - EV from BM-MSC were characterized
by MFC following a previously described protocol (Ramos, et al 2016).

After the second ultracentrifugation, the pellet was re-suspended in doubled-filtered PBS
and EV were stained with the immunephenotypic panel using human MSC markers (CD90,
CD44 and CD73), haematopoietic markers (CD34 and CD45) and EV markers (CD81 and
CD63). Samples were incubated using a 6-color combination, set up with the following mon-
oclonal antibody panel: 5 ul of anti-CD90- FITC/ 10 ul of anti-CD73-PE or anti-CD63-PE/ 10
Ml of anti-CD34-PerCPCy5.5/ 5 ul of anti-CD44-APC/ 5 pl of anti-CD81-APCH7/ 5 ul of anti-
CD45-V500, all of them purchased from BD Biosciences (San José, CA). The stained EV were
re-suspended (final volume 700uL) with a mix of fluorescent beads composed of varied di-
ameters (0.5, 0.9 and 3 ym) Megamix (Biocytex, Marseille, France) and perfect-Count Micro-
espheres (Cytognos, Salamanca, Spain) of 6—6.4 um in size. For EV acquisition we used
FACSCanto Il flow cytometer (BD Biosciences San Jose, CA) using FACSDiva 6.1 software (BD
Biosciences).

A total of 100000 events were acquired (at low speed). Data were analysed using the Infini-
cyt program (Cytognos, Salamanca, Spain).

7.2.2 Nano-particle tracking analysis (NTA) - Analysis of absolute size distribution of EV was
performed using NanoSight NS 300 (NanoSight Ltd., UK) equipped with a sSCMOS camera.
After ultracentrifugation, the EV were diluted in 1 ml of doubled filtered PBS. The NTA
measurement conditions were as follows: temperature between 21 and 23.6 °C; viscosity
between 0.9 and 0.965 cP, frames per second 25, measurement time 60s. Before acquisi-
tion the samples were diluted in water (1:1000) due to their high concentration. The detec-
tion threshold was similar in all samples. The results indicate the mean sizes and standard
deviations of at least three individual measurements. NTA analyses were performed by the
Servicio Cientifico-Técnico “Soft Materials” Institut de Ciéncia de Materiales de Barcelona

(ICMAB-CSIC), Spain.
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7.2.3. Transmission electron microscopy (TEM) — The electron microscopy was performed
by Dr. Teresa Rejas (Universidad Autbnoma de Madrid, Spain). EV pellets were re-
suspended in PBS and fixed in 2% of paraformaldehyde and 2.5% of glutaraldehyde, then
were added to carbon-coated grids. Uranyl-oxalate solution was used for negative counter-
staining. The vesicles were visualized with a transmission electron microscopy (FEITecnai G2
Spirit Biotwin) and the images were captured using a digital camera (Morada, Soft Imaging System,
Olympus).

7.2.4. Immunoblotting (WB) — After ultracentrifugation, EV from BM-MSC (patients and do-
nors) were directly re-suspended in lysis buffer, and incubated in ice for 20 minutes. Non-
soluble material was eliminated by centrifugation. Primary antibodies were rabbit a-CD63
(EV marker) and rabbit a-CD73 (MSC marker).

7.3. EV microRNA expression analysis

Total RNA (<350 ng) of EV from 8 HD-MSC, 4 PV-MSC and 7 ET-MSC were used to study
the microRNA composition. EV were isolated from the supernatant of different samples us-
ing a commercial kit for EV isolation (ExoQuick; System Biosiences, Mountain View, CA).
Qiagen miRNeasy kit (Qiagen) was used to purify and to conserve the small RNA. Then the
RNA from the recruited samples was retro-transcribed (RT) with Megaplex™ RT Primers
pool (Applied Biosystems). RT product was loaded in a 384-well microfluidic cards (TagMan
® Micro RNA Array A) and the PCR runs were performed on a 7900 HT Fats Real-Time
PCR system (Applied Biosystems). The panel contains 384 PCR assays enabling accurate
guantification of 378 human micro\RNAs and three endogenous controls (RNU44, RNU48
and 4 replicates of RNU6EB).

MicroRNAs expression data were processed within the R statistical computing environment
(version 2.10.0), using AACt standard procedures from the HTqPCR package. Each mi-
croRNA raw Ct value was tagged as undetermined when falling between levels of 36 and
40. Normalization was performed with the raw Ct values of the array endogenous control
features according to the equation: ACtmicrorna = Clmicrorna - Mean (Ct ryys). MicroRNA differ-

ential expression was extracted according to AACt calculations, where AACtyicrorna =



mean(ACter or pv) - mean(ACtuearnyponors)- Statistical significance was assessed using limma
package t-tests adjusted for multiple testing.

Hsa-miR-155 expression was studied in 5 EV from HD-MSC and 5 EV from JAK2'%'"F-
MSC. EV isolation was performed using the classic ultracentrifugation methodology de-
scribed above. Isolated EV were re-suspended in 500ul Trizol (Roche Diagnostics GmbH,
Mannheim, Germany). RNU43 was used as endogenous control.

7.4. Incorporation analysis and functional studies

7.4.1. Nanoparticle tracking analysis - To study EV uptake into hematopoietic progenitor
cells, the EV from 120-160 mL (15-20 flask 75 cm?) of CM JAK2Y**" and HD - MSC were
labelled with 2 pl/mL Vybrant Dil cell-labeling solution (Life Technology, NY, USA) according to
published works (Muntion, et al 2016). Labelled EV pellets were incubated with CD34"cells
(1X10°) for 24 hours. After incubation the cells were recovered and washed with PBS and
the incorporation was assessed by flow cytometry and fluorescence microscopy. As nega-
tive control, the same quantity of dye used to label the EV was submitted to the same pro-
cedure but without the presence of EV.

For immunofluorescence assays the CD34" cells were first stained with mouse a-CD45 (Bio-
legend, San Diego, CA) and then with a donkey anti-mouse Alexa Fluor 488 (Invitrogen, Paisley,
UK). Cellular nuclei were stained with DAPI (section of methodology 3.2).

7.4.2. MicroRNA-155 expression in HD and JAK2Y®''F CD34" cells - CD34" cells isolated
from BM of HD and JAK2"®''F patients were maintained in a 96-well plate with RPMI-1640
(with FSB) for 2 hours, and then approximately 70ug/mL of EV from JAK2Y**"F-MSC and HD-
MSC (36 mL of CM) were added and maintained for 48 hours in culture. Afterwards, the
CD34" cells were recovered and total RNA was extracted using Trizol reagent. CD34" cells
without EV were also maintained in culture as negative control. Individual quantitative PCR
was performed for hsa-miR-155-5p and RNUG6B, being the latter used as control. Relative

AACt

guantification was calculated from the 2- values with the equation: ACt = Ctyicrorna-155 -

Ctrnuss-
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7.5 Functional studies

To evaluate if the uptake of EV from normal and leukemic stroma could change the behav-
iour of the progenitor haematopoietic cells, apoptosis and clonogenic assays were per-
formed. The CD34" cells from BM and leukapheresis (apoptosis studies) HD and BM-
JAK2V®YF were incubated with EV from HD-MSC (n=4 in FC assays and n=6 clonogenic
assays) and JAK2"**F_.MSC (n=4 in FC assays and n=6 clonogenic assays). CD34" cells
without EV were used as controls.

8. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics 21 (Chicago, IL, USA) and
GraphPad Prims version 5.00 for Windows (GraphPad Software). The values reported in the
figures are given as median with the interquartile range or with mean % standard error of the
mean (SEM). Differences between populations were calculated using the Mann-Whitney
tests with Bonferroni corrections. A p-value <0.05 was considered to be statiscally signifi-

cant.
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1. Myeloproliferative Neoplasms (JAK2'*''F): Mesenchymal Stromal cells.
1.1. MSC characterisation
1.1.1 Isolation and morphology of BM-MSC in culture
Stromal cells from BM of all groups were isolated and expanded in monolayer of plastic-
adherent culture cells. BM-MSC from HD and MPN-JAK2"**'F displayed the characteristic fibro-
blastic-like morphology (Figure 12).
BM-MSC from CML (Ph*) showed a heterogeneous morphology, including a mixture of small
round-shaped cells and fibroblastic-like cells with aberrant and irregular morphology.
All BM-MSC cultures form HD and MPN (JAK2'**"F) were successfully isolated and subcultured
reaching 80% confluence, following initial mononuclear cell plating. In the case of cultures from
CML patients, one out 14 samples did not expand in vitro and other one did not reach passage
3. Because during in vitro expansion these cells exhibited an aberrant morphology, R-
Galactosidase staining was performed on 2 CML-MSC and 2 HD-MSC, and the percentage of
cells expressing lacZ following transient or stable transfection was determined (Figure 12). In
(71.9%) of BM-MSC from CML patients, a blue colour was visualised, whereas this never hap-

pened in BM-MSC from HD.
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Figure 12: Images of expanded BM-MSC. Initial BM-MSC culture morphology of HD-MSC (A) and JAK2'**""-MSC
(B). (C) HD-MSC staining with 3-Galactosidase, where was not observed blue cells (40X). (D) CML-MSC with stained

in blue (senescence cells) (40X). Scale bar: 0-250um

In order to study the growth kinetics, BM-MSC from all groups were plated using the same cul-
ture conditions. Population doubling (PD) was calculated through at least 3-4 culture passages.
BM-MSC from MPN-JAK2"®*F patients showed similar proliferative capacity compared to BM-
MSC from HD (Figure 13). However, PV-MSC presented the highest proliferative capacity
along the passages without statistical significances compared to HD and ET MSC. By the con-
trast, CML-MSC showed a significantly lower proliferation capacity, as compared with HD-MSC

and ET/PV-MSC (Figure 13).



PDs Contrats p-value Median and n/ Median and n
PD1—HD vs PV 0,4710 1,732 n=15/1,785 n=12
PD1—-HD vs ET 0,4938 1,732 n=15/1,778 n=19
PD1— HD vs CML 0,0004*** 1,732 n=15/ 0,585 n=11
PD2 — HD vs PV 0,42 1,474 n=15/ 1,564 n=12
3 - HD-MSC
- PV-MSC  pPD2-HDvs ET 0,64 1,474 n=15/1,352 n=19
) - ET-MSC
a . CMLMSC PD2-HDvs CML 0,78 1,474 n=15/ 1,400 n=11
=]
‘:‘; 1 PD3 - HD vs PV 0,9626 1,578 n=15/ 1,152 n=12
3
% PD3 - HD vs ET 0,9171 1,578 n=15/ 1,396 n=19
[S21] + T 1
. P1 P2 P3 PD3 — HD vs CML 0,0045** 1,578 n=15/0,5443 n=11
Passages in culture
-1 9 PD1 - PV vs CML 0,0004** 1,785 n=12/0,5850 n=11
PD1—ET vs CML 0,0002*** 1,778 n=19/0,5850 n=11
PD3 — PV vs CML 0,022* 1,152 n=12/ 0,5443 n=11
PD3 — ET vs CML 0,005** 1,396 n=19/0,5443 n=11

Figure 13: Analysis of population doubling (PD) - (left) a boxplot of the doublings from P1 to P3 of BM-MSC isolat-
ed from HD and from MPN patients. (right) a table with the p values and median results. *, ** and *** statistically signif-

icant contrasts (p-value < 0.05, < 0.01 and < 0.001, respectively)

1.1.2 Multiparametric flow cytometry immunophenotyping
To analyse the cell surface phenotype, BM-MSC from HD and JAK2Y**’F MPN patients (ET and
PV) were analysed by flow cytometry in accordance with the criteria established by the ISCT

(Dominici, et al 2006) Table 6.

Table 6: Number (n) of cases which stromal cells were characterised by multiparametric flow

cytometry.

Sample MPN n
ET JAK2VeTF 23
PV JAK2VeLF 7

CML BCR-ABL 6
HD 20

In all BM-MSC samples, purity was above 98%, constantly expressed the stromal cell markers
CD105, CD90, CD73 and CD166, described as typical surface markers of BM-MSC. Haemato-

poietic lineage markers were not detected (Figure 14).
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Figure 14: Multiparametric flow cytometry immunophenotyping Representative dot-plots of stained BM-MSC

from —HD, -JAK2"®*" (PV and ET).
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Stroma cell markers were detected in all samples, but different expression levels were ob-
served for each of them. Thus, CD166 was typically dimly expressed, in all BM-MSC, when
compared to the other markers. MIF of each marker was set together for comparison into a
scatter dot plot (Figure 15). BM-MSC from JAK2"®’F MPN patients showed an increase ex-
pression of the markers CD73, CD90 and CD44, when compared to HD-MSC.

CD105 showed a significant reduction (p=0.03) in its expression in BM-MSC from JAK2Y¢!'F
patients, both PV and ET, when compared to HD-MSC. However, CD105 expression was in-
creased in BM-MSC from MPN patients without the JAK2Y%*"" mutation (JAK2 negative) com-

pared to BM-MSC from patients JAK2"%F,
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Figure 15: Immunophenotype of BM-MSC from MPN patients versus HD. Scatter dot plot of positive surface
marker expression of HD-MSC, ET-MSC, PV-MSC and CML-MSC. Differences can be observed between the different
stromal population and markers. The line represents the median with interquartile range. MIF — Mean Fluorescence
Intensity. (* p<0.05). JAK (Negative)-MSC =4 MSC from MPN without the mutation in JAK2V617F and 1 with the

CARL mutation.
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1.1.3 Multipotent differentiation potential of BM-MSC

Differentiation assays were performed to fulfil the ISCT (Dominici, et al 2006) requirements for
MSC definition. After induction with differentiation conditioned media, BM-MSC were able to
differentiate into osteoblasts and adipocyte that were identified by positive staining of alkaline

phosphatase activity and Oil Red O, respectively (Figure 16).

Osteoblast - Alkaline Adipoblast — Oil-Red-O
phosphatasa activity staining
A é iy

Control

HD- MSC

PV-MSC

ET-MSC

CML-MSC

Figure 16: Microscope images of BM-MSC differentiation assays. In vitro multipotency by multilineage differentia-
tion assays performed with HD-, ET-, PV-, CML- MSC. Left-handed photos represent the negative controls (no induc-
tion medium applied). The photos of the middle show osteogenic differentiation detected by alkaline phosphatase

activity. Right -handed photos show adipogenic differentiation detected by fat staining with Oil-Red-O. (20X)

Differentiation capacity was evaluated in BM-MSC from HD (n=21), ET — JAK2"%''F (n=22), PV-
JAK2V®YF (n=13) and from CML — Ph* (n=6). Samples from HD and JAK2'®''F patients shared
similar capacity of osteoblast and adipocyte differentiation. A reduced time to achieve mature

adipocyte lineage in BM-MSC from PV patients was observed when compared to HD-MSC,



although differences were not statistically significant. Whereas all samples from HD-MSC were

able to differentiate, the same did not occur with BM-MSC from PV and ET. In detail, in one of
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the 13 PV-MSC and one of the 22 ET-MSC, adipocyte differentiation could not be documented.

Similarly, in one case of ET-MSC samples osteoblast differentiation was not observed (Figure

17).
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Figure 17: Differentiation capacity of MPN-MSC. Adipogenic (A) and osteogenic differentiation capacity of HD-
MSC, JAK2Y*F — MSC (PV and ET) and CML-MSC. Boxplot graphics represent the median in days that take the BM-
MSC in differentiate into mature adipocytes, which was evaluated by Oil Red O and osteoblasts evaluated by alkaline

phosphatase staining.

