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The role of normal and oncogenic Janus kinase 2 in hematopoietic stem cells

Hajime Akada

Ph.D. advisor: Dr. Golam Mohi

During my Ph.D. training, I first experimentally proved that the expression of oncogenic Jak2V617F was

sufficient to induce MPNs and transformed only HSCs into CSCs for developing MPNs. Thus, it is critical

to understand the role of both normal and oncogenic Jak2 in HSCs to find the mechanism to cure

Jak2V617F-positive MPNs. Therefore, I have mainly studied two major questions in Jak2:

1) The role of normal Jak2 in hematopoietic stem cells for adult hematopoiesis
2) The role of oncogenic form of Jak2, Jak2V617F, in cancer stem cells for MPN development

First question has not been addressed since 1998, because conventional Jak2 knock-out mice were

embryonic lethal. Thus, I hypothesized that Jak2 plays a pivotal role in adult hematopoietic stem cell

maintenance. I successfully prove that Jak2 is the one of key regulators of HSCs. Conditional Jak2 deletion

in mice caused an irreversible HSCs impairment. My data strongly suggest that Jak2 plays a critical role in

the maintenance of quiescence, survival and self-renewal of adult HSCs.

Second question has been studied after the discovery of a somatic point mutation, Jak2V617F, in a majority

of patients with MPNs in 2005. I hypothesized that this oncogenic mutation confers unique properties in

CSCs maintenance for MPNs development. Surprisingly, I found that the site of leukemogenesis shifted

from BM to spleen, and spleen became the major source of CSCs for Jak2V617F-positive MPNs. The age-

associated progressive expansion of CSCs was seen in spleen. Splenic-CSCs were capable to propagate

MPN disease and possessed a greater proliferative advantage than BM-CSCs. The Jak2V617F-CSCs

established a positive-feedback mechanism with CD169+ macrophage progenitors. Depletion of CD169+

macrophage progenitors reduced the number of Jak2V617F-CSCs. Gene profiling revealed that splenic-

CSCs have distinct gene expression compared to BM-CSCs. Together, I demonstrated that Jak2V617F-

CSCs are maintained in spleen for long-term MPN progression.

By utilizing gene analysis data from two projects, I discovered a set of unique genes/pathways regulated by

only Jak2V617F but not by wildtype Jak2. All together, my Ph.D. researches provided the potential gene

target a novel therapy for Jak2V617F-positive MPNs.
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1. Introduction

This chapter provides the introduction of the basis of hematopoiesis and hematopoietic stem cells (Section

1.1), principle of cancer stem cell hypothesis (Section 1.2), current understanding of Jak2 (Section 1.3), and

current knowledge of Jak2V617F-positive myeloproliferative neoplasms (Section 1.4).

1.1 Hematopoiesis and Hematopoietic stem cells (HSCs)

1.1.1 Hematopoiesis and HSCs

ematopoiesis is the biological process whereby all types of blood cells are produced from

specialized stem cells, called hematopoietic stem cells (HSCs), during our lifetime. The process of

hematopoiesis is regulated by orchestra of several factors to generate a variety of mature blood cells with

functionally distinct properties, including immune defense (white blood cells, WBCs), coagulation

(platelets, PLTs) or oxygen transport (red blood cells, RBCs). HSCs, at the apex of hematopoiesis, are the

only cells able to self-renew to maintain own number as well as differentiate into committed progenitors,

which in turn give rise to the various hematopoietic cells. The average lifespan of mature hematopoietic

cells in human is 120 days for RBCs, 3-4 days for WBCs, and 5-9 days for PLTs. The management of such

high turnover of mature hematopoietic cells is the remarkable achievements of the HSCs. HSCs give rise to

committed progenitors biased toward a particular blood lineage with sequential differentiation steps into a

more specialized committed progenitors and functional mature blood cells. For instance, HSCs undergo

differentiation steps into the common myeloid progenitors (CMPs) for myeloid cells differentiation or the

common lymphoid progenitors (CLPs) for lymphoid cells production (Figure 1). In normal hematopoiesis,

this step is unidirectional and irreversible

Figure 1. Hematopoiesis
All hematopoietic lineages are generated from one stem cell, called
hematopoietic stem cells (HSCs). HSCs self-renew as well as generate
hematopoietic progenitors committed to the CLP for the lymphoid or
the CMP for myeloid lineage. Reprinted by permission from
Macmillan Publishers Ltd: [Nature Reviews Immunology] (Cedar and
Bergman, 2011), copyright (2011)

H
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Hematopoiesis is a dynamic