1.2 Functional and genetic alterations in BM-MSC from JAK2"**'F patients

1.2.1 Apoptosis and Cell Cycle of BM-MSC

For these studies, 16 samples from ET, 7 from PV and 15 from HD-MSC were used. As shown
in Figure 18, the percentage of cells alive (annexinV/7AAD") was higher in PV and ET- MSC
compared to HD-MSC. The proportion of late apoptosis (AnnexinV*/7AAD") was increased in

the HD when compared to PV-MSC (p=0.02).
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Figure 18: AnnexinV/7AAD analysis of BM-MSC. (A) Stacked bar chart that represents the percentage of viable,
apoptotic (early and late apoptosis) and necrotic cells. The percentage of apoptotic cell decrease in the BM-MSC from
JAK2Y®YF patients respect to HD-MSC, statistical significance observed in late apoptosis when compared PV-MSC

with HD-MSC (* p<0.05). (B) Representative FACS dotplot of annexinV/7AAD staining on BM-MSC.

Additionally, cell cycle was performed in BM-MSC from 10 HD and from 15 JAK2Y**"". Only ET-

MSC showed a tendency to a higher percentage of cells in S phase (Figure 19).
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Figure 19: Cell cycle analysis of BM-MSC. Stacked bar chart represents the percentage of cells in G1, S and G2/M

phase from HD-MSC, PV-MSC and ET-MSC. No differences were observed between groups.

1.2.2 Gene expression profile of BM-MSC from MPN patients

We analysed the gene expression profile of BM-MSC from 6 CML, 8 JAK2'®*"F (4 PV/4 TE) pa-
tients and 10 HD, using Affymetrix Oligoarrays (human Gene 1.0 ST arrays). Compared to HD,
a total of 596 and 33 genes were differentially expressed in BM-MSC from JAK2'**"F and CML
patients, respectively.

Compared to HD, in PV-MSC 141 genes were up-regulated and 16 genes down-regulated, in
ET-MSC 24 genes up-regulated and 12 down-regulated, and in CML 31 genes up-regulated
and 20 genes were down-regulated. As it can be observed in Figure 20, 19 dysregulated genes
were common in all the diseases (Table 7).

Myeloid-associated differentiation marker (MYADM) gene and myeloid leukaemia factor 2
(MLF2) genes were constantly overexpressed in the BM-MSC from MPN patients (CML, PV

and ET) compared to BM-MSC from HD (Adjusted.p. value <0.01).
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UPgen_PV-MSC UPgen_ET-MSC DWgen_PV-MSC  DWgen_ET-MSC

UPgen_CML-MSC DWgen_CML-MSC
Adj. P. Val <0,05 Up- Regulated genes | Down-Regulated genes
expression expression
| HD-MSC
JAK2V617F-MSC 447 149
ET-MSC 24 12
PV-MSC 141 16

Figure 20: Gene expression profile of BM-MSC from CML and JAK2'**'" (ET and PV) patients con-
trasted with BM-MSC of HD. Table represents the number of genes Up and Down regulated in each group

when contrasted against HD group.

Table 7: Differential Up/Down — regulated expression genes in BM-MSC from MPN patients con-

trasted against HD.

Chronic Myeloid leukaemia

UP- requlated: SNORD29, DCAKD, RP11-249L21.3, MYADM, EMD, PLEKHO1, C160rf57, RP11-
369J21.2, TAGLN2, RBMS2, MLF2, PIGS, KDELR3, PIGU, PLSCR3, SDHC, GMEB1, SPRYD4, DAGI,
ABHD5, PPP6C, SCAMP2, RNASEK, RWDD2B, ALG8, DAZAP2, ASB8, RBM4B, DIRC2, UBE2Q1, GO-

RASP2.

Down- requlated: AP000351.2, AC107956.1, SAFB2, ZNF498, SURF6, TRIM56, SART3, SPAG7, RP11-
342F17.1, RPL23, AC009963.3, ACO005154.6, ADO000090.2, J01415.28, AC097526.11, J01415.10,
AC025627.1, AC131055.17, AC073869.19, J01415.25




Polycythemia Vera

UP-requlated: RAC2, PRPS1, SLC16A2, ADAM19, RP11-354P17.1, TMEM106A, RAB15, RPS26,
ATP6V1G2, TGFBI, TMEM173, LDOC1, RP11-249L21.3, C160rf57, PRAF2, MEOX2, ACO004967.6,
TMEM104, EMD, PPT2, COX8A, PIGU, MYADM, KDELR3, DCAKD, MLF2, CDA, TAGLN2, RBMS2,
AC007842.1, PPME1, ATP5J2, PLSCR3, CYB561D2, AC084031.2, SPRYD4, PEX11B, PLEKHO1, ALG3,
OAZ2, PLP2, RAB1B, G6PC3, PLEK2, ZYX, DAG1, PIGS, TNFAIP1, RP11-369J21.2, SDHC, C160rf70,
ZC4H2, SCAMP2, TMEM110, RHOG, LYPLA2P1, ZDHHC12, ANO10, SLC9A3R1, TRAPPC1, ABHDS5, KiI-
AA1191, C120rf32, RHOC, TEX261, WSB2, PFN1, OBFC2B, SLC4A8, UBE2A, EYA3, PTPRB, PDZD11,
TMEM127, PTMS, C180rf10, RBM4B, SUOX, Cl6orf61, C170rf63, C160rf13, RPL10, TXNL4B, HOXAL,
HDACS8, ORMDL2, SAP130, PSME3, TPI1, TMEM177,KDELR1, ARF3, GNG5, TIMM22, ATP5SL, PPP6C,
CINP, TRMT2B, ZSWIM3, S100A11, TMEM214, POLR2D, CFL1, GRPEL1, SSBP3, AC012652.1, NCSTN,
CS, ALG8, GORASP2, SAE1, BFAR, KIAA0090, TM9SF4, CRADD, GMEB1, RNF34, FKBP10, ASB8, UB-
AP2, WRAPS53, RNASEK, DYNLRB1, VAPB, KDELR2, KPNA6, PSMB2, COPS3, FDXACB1, EIF2C1,
RAB5C, UBE2Q1, GSTTP2, STT3A, MYL12B, EXT2, AL079307.1, EXD2, Y_RNA, OR5H1, OR1E2

Down-requlated: SURF6, NTN1, AC137932.3, RPL23, 5S_rRNA, TRIM56, CDYL, TBCEL, H3F3C,
PRDM5, PARD3B, SFRS5, AC097526.11, AC025627.1, AC131055.17, AC073869.19

Essential thrombocythemia

UP-regulated: HIP1, RP11-249L21.3, AL122001.1, PIGU, SDHC, RP11-369J21.2, MYADM, CCDC92,
MLF2, SPRYD4, RBM4B, SCAMP2, ACO012652.1, GMEB1, C180rfl0, PCDHGC5, PPP6C, ASBS,
AL161756.1, COPS3, GORASP2, CPAG6, SNORA25, OR8J1

Down-requlated: AC107956.1, AC087885.1, C7orf46, CDYL, GOLGA2L1, TRIM56, SURF6, AC137932.3,
RPL23, AC097526.11, AC131055.17, AC073869.19.

*In black is represented the genes that are common in the three pathologies

1.2.3 Differential biological processes between BM-MSC from MPN patients and HD

The differential signal pathways are shown according to the enrichment score value in Table 8
(just represent the DAVID results, however the clusters are similar between data bases). Total
genes in respective signal pathways are also shown. The differential signal pathways included
in BM-MSC from JAK2"®*"F are mainly related with endoplasmatic reticulum, protein transport,
GTPase activity and transmembrane/membrane region. However, the main pathways in CML-
MSC are: glycerophospholipid biosynthetic process, nuclear envelope-endoplasmic reticulum

network, organelle membrane, and intrinsic to membrane/ transmembrane region (Table 9).
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Table 8: Functional enrichment on the differential Up/Down — regulated genes expressed in BM-MSC

from JAK2VETF

patients (PV and ET). Enrichment Score: the overall enrichment score for the group based

on the EASE scores of each term members. Analyses were performed using DAVID web tool.

Pathways

UP- regulated genes

Endoplasmatic reticulum

Total
genes

76

Enrichment
Score

4.3

Representative gene title

CYB5R3, SLC36Al1, VAPB, MRVI1, ALG3, RCE1l, ALG8, C1l40RF1,

CANT1, TAPBP, ELOVL1, TMEM173, PLOD1, PIGB, RPL10, PSENEN,
KDELR1, AGPAT1, KDELR3, PGAP2, KDELR2, PIGU, PIGS, TECR,
LPCAT4, UGT2B11, ASPHD1, ORMDL2, LEPREL1, FKBP10, TRAPPC1,
EXT2, SLC27A2, SEC61G, CLN6, EXTL3, DERL1, CACNB1, UBE2V1,
PPT2, CTSA, TRAM2, STT3A, SHISA5, EMD, PLP2, NPLOC4, ICMT,
PORCN, NCSTN, BFAR, C30RF52, TXNDC11, LASS2, DPM2, TAPBP,
BFAR, NRBP1, SLC22A18, C160RF70, COPZ1, TAGLN2, SLC35A4,
NUP214, NECAP1, QSOX1, AP2M1, HIP1, SCAMP2, NRM, KPNAG,
VAMP2, FAF1, MGATS5, PEX11B, MPV17

Protein transport

75

3,15

SNAP29, RAB7A, DERL1, RABS5C, COPZ1, VPS52, RABIC, RABI1B,
NUP214, TRAM2, NECAP1, KDELR1, SCAMP4, AP2M1, KDELRS,
KDELR2, PRAF2, RAB8A, SCAMP2, RABIF, RAB4B, STXBP1, TIMM22,
TOM1L2, ARF3, ARF4, KPNA6, RAB15, SEC61G, VPS25 GRPELL,
C160RF70, CACNB1, CTSA, TRAM2, TOMM34, GDI1, ICMT, YWHAE,
YWHAH, YWHAQ, PAX6, FAF1, SLC16A13, SLC36Al1, SLC22A18,
SLC35A4, GOT2, DIRC2, NDUFS4, ANO10, CYB5B, ATP6V1F, SLC35E1,
TRAPPC1, RBP4, SLC39A11, CACNB3, FXYD5, CYB561D2, TRAM2,
SLC35B4, SLC4A8, SLC25A44, TCIRG1, ATP5J2, NDUFA2, ATP5F1,
SLC16A2, AFM, LASP1, SDHC, TAPBP, MAP1S, VAMP2.

GTPase activity

47

2,99

RAB7A, RAB5C, RAB4B, TUBB, GNB1, ARF3, ARF4, RAC1, RRAS, TU-
BA3D, RHOC, TUBG1, TUBG2, GNG5, NKIRAS2, TUBB3, RHOG, RABS8A,
KIF3C, RAB1C, RAB1B, RAB15, GDI1, RABIF, ARHGAP1, CFL1, YWHAQ,
ARHGDIA, ACTB, CRYAB, HIST1H2BM, GORASP2, CALM3, PRPSI1,
CYB5R3, COPZ1, CACNB1, ILK, MSN, AP2M1, TOMM34, MUC1, APO-
BEC3C, GOLGA7, PLSCR3, DYM, PRKACA

Membrane/Transmembrane
region

191

2,55

TGOLN2, SLC36A1, RNASEK, NRBP1, SLC22A18, PEAR1, VAPB,
CSPG4, RABIC, VPS52, RAB1B, MPV17, RCE1, FAM119B, C140RF1,
COX5A, SLC35A4, TAPBP, GOT2, OR8K1, ELOVL1, DIRC2, PLOD1, ILK,
RRAS, PSENEN, TMEM185B, RNF34, GNG5, SCAMP4, SCAMP2,
C10RF212, TECR, SIRPA, LPCAT4, MARK2, C1ORF85, OR8J1, KI-
AA0090, TMEM106A, MGAM, RAB15, ASPHD1, NRSN2, TMEM184B,
VAMP2, MGATS, NEU3, FAM171A2, EXT2, SEC61G, FAM171A1, MAVS,
EXTL3, DERL1, TMEM214, COPZ1, DAG1, CACNB1, UBE2V1, FXYDS5,
MANSC1, TRAM2, TMEM127, GORASP2, RAC1, PTPLA, EMD, AP2M1,
HIP1, MUC1, RABS8A, PRAF2, ATP5J2, C170RF101, COX8A, CD276,
PPAPDCI1A, ICMT, TMEM110, GPR137C, TMEM179B, PORCN, BFAR,
El24, TXNDC11, LASS2, TBXA2R, ENG, PIP4K2C, DCXR, NYNRIN,
SLC16A13, CYB5R3, OR10A3, OR5HI1, LRRC8A, GPR160, RABS5C,
MRVI1, ALG3, TMEM62, ALG8, FAM57A, CANT1, TMEM175, CD97,
EFHD2, TMEM173, GOLGA7, NDUFS4, SMAGP, PIGB, NECAP1, RHOC,
MSN, TM9SF4, KDELR1, RHOG, COX16, TUBB3, TMEM104, ANOI10,
AGPAT1, TOMM34, KDELR3, KDELR2, PGAP2, FLOT2, RAB4B, PIGU,
STXBP1, PIGS, CYB5B, SLC9A3R1, MYADM, TIMM22, PRKD1, KIAA1161,
CLECL1, NRM, SLC35E1, ZDHHC12, UGT2B11, MOSPD3, ORMDL2,
MFSD11, C20RF24, SLC27A2, CLN6, SNAP29, USP30, SLC39Al1,
SAMM50, CD248, PCDHGC5, ZDHHC18, ITM2C, CYB561D2, STT3A,
SHISA4, SLC35B4, SHISA5, PLEKHO1, SLC4A8, HRCT1, SLC25A44,
MANBAL, SELPLG, QSOX1, TEX261, GBA, TCIRG1, PTPRB, PLPZ2,
NDUFA2, ATP5F1, TMEM53, AXL, NLGN2, CBARA1, NID2, NCSTN,
PEX11B, SLC16A2, C30RF52, SDHC, PLSCR3, DPM2, CMTM7, VPS25

Pathways

Down- regulated genes

Enrichment
Score

1,46

Representative gene title

DDX55, SFRS5, SURF6, ZMAT3, RPS14, SART3, EWSR1, RPS3, SAFB2

RNA binding/ RNA recogni-

tion motif, RNP-1

structural molecule activity 8 1,32 ISCU, RPL23, COL21A1, RPS14, RPL7L1, COL24A1, COL16A1, RPS3
zinc finger region 8 1,08 ZNF516, ZNF236, ZNF274, KLF9, YY1, PRDM5, ZNF460, ZNF498
extracellular matrix/ biolog- 10 1,06 SMOC2, COL24A1, COL16A1, NTN1, COL21A1, IL16, ADAM17, PARD3,

ical adhesion

TNFRSF10B, GABRB3




Table 9: Functional enrichment on the differential up-regulated genes expressed in BM-MSC from
CML Enrichment Score: the overall enrichment score for the group based on the EASE scores of each term

members. Analyses were performed using DAVID web tool.

Pathways Enrichment Score Representative gene title
UP- regulated genes

=

Glycerophospholipid biosynthetic | 3 1.77 ABHDS5, PIGU, PIGS

process

Nuclear envelope-endoplasmic 8 1.70 SCAMP2, SDHC, PIGU, PIGS, TAGLN2, ALGS8, EMD,

reticulum network KDELR3

Organelle membrane 7 1.28 SCAMP2, SDHC, PIGU, PIGS, TAGLN2, ALG8, EMD

Intrinsic to membrane/ transmem- 1.22 KDELR3, SCAMP2, RNASEK, DAG1, PIGU, PIGS,

brane region ALG8, MYADM, DIRC2, SDHC, GORASP2, PLSCR3,
EMD

1.2.4 Gene expression by Real Time (RT) - PCR

Based on the gene expression profile results from human Gene 1.0 ST arrays, we studied two
genes that were up-regulated in the BM-MSC from the different MPN subtypes. The first gene
studied was MYADM, which was overexpressed in the BM-MSC from the three diseases (PV,
ET and CML, p=0.003, 0.004 and 0.0002, respectively). The second studied gene was class 1
histone deacetylate 8 (HDACBS), which was overexpressed in BM-MSC from PV patients.

In the majority of the groups the overexpression of MYADM was confirmed by RT-PCR, ex-

cepted for BM-MSC from PV patients (Figure 21 A). Furthermore, BM-MSC from other MPN

V617F
QVeLTF

patients were also studied. As shown in Figure 21, 3 MPN patients negative for JAK and

2 MPN patients with the CARL mutation also presented higher MYADM expression (p=0.003).
By contrast, the human cell lines (hnTERT and HS5) showed lower expression of MYADM with
significant differences (p=0.02), when compared to HD-MSC.

Regarding the MYADM expression in BM-MNC from PV and ET patients, a significant overex-

pression was observed (p=0.016) when compared with HD-MNC.
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Figure 21: Gene expression of MYADM gene tested in BM-MSC (A) and MNC (B) from MPN patients

and HD. Results were normalized with the housekeeping gene GAPDH. HD-MSC=12; PV-MSC=7; ET-

MSC=14; CML-MSC=7 and JAK (negative)-MSC=5; MSC cell line =2. For MNC: 6 HD, 4 PV, 5 ET and 2 CML

* p<0.05 and ** p<0.01. Results are represented by the median and the interquartile range.

HDACS expression was significantly increased (p=0.0025) in JAK2"®"F-MSC compared to HD-

MSC (Figure 22), mainly in PV-MSC and ET-MSC (p=0.005). BM-MSC from the others MPN

patients (negative for JAK2) showed similar HDACS8 expression compared with HD-MSC.

Furthermore, the expression of this gene in the MNC from 7 HD, 4 PV, 10 ET, 12 JAK (nega-

tive) and 7 CML was also studied. As shown in Figure 22, HDACS8 expression was similar

among the different MNC groups. Cell line K562 showed the higher HDAC8 expression.
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Figure 22: Gene expression of HDACS8 gene tested in BM-MSC (A) and MNC (B) from MPN patients
and HD. Results were normalized with the housekeeping gene GAPDH. HD-MSC=12; PV-MSC=7; ET-
MSC=14; CML-MSC=7 and JAK (negative)-MSC=5; MSC cell line =2. For MNC: 8 HD, 4 PV, 10 ET, 12

JAK (negative), 8 CML.* p<0.05 and ** p<0.01 Results are represented by the median and the range.

Within the JAK2Y**F group, ET-MNC showed higher expression of HDACS8, almost reaching
significant differences when compared with HD-MNC (p=0.056). Among the ET groups, we ob-
served two subsets, one with increased expression of HDAC8 and the other with an expression
similar to the control group. To understand this difference we studied the correlation between

2Ve1F mutation, platelets count, WBC and age. As

HDACS8 expression and percentage of JAK
show in Figure 23, a correlation between expression of this gene and the different variables

studied was not observed.
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Figure 23: Correlation coefficient graph. Correlation between the HDACS8 expression in the MNC from

ET patients with the % of JAK2V617F, platelets count, WBC and age.

1.3  Haematopoietic supportive capacity of JAK2V*'"F - MSC

1.3.1 JAK2 Y*YFLMSC differentially supports the clonogenic capacity of healthy and leu-
kaemia cell progenitors.

The ability of BM-MSC from HD and MPN patients to support (short-time) haematopoiesis in
vitro was assessed in a co-culture system. CD34" cells freshly isolated from BM of HD and
MPN patients presented a purity superior to 90% (n=2 JAK2"**’F-BM and n=3 HD-BM).
Co-cultures were performed using as feeder layers BM-MSC derived from HD (n=10) and
JAK2V'F patients (n=9). As represented in Figure 24, the total number of colonies was similar
when healthy haematopoietic progenitors were co-cultured with HD-MSC or JAK2Y**"F-.MSC.
However, when CD34" cells from JAK2Y®*F patients were cultured with JAK2V*"F-MSC, the
total number of colonies increased significantly (p=0.03), when compared with the HD-MSC co-

cultures (Figure 24).
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Figure 24: Selective protection of leukemic haematopoiesis by JAK2 -MSC. (A) Total colony-forming
unit (CFU) from HD-CD34" cells after 48h of culture with HD-MSC (n=7) and JAK2"*"F-MSC (n=7), no differ-
ences were observed between groups. (B) CFU from JAK2'®"F-CD34" cells after culture with HD-MSC (n=4)

and JAK2"*"F-MSC (n=6), significant increase was observed when leukemic progenitor cells were in cultured

with pathologic stroma. * p<0.05

1.3.2 Long-term BM culture (LT-BMC) assays

To evaluate the ability of HD-MSC (n=7) and JAK2"**"F-MSC (n=7) to maintain and expand HD
HPC, long-term BM cultures were performed. Our data, suggest that CD34" cells co-cultured
with stroma from both origins produce similar number of CFU-GM and BFU-e during the first
two weeks. However, at the 3rd and 4th week a significant increase of CFU production was
observed (week 3: p=0.021 and week 4: p=0.028, respectively), when co-cultured with MPN-
MSC (Figure 25). No differences were detected in the total number of colonies produced during

the 5 weeks, when HD-HPC were co-cultured with HD-MSC and JAK2V®Y'F-MSC.
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Figure 25: Capacity to MPN-MSC to maintain HD-HPC in LTBMC (A) Total colony-forming unit - granulo-
cyte/macrophage (CFU-GM) from HD-CD34" cells after 5 weeks in co-culture with HD-MSC (n=7) and
JAK2Y*F_MSC (n=7). (B) Total of Burst-Forming Unit — Erythroid (BFU-e); (C) Total of colonies (CFU), results
shown are expressed as the mean of CFU+SD from adherent and nonadherent cell fraction co-cultured over a

period of 5 weeks in controls (blue bars) and patients (pink bars) * p<0.05 ** p<0.01

1.3.3. Expression pattern of genes related with haematopoiesis regulation

Due to the changes observed in the capacity of JAK2**’"F-MSC to maintain healthy and patho-
logic haematopoiesis, RT-PCR was performed to assess the expression of genes related to
MSC differentiation/proliferation, and the maintenance of haematopoiesis. The studied genes

were SDF1-a or CXCL12, TP53, Angiopoetin-1 (ANGPT1), nuclear factor kappa B (NF-kB),



Jagged-1 (JAG-1), bone morphogenetic protein 2 (BMP-2), osteopontin or secreted phospho-

protein 1 (SPP1), thrombopoietin (THPO), pro-oncogene c-KIT, and tumour necrosis factor
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(TNF).

As showed in Figure 26, regarding the expression of CXCL12, the BM-MSC from JAK2'%'"F
patients presented similar expression of this gene compared to controls. When the expression
of this gene in the MNC was studied, similar results between HD and MPN were observed
(Figure 26 B). However, we detected a significant decrease in the expression of CXCL12 in the

CML-MNC compared to HD-MNC (p=0.038).
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Figure 26: CXCL12 expression in BM-MSC (A) and MNC (B) from MPN patients and HD. Results were
normalized with the housekeeping gene GAPDH. For BM-MSC: HD-MSC=17; PV-MSC=13; ET-MSC=15;
CML-MSC=2 and JAK (negative)-MSC=4. For MNC: HD=4, JAK2V617F=6, CML=6, JAK(negative)=8 and

CARL=2 . * p<0.05 Results are represented by the median and the range.

Another gene studied was TP53, which has been shown as a critical gene in MSC function. As
shown in Figure 27, no significant differences in the BM-MSC from the different groups were
observed. A decrease in TP53 expression was observed in all MNC groups, with significant

differences in CML-MNC when compared to HD-MNC (p=0.0043) (Figure 27 B).
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Figure 27: Gene expression of TP53 gene studied in BM-MSC (A) and MNC (B) from MPN patients and
HD. Results were normalized with the housekeeping gene GAPDH. HD-MSC=10; PV-MSC=4; ET-MSC=13;
CML-MSC=3 and JAK (negative)-MSC=10. For MNC: HD=5; PV=9; ET=7; CML=8. ** p<0.01 Results are

represented by the median and the range.

Because the expression of TP53 in ET-MSC and PV-MSC presented a high coefficient of varia-
tion, we analysed the correlation between TP53 expression and the percentage of JAK2V®''F
mutation, haemoglobin (Hb), platelet count, WBC and age (Supplementary Figure 1). As ob-
served in the Figure 28, a correlation between the expression of TP53 in the BM-MSC from ET
patients and JAK2"®*"F mutation allele burden of in MNC was found, with higher expression lev-
els of TP53 correlated with lower percentage of JAK2Y**"", No correlation was observed in PV-

MSC group.
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Figure 28: Correlation coefficient graph . Correlation between the TP53 expressions in the MSC from

ET with the % of JAK2"Y'F,

We also analysed the expression other key genes (Figure 29) involved in the maintenance of
haematopoiesis. We restricted the study to the JAK2Y®"F-MSC to analyse potential differences
between normal and myeloproliferative microenvironment.

The expression level of the quiescence regulator ANGPT1 was significantly decreased in ET
and PV-MSC compared to control MSC (p=0.04 for ET and 0.02 for PV).

Regarding to the expression of NF-kB, THPO and SPP1 an increase in the expression levels in
the ET and PV-MSC was observed when compared to HD-MSC, with differences reaching sta-
tistical significance in PV-MSC (NF-kB p=0.027 and THPO p=0.028). No significant differences

were observed in the expression of the other analysed genes.
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Figure 29: Differential expression in JAK2
determine the expression level of the different genes associated with maintenance of haematopoiesis. GAPDH was
used as housekeeping to normalize the results. In the scatter plot graphic are represented by the median and the

range.

14 HDACS8, SDF-1 and MYADM protein expression in BM-MSC

In order to study the protein expression of CXCL12, HDAC8 and MYADM, western blot and
immunofluorescence assays were performed.

As shown in Figure 30 A, BM-MSC from JAK2"**"F-MSC showed higher MYADM protein ex-
pression compared to HD-MSC. Regarding to HDACS8 protein expression, ET-MSC and PV-
MSC showed an increase in the expression of this protein when compared to HD-MSC, con-
firming the RT-PCR results. However, a higher expression of HDAC8 was observed in the ET-
MSC (Figure 30 B).

CXCL12 was analysed by immunofluorescent assays (Figure 30 C), HD-MSC showed higher
expression of this protein compared to Hela cells (positive control). The BM-MSC from

JAK2V®YF patients showed a decrease in the expression of CXCL12 compared to HD-MSC.
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Figure 30: Western blot analysis of MYADM, HDACS8 protein and immunofluorescence of
CXCL12. The Up-panel represents the expression of MYADM in ET, PV and HD-MSC, Hela cells were
used as positive control. Myeloproliferative mesenchymal have more expression than HD-MSC, mainly

the ET-MSC. The middle panel represents the HDAC8 expression, where can be observed an up-

V617F

expression in the MSC from JAK2 patients (principally in ET-MSC). The lower panel is a repre-

sentative image of CXCL12 expression in the MSC by immunofluorescence. HD-MSC shows more

V617F

CXCL12 (red) then the positive control (HeLa cells) and the JAK2 -MSC. In green shows tubulin.

Scale: 0-50pm




15 HDACS as a therapeutic target (in vitro studies)

1.5.1 PCI34051 decrease HDACS8 expression in JAK2"**"F-MSC, modifying their cell pro-
liferative capacity.

First of all, we evaluated the effect of the specific HDACS8 inhibitor (HDACI) in BM-MSC cell
growth of HD (n=4), ET (n=4) and PV (n=4). PCI34051 induced a decrease in cell growth on the
BM-MSC from JAK2'®*F patients after 24 hours of treatment. However, at 48 hours of treat-
ment, a wider decrease in cell proliferation in ET and PV-MSC was observed. The treatment of

HD-MSC with PCI34051 had no effect on the cell proliferation (Figure 31).
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Figure 31: PCI34051 reduces the viability of BM-MSC from JAK2'**'" patients. HDACS inhibitor treatment
for 24 hours (A) and 48 hours (B) reduce the percentage of viable cells that was evaluated with alamarBlue
assays. PCI34051 reduces the viability of ET and PV — MSC, at concentrations superiors to 10 pM, but not in

HD-MSC.

Next, we aimed to determine whether HDACSi could modify the expression of HDACS8 in BM-
MSC. As illustrated in Figure 32, after 48 hours of exposure the BM-MSC to 25 pM of
PCI34051 a decrease of HDAC8 mRNA in PV and ET-MSC was observed that was followed by
a decreased in the protein expression (Figure 32 C). In HD-MSC, this behaviour was not ob-

served, since PCI34051 treatment did not affect the expression of HDAC8 (mRNA and protein).
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Figure 32: HDACSi decrease the expression of HDACS8 in BM-MSC from JAK2Y**'" patients. (A) RT-PCR show-
ing that the treatment for 48h with PCI34051 (25uM) decrease HDAC8 mRNA expression in PV and ET-MSC and
maintaining the expression in HD-MSC. Was also observed a decrease of HDACS protein expression, (c) WB analysis
showing the decrease in the expression of HDACS8 in BM-MSC from ET and PV treated with HDACSi, no protein
changes were observed in BM-MSC from HD after treatment; (C) representative images of HD-MSC (up panel) and
MPN-MSC (down-panel) without treatment (I-1l and 1V-V) and after treatment (Il and VI). The red shows the localiza-
tion of HDACS in the cells, where can be found mainly in the cytoplasm but also in the nucleus. The scale bar repre-

sents 50 and 25 pum.




To further investigate the role of HDACS inhibition on BM-MSC, its effects on apoptosis was
studied by treating BM-MSC with different doses of PCI34051 (5uM and 25uM). As illustrated in
Figure 33, when the cells were treated with a high dose (25uM) of the inhibitor, a significant
decrease (p=0.02) in the percentage of alive ET-MSC (AnnexinV/7AAD") was observed. That
was a consequence of a significant increase in the percentage of early and late apoptosis
(p=0.002 and p=0.001, respectively) in ET-MSC, when compared to control cells (DMSO).

Regarding the effect of PCI34051 in the PV-MSC, a higher sensitivity to the compound was
observed. Lower doses (5uM) of HDACSi were able to induce a decrease in the percentage of
alive PV-MSC (p=0.03), and this effect was increased (p=0.008) with higher concentrations.
The drug increase the percentage of annexinV positive cells (p=0.03) and annexinV*/7AAD"
cells (p=0.04), in both neoplastic BM-MSC (ET and PV). Treating HD-MSC with PCI34051 pro-

duced no observable effects in its apoptosis.
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Figure 33: PCI34051 treatment decrease the viability of BM-MSC from JAK2'*'"". (A) Dotplot results (B)
Boxplot showing the viability of BM-MSC by annexinV assay. ET-MSC and PV-MSC showed a significant de-
crease of viable cells at concentration of 25uM with significant increase of apoptotic cells. At concentration of

5uM was observed a significant decrease of viable cells only in PV-MSC. * p<0.05 and ** p<0.01

When cell cycle studies were performed, 48 hours after treatment with PCI34051, an increase
in the percentage of cells in G1/G2 phase of cell cycle together with a decrease in the percent-

age of cells in S phase was observed. These results were more pronounced in the JAK2"®"F-
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significant decrease in the percentage of S-phase on PV-MSC (p=0.025) and ET-MSC

(p=0.020) (Figure 34).
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Figure 34: Cell cycle profiling on BM-MSC after 48 hours of drug incubation. Cell cycle profiling on the
HD-MSC, ET-MSC and PV-MSC after 48 hours of HDACSi incubation with different concentrations. The agent
induces S-phase reduction when compared to the untreated condition (DMSO). The graphics represent the

percentage of cells in G2/M, S and GO/G1 phases of the cell cycle. Data are represented as median of 5 exper-

iments for each group. * p<0.05.

1.5.2 HDACSI changes the capacity to maintain the myeloproliferative haematopoiesis

of MSC-JAK2V61F,

Because BM-MSC from JAK2'®''F patients seemed to have increased capacity to maintain

clonal haematopoiesis, we wanted to know if the HDACS inhibitor could interfere with it.
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Our results suggest that the inhibition of HDAC8 in JAK2®*"F-MSC significantly decrease
(p=0.0006) the viability of the JAK2®**"F-MNC (Figure 35), with a significant increase in early
apoptosis (p=0.0001), Figure 35 B. But no effect was observed, when treated JAK2"**'F-MSC
were co-culture with HD-MNC (Figure 35 C). Treatment of HD-MSC did not affect JAK2"®'"F

and HD MNC viability (p=0.1431) (Figure 35 D).
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(B) A significant increase of early apoptosis was observed in the JAK2

Figure 35: HDACSi in JAK2'°*'"-MSC increases the apoptosis of pathologic MNC in co-culture systems.

VEI"F_MNC when co-cultured with

JAK2Y*F_MSC treated with PCI34051 (n=10). (C) Was not observed differences when the pathologic MNC
were co-cultured with HD-MSC treated with HDACS8i (n=10). No difference in apoptosis was observed when

HD-MNC were co-cultured with HD and JAK2-MSC with or without treatment (n=4). * p<0.05.*** p<0.001. Data
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To analyse whether HDACSi induced apoptosis was due to abrogated cell cycle progression,
we co-cultured MNC with treated BM-MSC (HD and JAK2). No differences in MNC cell cycle
was observed, when they were co-cultured with treated HD or MPN-MSC.

Because these studies were performed with MNC, we wanted to know if similar results could be
achieved with HPC. For this propose CD34" cells were used.

As seen in the Figure 36, we observed that the inhibition of HDACS8 in JAK2"**"F-MSC induce
significant decrease of alive HPC (Annexin V/7AAD") from both HD (p=0.028) and JAK2'®*'F
CD34" cells (p=0.015). The treatment of HD-MSC has no effect in the viability of CD34" cells,

both from HD and JAK2Y*''F patients.
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Figure 36: HDACSi in JAK2'**'"-MSC decrease the viability of progenitor hematopoietic cells. The left
column bar graph represents the viability of CD34" cells from BM of MPN patients (n=5) and the right column
bar graph represents the BM from HD (n=4). The treatment with PCI34051 in the JAK2'*"F-MSC decrease
significantly the viability of CD34" cells from HD (n=4) and JAK2'®""F patients (n=5). * p<0.05. Data are rep-

resented as median and range.




To study which mechanisms could be involved in the increase of apoptosis, TP53 and BAD
expression in the MNC was also studied. We observed an increase in the expression of TP53
with a decrease in the expression of BAD in JAK2V®"F-MNC co-cultured with JAK2V*"F-MSC

where HDACS8 had been inhibited, although differences did not reach significance (Figure 37).
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Figure 37: Gene expression of TP53 and BAD gene in MNC from JAK2"**'" patients. The left scatter plot

VEIF_MSC that was treated with PCI

shows an increase of TP53 in the MNC when co-cultured with JAK2
34051. The expression of TP53 is followed with a decrease of BAD (right graphic). Results were normalized

with the housekeeping gene GAPDH. Scatter plots are represented by the median and the range.

We also evaluated if the observed effects were maintained, when stroma and haematopoietic

cells were co-cultured in direct contact (DC). MNC from BM of JAK2Y®'F

patients were co-
cultured in DC (n=19) and in transwell - T (n=19) with MSC from HD (n=9) and JAK2"®*'F (n=10)
previously treated with PCI34051, and MNC viability was evaluated. The percentage of alive

JAK2-MNC was significant decreased, when they were cultured, in DC and T, with treated

JAK2-MSC (Figure 38).
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Figure 38: HDACSi in JAK2'**'"-MSC increase the apoptosis of pathologic MNC in co-culture systems

Ve’F_MNC was observed when were co-

(direct contact vs transwell). A significant decrease of alive JAK2
cultured with JAK2'®'"F-MSC treated with PCI34051 in direct contact (n=9) or by transwell (n=10). Was not
observed differences when the pathologic MNC were co cultured with HD-MSC treated with PCI 34051 in di-

rect contact (n=9) or in transwell (n=10) * p<0.05. Data are represented as median.

Because we observed an increase in the colony formation when co-culturing MNC-JAK2V®*"F

with JAK2V®*"F.MSC, we wanted to analyse if treating BM-MSC with HDACS inhibitor diminished
this capacity. As can be observed (Figure 39 A), this capacity of the myeloproliferative MSC to
maintain the malignant MNC was reverted when the MPN-MSC were treated with PCI34051
(p=0.0086). No differences in the production of malignant colonies (MPN-CFU-GM) were ob-
served, when HDACS8 was inhibited in HD-MSC (n=5).

In order to confirm that the effect was done on HPC the same experiments were performed
using HD and JAK2 -CD34" cells (n=2). A decrease in CFU-GM was observed when JAK2-

CD34" cells were maintained with the JAK2"®*"F-MSC treated with HDACSi (Figure 39 B).
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Figure 39: HDACS inhibition in JAK2Y**'"-MSC decreases the colony-formation of myeloproliferative
haematopoietic cells. (A) Relative numbers of CFU-GM from JAK2"**"-MNC and HD-MNC that were co-
cultured with HD (n=6) and JAK2-MSC (n=10) treated with PCI 34051. (B) Relative numbers of CFU-GM
from JAK2'®F-CD34" cells and HD-CD34" cells that were co-cultured with HD (n=2) and JAK2-MSC (n=2)
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Data are represented as median and interquartile range. CFU-GM: colony-forming unit-granulocyte macro-

phage.
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1.5.3 HDACSI induces apoptosis in myeloproliferative cell lines HEL, SET-2 and UKE-1
To determine if HDACS inhibition by PCI34051 affects the apoptosis of myeloproliferative cell
lines, three different cell lines (HEL, UKE-1 and SET-2) were treated for 72 hours with various
concentrations of inhibitor. As shown in Figure 40, the inhibitor induces cell death at higher
concentrations (25 and 50uM). HEL was the cell line more sensitive to the HDACSI, so that after
only 24 hours of treatment with PCI34051 at concentrations 25 and 50uM the percentage of
alive cells was inferior to 50%. After 48 and 72 hours of culture with these concentrations of the
drug almost all cells were dead.

SET-2 and UKE-1 were less sensitive to the inhibitor, although we observed a marked de-

crease of viable cells 72 hours after treatment with this compound at a concentration of 50uM.
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Figure 40: HADCSi in myeloproliferative cell lines (SET-2, UKE-1 and HEL) decrease the cell viability.
Cell lines were cultured in vitro and treated with the indicated concentrations of PCI34051 during 72h. At

higher concentrations (25uM and 50uM) have effect in the percentage of viable cells (annexin’/7AAD’)




Moreover, we analysed if the capacity of PCI34051 to induce cell apoptosis was maintained in
the presence of MSC from HD and JAK2"®''F patients. To address this question, co-culture as-
says were performed. The different cell lines were cultured by transwell (3 um) or in direct con-
tact with BM-MSC, and treated with PCI34051. After 48h, the haematopoietic cell lines were
recovered and the percentage of apoptotic cells analysed. The presence of BM-MSC from HD
and JAK2"*'"F patients did not change the cell viability of the different cell lines.

The three JAK2" cell lines showed a significant decrease in alive cells when treated with
PCI34051. However, this decrease was enhanced in the presence of JAK2V*"F-MSC, both in

direct contact and in transwell (Figure 41 and 42).
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Figure 41: HDACS inhibition in JAK2"*'F-MSC induces apoptosis in the different myeloproliferative cell lines .
HEL (A), SET-2 (B) and UKE-1 (C) were cultured in vitro (no stroma) and co-cultured separated by 3um micropore
membranes (transwell) or by direct contact. The different cell lines without stroma were incubated for 48h with
PCI34051 (25uM). When co-cultured with the stroma, the BM-MSC were previously treated with PCI34051 and then
were co-cultured with the treated stroma during 48h. After that time the cells were harvested, stained with CD45 and
Annexin-V/7TAAD and analysed the apoptosis by flow cytometry. Values indicate the median with the interquartile

range of 4 experiments for each condition.*p<0.05 ** p<0.01.
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Figure 42: Flow Cytometry dot plot images. Apoptosis of the different cell lines (UKE-1, SET-2 and HEL)
that were co-cultured with stroma (HD and JAK2'®*'F) treated with PCI34051 for 48h was evaluated by flow

cytometry.

Later on, the clonogenic capacity of UKE-1 cells treated with PCI34051 and co-cultured with
BM-MSC (HD and JAK?2), was evaluated. Despite the capacity of PCI34051 to induce apoptosis
in UKE-1, no differences regarding to colony formation were observed (Figure 43). When UKE-
1 cells were co-cultured MPN-MSC, an increase in the total number of colonies was observed.

This increase was reversed when the UKE-1 cells were treated with PCI34051 whith the pres-



ence of JAK2Y®"F.MSC. The Figure 43 shows that the treatment with PCI34051, induces

changes in the morphology of the colonies, with the development of smaller colonies size.
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In other to understand if the inhibition of cell growth was induced by the STAT5 changes, the

phosphorylation of STAT5 was analysed after being treated in the different conditions.

The Figure 43 B, shows a decrease of pSTAT5 when the UKE-1 cells were treated with

HDACSi in the presence of JAK2"**"F-MSC.
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Figure 43: HDACSI reduces colony-formation in the presence of pathologic stroma. (A) A decrease of colony-

UKE-1 (CFU) +
JAK2VE17F.MSC
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90kDa [®= == = === | pSTAT5 (Y542)

forming unit-granulocyte-macrophage (CFU-GM) was observed, without significant differences, when the UKE-1 cells
and the pathologic stroma were treated with PCI34051 (n=3). (B) A decrease of pSTAT 5 when UKE-1 cells were

treated with HDACSi in present of pathologic stroma.
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2. Biological properties of extracellular vesicles released by mesenchymal stromal
cells from MPN patients and their role in the pathophysiology

2.1 Isolation and characterisation of EV from JAK2"%*"F-MSC

In order to investigate if the extracellular vesicles released from JAK2'°*"F-MSC have different
vesicular cargo, we isolated and characterised EV from HD-MSC (n=19) and MPN-MSC (n=22).
Regarding to EV characterisation, TEM revealed no differences in the morphology and size of
EV from JAK2®*"F-MSC and HD-MSC. Figure 44 shows a typical bilayer-membrane vesicle

population with heterogeneous size with a diameter < 200nm.
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Figure 44: Representative TEM images of JAK2'**""-MSC (A) and HD-MSC (B) the preparation showing
the characteristic rounded morphology with a hypodense centre. Both groups were observed vesicles with

heterogeneous size. (Scale bars: 500 and 200 nm).

These preparations were also analysed for the expression of the known EV marker protein
(CD63), which was present in all samples, as well as the mesenchymal marker CD73 (Figure

45).
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Figure 45: MSC and EV western blot (WB) images. WB analysis of human mesenchymal protein CD73 (A)
and expression of EV protein CD63 (B) analysed on EV from ET-, PV-, CML- and HD-MSC in comparison to

whole cell lysates.

Next, we analysed the EV released from BM-MSC by nano-particle tracking analysis (NTA). As
shown in Figure 46, EV from both groups display similar size distribution profile, always inferior
to 500nm.

Regarding the concentration, a higher particle concentration of EV released by MPN-MSC
(5.56X10'°+5.60X10% particles/mL) was observed compared with EV from HD-MSC

(6.40X10%+1.0X10’ particles/mL).
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Figure 46: EV quantification using Nanosight nanoparticle tracking analysis. (A) EV from HD-MSC and

(B) EV from JAK2"**"F-msC.

EV characterisation by multiparametric flow cytometry was also performed as previously de-

scribed (Ramos, et al 2016). After EV isolation, the samples from HD (n=3) and JAK2"**'F pa-

tients (n=3) were labelled with the same panel of monoclonal antibodies.

As observed in the dot-plots in Figure 47, we were able to characterise EV released from BM-

MSC of both groups (HD and JAK2), defined as particles less than 0.9 uM, positive for CD90,

CD44 and CD73 and for EV markers, and negative for CD34 and CDA45.



0.5um

.
o 3

#0,9um

6-6,4pm
m

CD44:APC

SSC-A LOGARITHMIC

CD44:APC

SSC-A LOGARITHMIC

6-6.4um

3um- )’

FSC-A LOGARITHMIC

CD63:PE

CD63:PE

CD73:PE

CD81:APC-H7

CD90:FITC

CD45:AmCyam

FSC-A LOGARITHMIC

CD63:PE

CD73:PE

W

= '

CD81:APC-H7

£

2

ez W ke

CD81:APC-H7

s

W w2 s e s

CD90:FITC

CD45:AmCyam

g

2 W e

CD81:APC-H7

s

Figure 47: Representative MFC density plot showing (A) acquired PBS 0.22um doubled filtered and PBS

doubled filtered with beads (0.5, 0.9, 3, 6-6.4um) and (B, C) the gate of EV from HD-MSC (A) and JAK2Y®*""-

MSC (B). Standard microbeads with a diameter of 0.9um were used to set the upper size limit for the EV and

were used to gate them. EV from BM-MSC were negative hematopoietic markers (CD34 and CD45) and posi-

tive for MSC markers (CD90, CD44, CD73) and for EV markers (CD81 and CD63). In gray represents the

control (unstained EV) and in black/blue the EV stained with the different antibodies
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2.2 MicroRNAs expression analysis in EV from JAK2"**"F-MSC

We analysed the microRNA compostition of the released EV from 8 HD-MSC, 4 PV-MSC and 7
ET-MSC, usinig a quantitative PCR TagMan array platform.

As shown in Figure 48, no differences were observed between JAK2V*''F -MSC- and HD-MSC
EV-microRNA profiling. However, when CT values were analysed, 283 out of all the 380 tested
microRNAs showed increased expression, with a tendency to a significant overexpression of

MiRNA155 in the EV from ET and PV MSC patients (Figure 49).

20 25 30

Figure 48: Heatmap based on Raw CT values of 384 microRNAs from 19 EV-MSC samples. At the left
side, a dendrogram of microRNA Euclidean distances. At the top, a dendrogram of Euclidean distances of EV-
MSC samples. HD — healthy donors, ET — essential thrombocythemia and PV — polycythemia vera. A colour

scale legend is at the top-left panel.
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Figure 49: MicroRNA expression pattern by TagMan® MicroRNA Arrays. A sectioned barplot represent-
ing the microRNAs. Bars represent individual microRNA normalized Delta Ct mean values of EV from PV-

MSC (pink), HD-MSC (green) and ET-MSC (blue).

When hsa-miR-155 RT-PCR was performed (2 PV and 3 ET patients) a significant overexpres-
sion (p=0.032) was observed in EV from MPN-MSC, when compared to EV from HD-MSC

(p=0.032) (Figure 50).
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Figure 50: Expression of miR-155. RT-PCR from 5 EV released from HD-MSC and 5 EV from JAK2'**'"-

MSC. Values are expressed by median and interquartile range. *p<0.05
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2.3 Release of EV from stromal cells and transference to haematopoietic progenitors
cells.

To study if EV released from MPN-MSC can be up taken by CD34" cells, EV were labelled with
Vybrant-Dil dye cell-labelling solution (red), and then co-cultured with CD34" cells. Using fluo-
rescent microscopy, we were able to detect red signals in the membrane of CD34" cells that
engulfed EV from JAK2Y*"F-MSC (n=2) and also by HD-MSC (n=2) (Figure 51). Flow cytome-
try showed (Figure 51) a displacement of CD34" cells after 24 hours of co-culture with

JAK2V®F_EV (labelled with vibrant-dil dye).
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Figure 51: Incorporation of EV from JAK2'**'*-MSC and HD-MSC into CD34" cells. (A) Representative
images of EV previously libelled with Vybrant-Dil cell-labelling solution (red) that were incorporated into CD34"
cells and stained with anti-CD45 Ab (green). (I) CD34" cells without EV, (Il) CD34" cells with EV from HD-MSC
and (ll) CD34" cells co-cultured with EV from JAK2"®*"F-MSC. (B) Images represent the CD34" cells that were

incubated with EV libelled with VVybrant Dil cell-labelling solution and evaluated 24 hours by FC

Since we verified the overexpression of miR-155 in the EV released from JAK2Y*'F-MSC, we
further examined the expression of this micro-RNA in the CD34" cells after EV incorporation.
CD34" cells were isolated from BM of HD (n=2) and JAK2'%'"F patients (n=2) and incubated
with EV from HD-MSC and JAK2**"F-MSC for 48 hours. The expression of miR-155 was higher
in the CD34" cells from myeloproliferative patients compared to CD34" cells from HD.

The incorporation of EV from the different stroma sources increased the expression of miR-155
in the HD CD34" cells (Figure 52), expression that became significantly higher after uptaking

EV from JAK2*"F-MSC (p=0.04), but not in CD34" cells from JAK2"**'F patients.
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Figure 52: Levels of miR-155 by RT-PCR in BM CD34" cells incubated with EV from BM-MSC. Variation of
the miR-155 expression when CD34" cells from BM of HD (A) and JAK2"®*"" patients (B) were incubated with
HD-EV and JAK2'*-EV. RNU6B was used as an internal standard. Ratio was calculated dividing the each
result from CD34" cells with EV for CD34" cells without EV. Results are expressed as medians and interquartile

range. *p < 0.05

Subsequently the expression of miR-155 in HD-HPC and myeloproliferative haematopoietic
progenitor cells after 48 hours co-culture (transwell) with BM-MSC (HD and JAK2) was ana-
lysed. The expression levels (Figure 53) of miR-155 in CD34" cells (HD and JAK2Y**'F) in-
creased, when the HPC were co-cultured with JAK2-MSC, but did not reach significant differ-

ences.
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Figure 53: Levels of miR-155 were analysed by RT-PCR in BM CD34" cells co-cultured with BM-MSC.
Variation of the miR-155 expression when CD34" cells from BM of HD (A) and JAK2"**"F patients (B) were co-
cultured separated by 0.4um micropore membranes (transwell) with HD-MSC and JAK2"Y-MSC. RNU6B was

used as an internal standard. Results are expressed as medians and interquartile range.

2.4 Haematopoietic progenitor capacity evaluation after the uptake of EV from
JAK2"*F-MSC

Once we demonstrated that the incorporation of EV from JAK2Y*'"" increased the expression of
miR-155, we analysed if the clonogenic capacity of CD34"cells from HD and JAK2Y®*'F patients
showed any variation. We observed (Figure 55) that in most cases there was an increase in the
total number of CFU when the haematopoietic progenitors incorporated the EV. The incorpora-
tion of EV from JAK2-MSC was associated with a higher number of colonies in both groups (HD
and patients). Results of specific subtypes of colonies are shown in Figure 54. We observed an
increase in the number of BFU-e when the CD34" cells from an ET-patient (JAK2 mutated) in-

corporated EV from JAK2Y**""-MSC (2 ET and 1 PV).
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Figure 54: Clonogenic capacity after incorporation of EV from the stroma into HD and leukemic CD34"

V617F_CD34"cells after 48h of culture

cells. Total colony-forming unit (CFU) from HD-CD34" cells and JAK2
with EV from HD-MSC and JAK2"®*"F-MSC. The lower image represent the number of colonies (CFU-GM,
BFU-e and CFU-Mix) from CD34"cells without EV and incubated with EV from HD-MSC (n=3) and JAK2"*""F-

MSC (n=3) of the case #2 (CD34" cells from a ET patient)

In order to normalise and compare the results, we analysed the ratio of CFU. This was calculat-

ed dividing the number of CFU from CD34" cells incubated with EV by the number of CD34"
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cells without EV. As shown in Figure 55, we observed a tendency to an increase in clonogenic

production (p=0.056) of JAK2**"F-CD34" cells when incorporated EV from JAK2-MSC.
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Figure 56: Clonogenic assays. Results are expressed as the ratio between the total CFU from CD34"cells

that were incubated with EV and CD34" cells without EV.

To evaluate if the incorporation of the different EV modifies the viability of the progenitor haem-
atopoietic cells, apoptosis assays were performed. As can be seen in the Figure 56, there was
a decrease in the percentage of dead CD34" cells in both groups (HD and JAK2) with the in-

corporation of EV from HD-MSC and JAK2"®*"F-MSC, without differences between them.
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Figure 56: Flow Cytometry dot plot images. (left panel) Apoptosis of HD-CD34" cells without EV and EV

from HD-MSC and JAK2®*"F-MSC. The right panel represent the CD34" cells from BM of MPN patients with-

V617F

out EV and with HD-EV and JAK2 -EV. (n=2 for each condition). The percentage showed represents the

total of dead cells.
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The notion that bone marrow stroma provides important cues for homing, quiescence, mainte-
nance and proliferation of haematopoietic stem/progenitor cells has been well documented in
recent years. Under pathological conditions (leukaemia), it has also been demonstrated that
HSC niche is compromised.

Myeloproliferative neoplasms are a group of related haematological disorders characterised by
the overproduction of mature blood cells. Depending on the predominant myeloid cell lineage in
the peripheral blood, they can be classified in Polycythemia Vera (elevated red cell mass), Es-
sential Thrombocythemia (elevated platelet numbers) and Primary Myelofibrosis (BM fibrosis).

2V81"F a point mutation that activates the

The most recurrent clonal mutation in MPN is JAK
JAK2 tyrosine kinase leading to a clonal proliferation without control. An increasing number of
publications support the fact that the mutated HSC can modify the BM stroma, and these modi-
fications create a positive feedback loop that plays an essential role in MPN progression. The
interactions between mutant HSC and the BM create a vicious circle that blocks the mainte-
nance of normal haematopoiesis, allowing the expansion and progression of MPN clones.

Aiming to put into place one more piece of this complicated puzzle, we focused this thesis in
studying the genetic alterations in the BM-MSC from MPN, and the communications established

between the stroma and the haematopoietic system, by means of the transference of biological

material in nano-particles known as extracellular vesicles.

Characterisation of BM-MSC

With that aim, we started focusing in the characterisation of BM-MSC from JAK2Y**"F patients.
We adopted the consensus criteria endorsed by the International Society for Cellular Therapy
(ISCT) to characterise MSC from bone marrow of MPN patients and healthy donors (Dominici,
et al 2006). Regarding the proliferative and differentiation capabilities of MPN-MSC, we did not
observe any glaring differences with HD-MSC, except for some cases of PV-MSC, which pre-
sented a higher proliferative capacity. These results are in agreement with previously published
data (Martinaud, et al 2015). However, some studies reported that MSC from PMF patients

showed slower proliferation rate and reached senescence at earlier passages (Avanzini, et al
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2014). The differences between their results and ours can be due to the fact that we isolated
and characterised MSC from BM of patients where the fibrotic state was not established.

In order to analyse the differences in BM-MSC among all the MPN, we also characterised BM-
MSC from chronic myeloid leukaemia (CML), using the same isolation methodology. The prolif-
erative capacity of CML-MSC was reduced when compared to HD-MSC and MPN-MSC, as well
as the capacity to differentiate into osteoblast and adipocyte. By contrast, other authors have
previously reported that CML FIk1*CD31'CD34 MSC had morphology and proliferation capacity
similar to controls (Xishan, et al 2011), although, their immunomodulatory function was im-
paired, showing once again that these cells do not show a normal behaviour.

Regarding the immunophenotypic characterisation of MPN-MSC the CD90, CD73 and CD105,
the typical MSC markers were positive in all cases and as expected they did not express
haematopoietic markers. These results are in agreement with previous publications (Lopez-
Villar, et al 2009, Sanchez-Guijo, et al 2009). However, as previously stated in the results chap-
ter, MIF expression from some molecules was different, increased for CD73, CD90 and CD44,
and decreased for the adhesion molecule CD105 in MPN-MSC as compared to HD-MSC. Nu-
merous studies have previously described discrepancies in the expression of these markers in
the MSC from other haematological disorders (Campioni, et al 2006, Chandran, et al 2015,
Flores-Figueroa, et al 2005, Lopez-Villar, et al 2009). As far as we know, it is the first time that
these differences have been observed, because few studies investigating the immunophenotyp-
ic expression of BM-MSC in MPN have been published. Only a brief report in 2014, reported no
differences in the immunophenotype when compared to HD-MSC (Avanzini, et al 2014). It
should be stressed that in the present work, we not only observed differences compared to HD-
MSC, but also observed that the expression of CD105 was higher in MSC from BM of patients
JAK2-negative, when compared to those patients with JAK2 mutated, although differences did
not reach statistical significance, probably because the low number of cases without JAK2 mu-
tation. This warrants further studies to explain the impact of this adhesion molecule CD105 ex-
pression in the alterations of BM stroma in MPN. The endoglin CD105 is an important molecule

in osteoblast and adipocyte differentiation process (Levi, et al 2011).



In order to deep into the differences between MPN-MSC and HD-MSC, we performed functional
and genomic studies in BM-MSC from both groups.

Because differences in proliferative capacity were observed in BM-MSC from our patients, cell
cycle and apoptosis studies were carried out. No differences were observed in the cell cycle
distribution. By contrast, we could ascertain that among MPN-MSC the percentage of apoptotic

cells were decreased compared to HD-MSC, mainly in PV-MSC.

Genomic Studies
Gene expression arrays studies showed a differential expression pattern in PV-, ET- and CML-
MSC when compared to HD-MSC. Specially, PV-MSC showed the highest number of overex-
pressed genes. Biological analysis showed that these genes are related to endoplasmic reticu-
lum processing, protein transport and GTPase activity. These signal pathways are important in
cell differentiation, organisation and dynamics of actin cytoskeleton, and cell migration (Chung,
et al 2014, Qu, et al 2016).
When specific differentially expressed genes were revised, we could ascertain that some of
them could be involved in the pathophysiology of myeloid neoplasms, and two of them were
selected for other studies: MYADM and HDACS:

¢ MYADM is a gene involved in the process of haematopoiesis, being up-regulated during
myeloid differentiation (Pettersson, et al 2000, Wang, et al 2007). Thus, MYADM overexpres-
sion has been proposed as a marker of myeloid differentiation in myeloid leukaemic cells
(Wang, et al 2007). We have observed an overexpression of MYADM in the BM-MSC obtained
from ET, PV and CML patients, results that were subsequently confirmed by RT-PCR and WB
assays. Furthermore, we also observed an increase of MYADM expression in BM-MSC from
MPN Ph-negative/JAK2Y**"F negative, suggesting that this gene is up regulated in the BM-MSC
from MPN patients, independently of the clonal genomic alteration affecting the HSC. More
work is warranted to understand the role of the overexpression of MYADM in the BM-MSC from
patients with the full spectrum of MPN. MYADM is a MAL (myelin and lymphocyte) family pro-

tein, with eight transmembrane regions localised at the plasma membrane. Several lines of evi-
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dence support a role for these proteins in events related to the reorganisation of membrane
domains in response to extracellular signalling (Anton, et al 2008, Aranda, et al 2011). It is well
know that membrane rafts are cholesterol-enriched ordered domains that regulate a plethora of
signalling pathways, such as pro-inflammatory signals that can be activated by cytokines like
TNF-a and IL-1B or bacterial ligands of Toll-like-receptors (Muppidi, et al 2004, Oakley, et al
2009, Triantafilou, et al 2011). As part of these endothelial surface rafts, MYADM has the ca-
pacity to regulate the connections between the plasma membrane and the cortical cytoskeleton,
changing the migration capacity of these cells and controlling the endothelial inflammatory re-
sponse (Aranda, et al 2013).

e The second selected gene was HDACS, previously reports as implicated this gene in
MPN development. In these studies, HDAC8 knockdown resulted in increased expression of
the suppressor of cytokine signalling 1/3 (SOCS1/3), thus leading to a change in JAK2 signal,
that translated in a reduced cell growth and clonogenic activity of haematopoietic cells derived
from patients with MPN (Chen, et al 2013, Gao, et al 2013).

In other to know whether this gene was overexpressed in BM-MSC from patients, we performed
RT-PCR and WB assays. Among JAK2'®*" positive samples, the group that presented the
highest expression of this gene as well as the protein was ET-MSC. When we analysed PV-
MSC samples, we also found significantly higher expression of HDAC8 as compared to HD-
MSC. By contrast, when CML-MSC or JAK2 (negative)-MSC, unlike the results observed with
MYADM, we could observe that HDAC8 was not overexpressed, suggesting that the overex-

pression of HDACS could be a characteristic feature of MPN (JAK2'**"F)-MSC.

Haematopoiesis support capacity

One of the most important functional properties of BM-MSC is their capacity to support haema-
topoiesis. One of our objectives was to analyse whether BM-MSC from MPN-patients maintain
this capacity similar to normal BM-MSC. Two set of experiments were performed: firstly we ana-
lysed the capacity of BM-MSC to promote clonogenic growth of HPC. Curiously, we observed

that BM-MSC from patients increased the number of colonies derived from JAK2"**F haemato-



poietic progenitor cells. Results from other groups have suggested that malignant stroma pro-
motes the survival and proliferation of mutated haematopoietic progenitor cells (Schepers, et al
2015, Schepers, et al 2013). Secondly, we assessed MPN-MSC capacity to maintain HD-HPC
in a long-term culture system. Although we did not observe differences in the total number of
CFU-GM produced. During the weekly evaluation of the number of colonies produced, a signifi-
cantly higher number of CFU-GM were obtained at third and fourth weeks for the HD-HPC that
were co-cultured with JAK2-MSC.

Previous studies in this setting have shown contradictory results. There are some reports de-
scribing a severely compromised ability to maintain HD-HSC in MPN-expanded osteoblasts and
in human MSC from patients with classical Philadelphia-negative MPN (with or without the mu-
tation JAK2V®*F) (Avanzini, et al 2014, Schepers, et al 2013). Conversely, others have indicated
that MPN-MSC exhibit a similar long-term haematopoiesis support ability compared to HD-MSC
(Martinaud, et al 2015).

Results from the present work suggest that BM-MSC from patients promote higher cell growth,
preferentially in clonal HPC. In order to analyse which mechanism could be involved in this in-
creased functional capacity, we analysed the expression of some genes known to be directly or
indirectly related with haematopoiesis support.

The first selected gene was CXCL12. This protein is required for haematopoietic stem-cell
maintenance in early mesenchymal progenitor cells. In MPN, decreased expression of CXCL12
by osteoblasts or by Nestin® cells has been associated to enhanced the mobilisation and loss of
normal HSC (Arranz, et al 2014, Greenbaum, et al 2013, Krause, et al 2014). We did not ob-
serve differences in CXCL12 expression by RT-PCR between HD and MPN-MSC. However,
using immunofluorescence studies, we observed a decrease in the expression of this protein in
the MPN-MSC, showing that our results are in agreement with data from other authors.

The expression of TP53 in MSC has been recognised as a negative regulator factor during os-
teogenic differentiation. It has also been described as an inhibitor of MSC migration in response
to tumour cells, in conjunction with a decrease in CXCL12 (Lin, et al 2013, Velletri, et al 2016).

In the present work we did not observe significant differences in the expression of TP53 in the

8
3
§
[a)
)
)
5
o

139



140

BM-MSC and BM-MNC from the patients (JAK2'*"F) compared to the control group (HD). Be-
cause a high amplitude in the results from BM-MSC was observed, ranging from high to low
TP53 expression, correlation studies were performed. Interestingly, we found a significant in-
verse correlation between TP53 expression in the BM-MSC and the percentage of JAK2V®'F
mutation in MNC, with lower TP53 expression in ET-MSC associated to higher percentages of
JAK2 mutation. In the PV-MSC this correlation was not observed. However, it should be taken
into account the low number of cases (n=4), and the higher allele burden (>50% JAK2"**"F) in
MNC-PV patients.

Other genes related to haematopoiesis support were also analysed. A decrease in the expres-
sion of ANGPT1 and an increase of NF-KB and THPO expression in MPN-MSC were observed.
ANGPTL1 is a gene that regulates angiogenesis, which in the haematopoiesis context it has
been associated with the induction of quiescence in HSC through the interaction with the Tie-2
(CD90) receptor, increasing the adhesion of HSC to osteoblasts in the BM (Arai, et al 2004).
The nuclear factor (kB) is an important rapid acting transcription factor found in all cell types. In
MSC, NF-kB induces the expression of other factors such as VEGF, FGF2 and HGF, which are
involved in cellular response to stress, inducing the proliferation, migration and differentiation
(Chang, et al 2013). Recent studies reported that BM-MSC from leukaemic patients express
NF-kB at higher levels than normal BM-MSC (Jacamo, et al 2014). They also showed that the
activation of NF-kB signalling can be induced by the leukemic cell, playing a pivotal role in the
development of leukaemia chemoresistance. Other important HSC-maintenance transcription
factor, THPO, was also differentially expressed in the BM-MSC from MPN patients. THPO is a
very important cytokine in the regulation of megakaryocyte development and platelet produc-
tion, and it is also involved in the regulation of HSC survival and proliferation (Qian, et al 2007).
THPO/ MPL signalling is involved in the HSC niche regulation, maintaining the LT-HSC in qui-
escence state on the osteoblastic niche (Yoshihara, et al 2007). In the study reported by
Schepers, they identified the role of THPO and CCL3 by which leukemic myeloid cells stimulate
MSC to overproduce osteoblasts during BM remodelling in the MPN development (Schepers, et

al 2013).



During the last years, it has been discussed how leukemic haematopoiesis could affect the BM-
stroma to create a self-reinforcing leukemic niche that promotes leukaemia progression, while
negatively affecting normal HSC function. Our findings in the present work show a deregulated
expression profile affecting some genes involved in HSC maintenance. In contrast to what has
been reported, a profound deregulation of these genes was found in the MSC from patients with
PMF, where the fibrotic state it is well established. In our study, the majority of MSC were iso-
lated from BM of MPN at diagnosis, suggesting that during MPN evolution there are genetic
alterations involving BM-MSC, which likely influence the disease behaviour. It will be interesting
to follow up the expression of these genes, and to study if they change during disease progres-

sion.

HDACS: A new therapeutic target?

As opposed to what happens with CML, therapeutic strategies for the classic Philadelphia-
Negative MPN are currently limited. JAK inhibitors ameliorate symptoms and reduce spleno-
megaly, but cannot control the disease burden. Given the limitation of JAK inhibition as mono-
therapy (Kaplan, et al 2016), novel treatment strategies are needed.

Post-translational protein modifications such as acetylation or methylation plays an important
role during epigenetic regulation (Wolfson, et al 2013). Histone deacetylases (HDACs) have
gained particular interest as potential targets for novel therapeutic drugs in cancer. HDACs not
only are involved in deacetylation of chromatin that can regulate gene-transcription regulation,
but also are involved in the deacetylation of non-histone protein, which regulate cellular homeo-
stasis (cell-cycle, differentiation and apoptosis)(Minucci and Pelicci 2006). Eighteen mammalian
HDACs enzymes have been identified so far, which can be subdivided into two classes, accord-
ing to their homology.

An increase in HDAC activity has been shown to be elevated in PMF patients compared to oth-
er MPN patients and healthy donors. Results from a small cohort of MF patients (n=17) had

showed aberrant HDAC expression profile in their CD34" cells when compared to controls, with

8
3
§
[a)
)
)
5
o

141



142

heterogeneous alterations in HDAC subgroups, mainly in HDAC1, 2, 8 and class Il HDACs,
which were upregulated, whereas HDAC4 and 5 were downregulated (\Wang, et al 2008).

HDAC inhibitors (HADCI) induce a complex cellular response involving both transcriptional and
posttranscriptional modulation (Falkenberg and Johnstone 2014). Two pan-HDACI are currently
under clinical investigations. Panobinostat induced dose-dependent apoptosis of HEL cells

2VBLF \which is

(JAK2V®'F) by inhibiting the autophosphorylation and expression levels of JAK
followed by a reduced phosphorylation of STAT3, STAT5, ERK1/2 and AKT proteins (\Wang, et
al 2009). The tolerability of this pan-inhibitor in two in vivo studies, allowed the establishment of
a phase Ib trial using the combination of a JAK2 specific inhibitor (TG101209) with panobinostat
in MPN patients (Evrot, et al 2013).

The other agent also under investigation is the pan-HDACI vorinostat, which has also the ca-
pacity to reduce the proliferation and to increase the apoptosis of HEL cells. Cardoso et al.,
have recently confirmed that the combination of vorinostat and ruxolitinib inhibited the differen-
tiation, induced apoptosis and decreased reactive oxygen species production in MPN-cell lines
and primary MPN samples (Cardoso, et al 2015). The authors also highlighted that these ef-
fects were attenuated in the presence of the HS-5 marrow stromal cells, by the up-regulation of
antiapoptotic genes and pro-survival pathways (PI3K-AKT). These results show how bone-
marrow niche can protect MPN cells from apoptosis of HDACIi or JAK2i (Cardoso, et al 2015).
Importantly, the most significant side effects of these pan-HDACI are those related with myelo-
toxicity, that were thrombocytopenia, neutropenia and anaemia (Mottamal, et al 2015).

Given the seemingly low therapeutic index of HDACis with associated toxicity, and considering
our initial observation of the increased expression of HDACS8 characteristically in MSC-MPN
JAK2F we decided to further investigate the effects of HDACS inhibition with a specific inhib-
itor PCI34051. HDACS is a class | histone deacetylase, which has emerged as an attractive
target for drug development in cancer. It has been demonstrated that the overexpression of
these protein in multiple tumour types, including neuroblastoma, glioma and childhood acute
lymphoblastic leukaemia, where the use of isoform-specific or selective HDACS8i showed rele-

vant therapeultic results.



We found that HDAC8 mRNA expression is selectively higher in BM-MSC from MPN-JAK2V®*"F
patients, compared to other MPN. Furthermore, we studied the impact in the BM-MSC the inhi-
bition of HDACS8 using a selective inhibitor, PCI34051. This compound was demonstrated to
induce caspase-dependent apoptosis in cell lines derived from T-cell lymphomas
(Balasubramanian, et al 2008).

In a set of experiments, we inhibited the expression of HDACS8 in the MPN-MSC using this spe-
cific HADCB8i. We observed a decrease in cell proliferation, which was followed by an increase
in apoptosis of BM-MSC from JAK2'®*"" treated samples. Nevertheless, in BM-MSC from HD,
treatment with PCI34051 did not induce significant apoptosis. These data suggests that the
PCI34051 acts specifically in neoplastic BM-MSC, likely due to the overexpression of HDACS in
these cells.

Then, we studied the impact of HDACS inhibition in one of the main functions of BM-MSC,
which is the capacity to support haematopoiesis. After treating BM-MSC from HD and MPN-
JAK2YF with PCI34051, we performed co cultures with MNC and HPC from HD and MPN
patients. We observed that MPN-MSC treated with PCI34051 enhanced the apoptosis of
JAK2Y®TF.MNC, and decrease their clonogenic capacity. Our data suggest that PCI34051
treatment is able to reverse the advantageous effect conferred by neoplastic-MSC in MPN
haematopoiesis maintenance. Studies over the past few years have shown that class 1 HDACSs,
as HDACS, are involved in regulation or suppression of gene expression, which can be subject
to modulation by intra and extracellular signals (Qi, et al 2015). Then, we assessed the effects
of HDACS inhibition in the JAK2"**"F-MSC when co-cultured with HPC. Similarly, we observed a
decrease in MPN-CD34" cell viability and a decrease in CFU-GM formation. By contrast, no
significant changes in HD-HPC viability and CFU-GM formation were observed. The observed
results could be related to the increase (without significant differences) in TP53 expression,
when the JAK2V**"F-MNC were co cultured with MPN-MSC previously treated with HDACSi.

The performed in vitro culture model was based on the inhibition of HDAC8 expression in the
BM-MSC from MPN patients, and the effects in the maintenance of the normal and pathologic

haematopoiesis. We then planned to study if the previously described effects were maintained,
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when MPN-cell lines (haematopoietic component) and MPN-MSC were treated with HDACSI
simultaneously. A decrease in the viability of HEL, SET-2 and UKE-1 (all JAK2"**'F cell lines)
was shown when treated with PCI34051, which was increased when co-cultured with MPN-
MSC. An increase in the apoptosis of these MPN cell lines was associated to a decrease in
colony-formation and to a decrease in pSTAT5. JAK2Y*Y"F mutation in haematopoietic stem and
progenitor cells confers hypersensitivity to cytokines, which leads to a constitutive JAK2 tyro-
sine kinase signalling. The activated signalling activates downstream pathways, in particular the
phosphorylation of transcription factors STAT3 and STAT5 (Vu, et al 2016). Previous studies
have demonstrated that STAT5 loss prevents the development of JAK2®**"F-induced MPN and
is dispensable in normal haematopoiesis (Yan, et al 2012).

Finally, the current findings provide possible new pathways to understand the biological role of
BM-MSC in the pathophysiology of MPN-JAK2Y®*"F. MPN-MSC display different proliferative
rate, immunophenotype expression (CD105) and gene expression profile with HDAC8 overex-
pression. The inhibition of HDACS8 expression by its specific inhibitor decreases the capacity of
the BM-stroma to support MPN haematopoiesis, suggesting that HDAC8 may be a potential

therapeutic target in this setting (Figure 58).

1 Apoptosis

1 TP53

| CFU-GM colonies
| pSTATS
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Figure 58: Schematic effects of PCI34051 treatment in MPN-MSC.




Having comprehensively characterised BM-MSC from human MPN patients with the mutation in
JAK2Y*'F "and described a new therapeutic target, HDACS, our data support the idea that the
treatment in vitro with a specific compound is capable of inhibiting leukemic stem cells, but not
normal haematopoietic or stromal cells. Therefore, in vivo studies will be required to demon-
strate the action of HDACSi in MPN context. Murine studies of neuroblastoma have demon-
strated that the selective inhibition of HDACS8 exhibits antineuroblastoma activity, inducing cell

cycle arrest and differentiation, without toxicity (Rettig, et al 2015).

Extracellular Vesicles from BM-MSC

The last aim in our investigation was to explore the crosstalk between neoplastic stroma and
HPC, by analysing the role of extracellular vesicles. In recent years, it has been recognised the
importance of tumour microenvironment for cancer progression (Raimondo, et al 2015). The
bidirectional signals established between both compounds are crucial in maintaining tissue ar-
chitecture, control of cell growth and differentiation. In vivo models have hypothesised that in-
correct signals from the microenvironment may lead to a destabilisation in haematopoiesis ho-
meostasis, enabling the initiation/promotion of normal cells to malignant (Bissell and Hines
2011, Muralidharan-Chari, et al 2010). In myelodysplastic syndromes we have shown that mi-
crovesicles from MSC of these patients change HPC properties, modifying the expression of
important genes (MDM2 and TP53), and increasing their clonogenic capacity (Muntion, et al
2016). Recently we also have shown that CML cells derived EV, which carry the transcript
BCR-ABL that can be incorporated in endothelial cells, leading to the expression of the onco-
gene and oncoprotein in these cells (Ramos, et al 2015). Other studies showed that the trans-
ference of the BCR-ABL gene from CML-derived EV to neutrophils may provide in vivo trans-
formation of normal cells (Cai, et al 2014).

In the present work, we hypothesised that EV released by the BM-MSC from MPN could be
involved in the progression of the mutated HPC. To assess this intercellular communication
system, we obtained and characterised EV from MSC from MPN patients and HD. EV can be

isolated by different methods, and their characterisation in most experiments is based on their
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structure/morphology or on the tetraspanin expression. In this study, we observed that EV from
MPN-MSC presented their characteristic morphology (TEM), expressed the typical tetraspanin
CD63 and had a size around 137 nm (NTA). Furthermore, we also characterised the EV from
MPN-MSC by MFC, that were defined as particles less than 0.9um, positive for the human MSC
markers (CD90, CD44 and CD73) and negative for CD34 and CD45 (haematopoietic markers).
No differences were observed between EV from HD and MPN MSC, but MPN-MSC released
higher quantity of EV.

In addition, we studied the microRNA cargo of EV released from MSC of both groups (HD and
JAK2V®YFy " Although no significant differences were found, we observed an overall increase of
microRNA expression in the EV released by MPN-MSC. Since increased evidence suggests
the involvement of the miR-155 in numerous biological processes, including haematopoiesis
and inflammation, it was selected for further studies. It has been previously shown that transient
induction of miR-155 in mouse bone marrow induced granulocyte/monocyte expansion with
features characteristic of myeloid neoplasia (O'Connell, et al 2008). It has also been shown that
the overexpression of miR-155-5p results in the downregulation of JARID2, contributing to
megakaryocyte hyperplasia characterized in PMF patients (Norfo, et al 2014). Other study also
showed a relationship between miR-155 and MPN, where the loss of the Notch/RBPJ (a non-
redundant downstream effector of the canonical Notch signalling cascade) axis increased the
over-expression of miR-155 and induced a persistent proinflammatory state of the BM niche
leading to a myeloproliferative-like disease (Carter, et al 2016). All these features point to a role
of this microRNA into MPN pathophysiology. The overexpression of miR-155 in the BM-MSC-
derived EV from MPN patients suggest that this microRNA could play a role in the development
or in the maintenance of clonal progenitors.

In order to verify this hypothesis, incorporation assays were carried out. We observed that the
incorporation of EV from MPN-MSC increased the expression of the miR-155 in the HD-CD34"
cells. However, when the incorporation analysis was performed in HPC JAK2Y**F an increase
of miR-155 was not observed, probably because these cells show a high expression of this mi-

croRNA.



We found that EV from MPN-MSC increased the clonogenic capacity of MPN-CD34" cells, with
an increase not only in CFU-GM but also BFU-e, but this increase was not observed when the
recipient was HD-CD34" cells. These results suggest that these structures act as a survival
mechanism selectively for MPN haematopoietic progenitor cells.

As far as we know, this is the first time that it has been shown that EV can act as intercellular
mediators between HPC from MPN patients and BM-MSC, showing once again the important
role that microenvironment can have in these disorders. More research is warranted to scruti-

nize other mechanisms that could be involved in this interplay.
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1. Regarding the characterisation of BM-MSC from MPN patients with JAK2

(JAK 2Py mutation, we observed:

1.1 BM-MSC from MPN patients displayed the characteristic fibroblastic-like morphology
with similar proliferation rate compared to HD-MSC.

1.2 Cell surface immunophenotype of BM-MSC from MPN patients were in accordance to
the criteria established by the international Society of Cellular Therapy. However, a
higher expression of CD90 with a decrease of CD105 expression was observed.

1.3 BM-MSC from MPN patients displayed similar in vitro ability to differentiate into osteo-

blasts and adipocytes compared to HD-MSC.

2. Regarding the functional and genomic alterations of in vitro-cultured BM-MSC

from MPN with JAK2"®*"F mutation:

2.1 MPN-MSC showed lower apoptosis compared to HD-MSC, without differences in their
cell cycle.

2.2 BM-MSC from MPN patients showed alterations in their gene expression profile com-
pared to HD-MSC and, MSC from PV patients was the entity with more over-expressed
genes.

2.3 Confirming gene expression by RT-PCR showed higher expression of two genes, MY-
ADM and HDACS in the BM-MSC from MPN patients. HDAC8 overexpression was
shown to be specific of BM-MSC of JAK2"®*'F patients.

2.4 MPN-MSC selectively protected myeloproliferative haematopoiesis, increasing their
clonogenic capacity in vitro.

2.5 BM-MSC from MPN patients showed similar capacity, compared to HD-MSC, to main-
tain HD-CD34"cells in long-term BM culture assays.

2.6 MPN-MSC showed a deregulation of genes involved in haematopoiesis regulation, with

a decrease of Angiopoetin-1 and an increase of NF-kB and THPO expression.

151

"3
c
2
@
5
'©
c
Q
(&)
©
%3
X
o
©
£
(&)




152

2.7 The inhibition of HDACS8 expression by its specific inhibitor (PCI34051) decreases the
capacity of the MPN stroma to support haematopoietic cells from MPN patients, sug-

gesting that HDAC8 may be a potential therapeutic target in this setting.

3. Regarding the biological properties of extracellular vesicles released by BM-MSC

from MPN patients and the role in the pathophysiology of this diseases:

3.1 EV derived from MPN-MSC isolated by ultracentrifugation displayed the EV character-
istic described by the International Society of Extracellular Vesicles, with a size < 1um,
round morphology and the expressing of the tetraspanin CD63.

3.2 EV released by MPN-MSC were defined by flow cytometry, as particles less than 1um,
positive for human MSC markers (CD90, CD44 and CD73), for EV markers (CD81 and
CD63) and negative for haematopoietic markers (CD45 and CD34).

3.3 Results from microRNA arrays did not show differences in the microRNA cargo of EV
released by HD and MPN-MSC.

3.4 RT-PCR showed an overexpression of miR-155 in the BM-MSC-derived EV from MPN
patients when compared to EV from HD-MSC.

3.5 The incorporation of EV from MPN-MSC in HD-CD34" cells increases the expression of
miR-155 in these cells.

3.6 Clonogenic capacity is enhanced when CD34" cells from patients with the JAK2 muta-

tion incorporate EV from MPN-MSC.
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Supplementary Table 1: Differential Up (red) Down (green) — regulated expression genes in BM-MSC from

CML patients contrasted against HD.

ID logFC AveExpr P.value adj.P.val gene_symbol biotype
ENSG00000206653 | -1,198 10,74441 0,0001 0,0455 SNORD29 SNORNA
ENSGO00000172992 | -0,878 11,05065 0,0000 0,0312 DCAKD protein_coding
ENSG00000228834 | -0,856 10,69114 0,0000 0,0174 RP11-2491L21.3 pseudogene
ENSG00000179820 | -0,807 12,30798 0,0000 0,0002 MYADM protein_coding
ENSG00000102119 | -0,785 10,65757 0,0000 0,0375 EMD protein_coding
ENSGO00000023902 | -0,746 9,272683 0,0000 0,0320 PLEKHO1 protein_coding
ENSGO00000103005 | -0,731 9,106761 0,0001 0,0423 Ci16o0rf57 protein_coding
ENSG00000133678 | -0,703 10,96507 0,0000 0,0051 RP11-369J21.2 protein_coding
ENSG00000158710 | -0,695 11,47564 0,0000 0,0305 TAGLN2 protein_coding
ENSG00000076067 | -0,684 11,53077 0,0000 0,0317 RBMS2 protein_coding
ENSGO00000089693 | -0,651 12,10153 0,0000 0,0172 MLF2 protein_coding
ENSGO00000087111 | -0,642 10,40432 0,0000 0,0317 PIGS protein_coding
ENSG00000100196 | -0,642 12,1138 0,0001 0,0473 KDELR3 protein_coding
ENSG00000101464 | -0,635 10,25713 0,0001 0,0425 PIGU protein_coding
ENSG00000187838 | -0,62 10,2464 0,0001 0,0455 PLSCR3 protein_coding
ENSG00000143252 | -0,61 8,910272 0,0000 0,0317 SDHC protein_coding
ENSG00000162419 | -0,601 8,964494 0,0000 0,0053 GMEB1 protein_coding
ENSG00000176422 | -0,598 8,523831 0,0000 0,0211 SPRYD4 protein_coding
ENSG00000173402 | -0,59 10,38109 0,0001 0,0493 DAG1 protein_coding
ENSG00000011198 | -0,56 10,3454 0,0001 0,0403 ABHD5 protein_coding
ENSG00000119414 | -0,524 12,22531 0,0000 0,0053 PPP6C protein_coding
ENSG00000140497 | -0,498 11,21762 0,0001 0,0433 SCAMP2 protein_coding
ENSG00000219200 | -0,488 13,24832 0,0000 0,0161 RNASEK protein_coding
ENSG00000156253 | -0,476 10,5179 0,0001 0,0425 RWDD2B protein_coding
ENSG00000159063 | -0,442 10,96351 0,0000 0,0317 ALG8 protein_coding
ENSG00000183283 | -0,426 11,7132 0,0000 0,0317 DAZAP2 protein_coding
ENSG00000177981 | -0,419 11,19727 0,0000 0,0172 ASB8 protein_coding
ENSG00000173914 | -0,397 10,28316 0,0000 0,0375 RBM4B protein_coding
ENSG00000138463 | -0,373 10,75682 0,0001 0,0450 DIRC2 protein_coding
ENSG00000160714 | -0,359 11,46092 0,0001 0,0403 UBE2Q1 protein_coding
ENSG00000115806 | -0,347 11,79658 0,0001 0,0416 GORASP2 protein_coding
ENSG00000240339 | 0,2254 4,705539 0,0001 0,0455 AP000351.2 Mt_tRNA_pseudogene
ENSG00000243202 | 0,2507 5,577353 0,0001 0,0473 AC107956.1 scRNA_pseudogene
ENSG00000130254 | 0,2925 8,630656 0,0000 0,0317 SAFB2 protein_coding
ENSG00000197037 | 0,2936 7,984107 0,0001 0,0493 ZNF498 protein_coding
ENSG00000148296 | 0,3656 7,257902 0,0000 0,0195 SURF6 protein_coding
ENSG00000169871 | 0,3807 8,175019 0,0000 0,0317 TRIM56 protein_coding
ENSGO00000075856 | 0,4308 8,758453 0,0000 0,0195 SART3 protein_coding
ENSG00000091640 | 0,4639 8,908877 0,0001 0,0409 SPAG7 protein_coding
ENSG00000213755 | 0,5124 5,806739 0,0000 0,0305 RP11-342F17.1 pseudogene
ENSG00000125691 | 0,5418 12,39951 0,0000 0,0051 RPL23 protein_coding
ENSG00000237745 | 0,5692 12,05774 0,0000 0,0174 AC009963.3 pseudogene
ENSG00000196295 | 0,7743 7,020675 0,0000 0,0174 AC005154.6 processed_transcript
ENSG00000242944 | 0,9253 10,66072 0,0001 0,0450 AD000090.2 rRNA_pseudogene
ENSG00000210140 | 1,232 11,61962 0,0001 0,0493 J01415.28 Mt_tRNA
ENSG00000242900 | 1,3361 6,165952 0,0000 0,0161 AC097526.11 Mt_tRNA_pseudogene
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ENSG00000210144 | 1,429 11,43491 0,0001 0,0388 J01415.10 Mt_tRNA
ENSG00000242752 | 1,4811 5,997306 0,0000 0,0195 AC025627.1 Mt_tRNA_pseudogene
ENSG00000240234 | 2,0012 8,531542 0,0000 0,0030 AC131055.17 Mt_tRNA_pseudogene
ENSG00000242240 | 2,3795 9,57558 0,0000 0,0005 ACO073869.19 Mt_tRNA_pseudogene
ENSG00000210117 | 3,1647 9,575726 0,0000 0,0172 J01415.25 Mt_tRNA

Supplementary Table 2: Differential Up (red) Down (green) — regulated expression genes in BM-MSC from PV

patients contrasted against HD.

ID logFC AveExpr P.vValue adj.P.val gene_symbol biotype
ENSG00000179820 | -0,913 | 12,308 0,0000 0,0003 MYADM protein_coding
ENSG00000089693 -0,88 12,1015 0,0000 0,0077 MLF2 protein_coding
ENSG00000173914 -0,619 | 10,2832 0,0000 0,0077 RBM4B protein_coding
ENSG00000103005 | -1,03 9,10676 0,0000 0,0097 C16orf57 protein_coding
ENSG00000115806 | -0,51 11,7966 0,0000 0,0114 GORASP2 protein_coding
ENSG00000176422 -0,781 | 8,52383 0,0000 0,0114 SPRYD4 protein_coding
ENSG00000101464 -0,915 | 10,2571 0,0000 0,0114 PIGU protein_coding
ENSG00000158825 -0,871 | 7,14014 0,0000 0,0114 CDA protein_coding
ENSG00000184584 | -1,088 | 9,88173 0,0000 0,0114 TMEM173 protein_coding
ENSG00000228834 | -1,041 | 10,6911 0,0000 0,0114 RP11-249L21.3 pseudogene
ENSG00000140497 -0,707 | 11,2176 0,0000 0,0114 SCAMP2 protein_coding
ENSG00000100196 | -0,913 | 12,1138 0,0000 0,0114 KDELR3 protein_coding
ENSG00000125149 | -0,712 | 9,8079 0,0000 0,0114 C160rf70 protein_coding
ENSG00000119414 | -0,551 | 12,2253 0,0000 0,0114 PPP6C protein_coding
ENSG00000133678 | -0,719 | 10,9651 0,0000 0,0114 RP11-369J21.2 protein_coding
ENSG00000158710 | -0,869 | 11,4756 0,0000 0,0114 TAGLN2 protein_coding
ENSG00000086848 | -0,404 | 9,2107 0,0000 0,0133 FDXACB1 protein_coding
ENSG00000177981 | -0,475 | 11,1973 0,0000 0,0146 ASB8 protein_coding
ENSG00000076067 | -0,867 | 11,5308 0,0000 0,0146 RBMS2 protein_coding
ENSG00000105991 | -0,601 | 7,19679 0,0000 0,0146 HOXA1 protein_coding
ENSG00000170043 | -0,679 | 12,1044 0,0000 0,0160 TRAPPC1 protein_coding
ENSG00000162736 | -0,523 | 11,5362 0,0000 0,0160 NCSTN protein_coding
ENSG00000139998 | -1,259 | 7,98604 0,0000 0,0160 RAB15 protein_coding
ENSG00000187838 -0,816 | 10,2464 0,0000 0,0160 PLSCR3 protein_coding
ENSG00000147403 -0,61 12,8932 0,0000 0,0160 RPL10 protein_coding
ENSG00000134779 | -0,62 11,4564 0,0000 0,0160 C18orf10 protein_coding
ENSG00000141756 | -0,477 | 12,6345 0,0000 0,0160 FKBP10 protein_coding
ENSG00000147099 -0,598 | 9,87112 0,0000 0,0160 HDACS8 protein_coding
ENSG00000120509 -0,639 | 8,17884 0,0000 0,0166 PDzD11 protein_coding
ENSG00000144043 | -0,653 | 11,2335 0,0000 0,0180 TEX261 protein_coding
ENSG00000103429 | -0,505 | 10,7062 0,0000 0,0180 BFAR protein_coding
ENSG00000180304 | -0,773 | 9,58422 0,0000 0,0190 OAZ2 protein_coding
ENSG00000188917 -0,546 | 8,11408 0,0000 0,0196 TRMT2B protein_coding
ENSG00000134287 -0,564 | 12,0757 0,0000 0,0201 ARF3 protein_coding
ENSG00000124164 | -0,426 | 9,98444 0,0000 0,0201 VAPB protein_coding
ENSG00000143252 | -0,716 | 8,91027 0,0000 0,0203 SDHC protein_coding
ENSG00000102119 | -0,934 | 10,6576 0,0000 0,0224 EMD protein_coding
ENSG00000158161 -0,646 | 8,72548 0,0000 0,0224 EYA3 protein_coding
ENSG00000168227 -0,306 | 4,99745 0,0000 0,0227 AL079307.1 pseudogene
ENSG00000011198 | -0,678 | 10,3454 0,0000 0,0227 ABHD5 protein_coding




ENSG00000213760 | -1,151 | 7,79946 0,0000 0,0227 ATP6V1G2 protein_coding
ENSG00000087111 | -0,727 | 10,4043 0,0000 0,0227 PIGS protein_coding
ENSG00000159063 | -0,511 | 10,9635 0,0000 0,0227 ALGS8 protein_coding
ENSG00000025800 | -0,419 | 11,359 0,0000 0,0227 KPNAG protein_coding
ENSG00000214160 | -0,773 | 11,2461 0,0001 0,0245 ALG3 protein_coding
ENSG00000173402 | -0,736 | 10,3811 0,0001 0,0246 DAG1 protein_coding
ENSGO00000131779 | -0,78 10,7443 0,0001 0,0246 PEX11B protein_coding
ENSG00000134910 | -0,356 | 12,7155 0,0001 0,0246 STT3A protein_coding
ENSG00000206697 | -0,247 | 4,70656 0,0001 0,0246 Y_RNA misc RNA
ENSG00000127463 | -0,502 | 10,1881 0,0001 0,0246 KIAA0090 protein_coding
ENSG00000109066 | -0,951 | 9,28432 0,0001 0,0246 TMEM104 protein_coding
ENSG00000144231 | -0,535 | 9,86265 0,0001 0,0246 POLR2D protein_coding
ENSG00000159840 | -0,738 | 12,0045 0,0001 0,0246 ZYX protein_coding
ENSG00000177105 | -0,705 | 10,8891 0,0001 0,0246 RHOG protein_coding
ENSG00000171792 | -0,664 | 10,4625 0,0001 0,0246 C120rf32 protein_coding
ENSG00000100865 | -0,548 | 10,0112 0,0001 0,0246 CINP protein_coding
ENSG00000105341 | -0,552 | 9,89154 0,0001 0,0246 ATP5SL protein_coding
ENSGO00000126970 | -0,71 8,36453 0,0001 0,0246 ZC4AH2 protein_coding
ENSG00000214517 | -0,844 | 11,5372 0,0001 0,0246 PPME1 protein_coding
ENSG00000176871 | -0,652 | 11,7434 0,0001 0,0246 WSB2 protein_coding
ENSGO00000173065 | -0,614 | 9,15411 0,0001 0,0250 C170rf63 protein_coding
ENSG00000108518 | -0,651 | 12,5405 0,0001 0,0274 PFN1 protein_coding
ENSG00000237758 | -0,783 | 11,2674 0,0001 0,0274 ACO084031.2 pseudogene
ENSG00000109519 | -0,529 | 9,76648 0,0001 0,0274 GRPEL1 protein_coding
ENSG00000184988 | -1,278 | 8,74942 0,0001 0,0283 TMEM106A protein_coding
ENSG00000177370 | -0,558 | 10,6932 0,0001 0,0284 TIMM22 protein_coding
ENSG00000122203 | -0,666 | 11,0962 0,0001 0,0286 KIAA1191 protein_coding
ENSG00000103121 | -0,617 | 11,7125 0,0001 0,0301 Cl6orf6l protein_coding
ENSG00000139579 | -0,65 10,74 0,0001 0,0305 OBFC2B protein_coding
ENSG00000126067 | -0,419 | 11,9904 0,0001 0,0305 PSMB2 protein_coding
ENSG00000183444 | -0,975 | 9,90172 0,0001 0,0305 AC004967.6 pseudogene
ENSG00000213533 | -0,706 | 10,0429 0,0001 0,0310 TMEM110 protein_coding
ENSG00000102007 | -0,772 | 12,4461 0,0001 0,0310 PLP2 protein_coding
ENSG00000131467 | -0,583 | 11,4473 0,0001 0,0316 PSME3 protein_coding
ENSG00000187446 | -0,527 | 12,3693 0,0001 0,0316 AC012652.1 protein_coding
ENSG00000163191 | -0,538 | 13,0987 0,0001 0,0328 S100A11 protein_coding
ENSG00000171889 | -1,383 | 9,35891 0,0001 0,0333 RP11-354P17.1 processed_transcript
ENSGO00000130731 | -0,611 | 8,98163 0,0001 0,0335 C160rfl3 protein_coding
ENSGO00000176340 | -0,926 | 11,1231 0,0001 0,0349 COX8A protein_coding
ENSG00000140830 | -0,605 | 8,6955 0,0001 0,0355 TXNL4B protein_coding
ENSG00000174903 | -0,745 | 12,1389 0,0001 0,0355 RAB1B protein_coding
ENSG00000160746 | -0,682 | 10,8961 0,0001 0,0355 ANO10 protein_coding
ENSG00000147100 | -1,411 | 9,59391 0,0001 0,0355 SLC16A2 protein_coding
ENSGO00000147224 | -1,437 | 10,5916 0,0001 0,0355 PRPS1 protein_coding
ENSG00000219200 | -0,448 | 13,2483 0,0001 0,0355 RNASEK protein_coding
ENSG00000050438 | -0,648 | 6,32168 0,0001 0,0355 SLC4A8 protein_coding
ENSG00000106511 | -0,984 | 8,48998 0,0001 0,0355 MEOX2 protein_coding
ENSGO00000221988 | -0,932 | 7,7227 0,0001 0,0362 PPT2 protein_coding
ENSG00000172992 | -0,904 | 11,0507 0,0001 0,0362 DCAKD protein_coding
ENSG00000109062 | -0,682 | 9,35106 0,0001 0,0362 SLCY9A3R1 protein_coding
ENSG00000114395 | -0,799 | 8,19884 0,0001 0,0362 CYB561D2 protein_coding
ENSG00000127329 | -0,64 5,85214 0,0002 0,0362 PTPRB

protein_coding
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ENSG00000172757 | -0,531 | 13,0548 0,0002 0,0362 CFL1 protein_coding
ENSG00000141030 | -0,413 | 10,7665 0,0002 0,0362 COPS3 protein_coding
ENSG00000108774 | -0,382 | 12,9279 0,0002 0,0362 RAB5C protein_coding
ENSG00000101337 | -0,497 | 10,8953 0,0002 0,0371 TMISF4 protein_coding
ENSG00000160446 | -0,7 10,4786 0,0002 0,0371 ZDHHC12 protein_coding
ENSG00000136240 | -0,422 | 12,5765 0,0002 0,0375 KDELR2 protein_coding
ENSG00000141499 | -0,463 | 7,89447 0,0002 0,0381 WRAPS53 protein_coding
ENSG00000023902 | -0,778 | 9,27268 0,0002 0,0381 PLEKHO1 protein_coding
ENSG00000111669 | -0,582 | 10,4189 0,0002 0,0381 TPI1 protein_coding
ENSG00000243279 | -1,024 | 11,0704 0,0002 0,0387 PRAF2 protein_coding
ENSG00000241468 | -0,83 10,9631 0,0002 0,0387 ATP5J2 protein_coding
ENSGO00000135956 | -0,635 | 11,4194 0,0002 0,0387 TMEM127 protein_coding
ENSG00000162419 | -0,48 8,96449 0,0002 0,0399 GMEB1 protein_coding
ENSG00000139531 | -0,618 | 8,13392 0,0002 0,0407 SUOX protein_coding
ENSG00000160714 | -0,379 | 11,4609 0,0002 0,0417 UBE2Q1 protein_coding
ENSG00000120708 | -1,129 | 12,7278 0,0002 0,0420 TGFBI protein_coding
ENSGO00000157216 | -0,528 | 10,1115 0,0002 0,0420 SSBP3 protein_coding
ENSG00000187534 | -0,851 | 10,5616 0,0002 0,0422 AC007842.1 pseudogene
ENSG00000125971 | -0,43 10,4283 0,0002 0,0423 DYNLRB1 protein_coding
ENSG00000105438 | -0,573 | 11,8186 0,0002 0,0425 KDELR1 protein_coding
ENSGO00000170633 | -0,48 9,2245 0,0002 0,0425 RNF34 protein_coding
ENSG00000144120 | -0,582 | 8,25572 0,0002 0,0425 TMEM177 protein_coding
ENSGO00000197728 | -1,21 9,39335 0,0002 0,0425 RPS26 protein_coding
ENSG00000062485 | -0,523 | 11,6361 0,0002 0,0425 Cs protein_coding
ENSG00000128340 | -1,56 9,07757 0,0002 0,0425 RAC2 protein_coding
ENSG00000135074 | -1,409 | 8,65956 0,0002 0,0425 ADAM19 protein_coding
ENSG00000228285 | -0,702 | 8,81161 0,0002 0,0430 LYPLA2P1 pseudogene
ENSG00000169372 | -0,485 | 8,62715 0,0002 0,0430 CRADD protein_coding
ENSG00000123353 | -0,597 | 11,0127 0,0002 0,0435 ORMDL2 protein_coding
ENSG00000155366 | -0,654 | 12,183 0,0002 0,0435 RHOC protein_coding
ENSG00000132801 | -0,542 | 6,9645 0,0002 0,0438 ZSWIM3 protein_coding
ENSG00000141349 | -0,742 | 10,8263 0,0002 0,0445 G6PC3 protein_coding
ENSG00000127780 | -0,215 | 4,88522 0,0002 0,0445 OR1E2 protein_coding
ENSG00000142230 | -0,505 | 10,7459 0,0003 0,0453 SAE1l protein_coding
ENSG00000239334 | -0,36 5,61432 0,0003 0,0453 GSTTP2 processed_transcript
ENSG00000136715 | -0,595 | 10,4446 0,0003 0,0453 SAP130 protein_coding
ENSG00000109079 | -0,721 | 10,8449 0,0003 0,0453 TNFAIP1 protein_coding
ENSGO00000137073 | -0,469 | 10,1549 0,0003 0,0467 UBAP2 protein_coding
ENSG00000092847 | -0,399 | 10,0216 0,0003 0,0467 EIF2C1 protein_coding
ENSGO00000182195 | -1,059 | 10,0649 0,0003 0,0467 LDOC1 protein_coding
ENSG00000100558 | -0,74 6,59212 0,0003 0,0469 PLEK?2 protein_coding
ENSG00000231192 | -0,221 | 4,32163 0,0003 0,0475 OR5H1 protein_coding
ENSGO00000174021 | -0,559 | 10,8632 0,0003 0,0475 GNG5 protein_coding
ENSGO00000077721 | -0,646 | 11,0012 0,0003 0,0475 UBE2A protein_coding
ENSG00000119777 | -0,536 | 11,4247 0,0003 0,0476 TMEM214 protein_coding
ENSG00000151348 | -0,332 | 11,846 0,0003 0,0476 EXT2 protein_coding
ENSG00000118680 | -0,333 | 13,0533 0,0003 0,0490 MYL12B protein_coding
ENSGO00000159335 | -0,625 | 11,2267 0,0003 0,0490 PTMS protein_coding
ENSGO00000081177 | -0,279 | 9,43746 0,0003 0,0499 EXD2 protein_coding
ENSG00000138738 0,645 8,29697 0,0003 0,0467 PRDM5 protein_coding
ENSG00000199438 0,457 6,28652 0,0003 0,0466 5S_rRNA rRNA
ENSG00000116117 0,725 8,80956 0,0003 0,0451 PARD3B protein_coding




ENSG00000065320 0,393 | 8,13004 0,0002 0,0423 NTN1 protein_coding
ENSG00000125691 0,422 12,3995 0,0002 0,0391 RPL23 protein_coding
ENSG00000148296 0,347 7,2579 0,0002 0,0375 SURF6 protein_coding
ENSG00000242900 1,257 6,16595 0,0001 0,0314 AC097526.11 Mt_tRNA_pseudogene
ENSG00000100650 0,775 10,7951 0,0001 0,0305 SFRS5 protein_coding
ENSG00000154114 0,537 10,1584 0,0001 0,0305 TBCEL protein_coding
ENSG00000188375 0,552 11,1899 0,0001 0,0274 H3F3C protein_coding
ENSG00000244577 0,416 8,56961 0,0000 0,0227 AC137932.3 scRNA_pseudogene
ENSG00000242752 1,652 5,99731 0,0000 0,0192 AC025627.1 Mt_tRNA_pseudogene
ENSG00000169871 0,471 | 8,17502 0,0000 0,0160 TRIM56 protein_coding
ENSG00000240234 1,952 8,563154 0,0000 0,0114 AC131055.17 Mt_tRNA_pseudogene
ENSG00000242240 2,152 9,57558 0,0000 0,0114 AC073869.19 Mt_tRNA_pseudogene
ENSG00000153046 0,515 8,95551 0,0000 0,0077 CDYL protein_coding

Supplementary Table : Differential Up (red) Down (green) — regulated expression genes in BM-MSC from ET

patients contrasted against HD.

ID logFC AveExpr P.Value adj.P.val gene_symbol biotype
ENSG00000127946 -0,972 8,408285 0,0000 0,0257 | HIP1 protein_coding
ENSG00000228834 -0,906 10,69114 0,0000 0,0315 | RP11-249L21.3 pseudogene
ENSG00000243685 -0,833 5,752575 0,0000 0,0026 | AL122001.1 scRNA_pseudogene
ENSG00000101464 -0,814 10,25713 0,0000 0,0257 | PIGU protein_coding
ENSG00000143252 -0,772 8,910272 0,0000 0,0257 | SDHC protein_coding
ENSG00000133678 -0,76 10,96507 0,0000 0,0185 | RP11-369J21.2 protein_coding
ENSG00000179820 -0,744 12,30798 0,0000 0,0041 | MYADM protein_coding
ENSG00000119242 -0,724 11,01909 0,0001 0,0467 | CCDC92 protein_coding
ENSG00000089693 -0,714 12,10153 0,0000 0,0257 | MLF2 protein_coding
ENSG00000176422 -0,682 8,523831 0,0000 0,0257 | SPRYD4 protein_coding
ENSG00000173914 -0,609 10,28316 0,0000 0,0124 | RBM4B protein_coding
ENSG00000140497 -0,601 11,21762 0,0000 0,0394 | SCAMP2 protein_coding
ENSG00000187446 -0,591 12,36932 0,0000 0,0266 | AC012652.1 protein_coding
ENSG00000162419 -0,578 8,964494 0,0000 0,0257 | GMEBL1 protein_coding
ENSG00000134779 -0,566 11,4564 0,0001 0,0463 | C18orf10 protein_coding
ENSG00000081853 -0,557 8,182415 0,0000 0,0257 | PCDHGC5 protein_coding
ENSG00000119414 -0,532 12,22531 0,0000 0,0257 | PPP6C protein_coding
ENSG00000177981 -0,513 11,19727 0,0000 0,0185 | ASB8 protein_coding
ENSG00000214770 -0,457 5,461314 0,0000 0,0256 | AL161756.1 protein_coding
ENSG00000141030 -0,457 10,76647 0,0000 0,0391 | COPS3 protein_coding
ENSG00000115806 -0,456 11,79658 0,0000 0,0257 | GORASP2 protein_coding
ENSG00000165078 -0,429 5,3891 0,0000 0,0256 | CPAG6 protein_coding
ENSG00000201957 -0,201 4,51223 0,0000 0,0257 | SNORA25 snoRNA
ENSG00000172487 -0,197 4,686754 0,0001 0,0488 | OR8J1 protein_coding
ENSG00000243202 0,3146 5,577353 0,0000 0,0266 | AC107956.1 scRNA_pseudogene
ENSG00000244112 0,3729 6,051949 0,0000 0,0266 | AC087885.1 scRNA_pseudogene
ENSG00000188732 0,3816 5,597397 0,0001 0,0467 | C7orfd6 protein_coding
ENSG00000153046 0,4092 8,955514 0,0000 0,0266 | CDYL protein_coding
ENSG00000120853 0,4245 6,254706 0,0000 0,0257 | GOLGA2L1 protein_coding
ENSG00000169871 0,4251 8,175019 0,0001 0,0467 | TRIM56 protein_coding
ENSG00000148296 0,4255 7,257902 0,0000 0,0257 | SURF6 protein_coding
ENSG00000244577 0,4482 8,569607 0,0000 0,0257 | AC137932.3 scRNA_pseudogene
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ENSG00000125691 0,5036 12,39951 0,0000 0,0257 | RPL23 protein_coding

ENSG00000242900 1,3902 6,165952 0,0000 0,0278 | AC097526.11 Mt_tRNA_pseudogene
ENSG00000240234 1,8453 8,531542 0,0000 0,0257 | AC131055.17 Mt_tRNA_pseudogene
ENSG00000242240 2,0915 9,57558 0,0000 0,0185 | AC073869.19 Mt_tRNA_pseudogene
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Supplementary Figure 1: Correlation coefficient graph. Correlation between the TP53 expression in

the MSC from ET with the % of JAK2"®*" Hb (Hemoglobin), Age (y-years), Platelets Count and WBC

(With Blood Count)
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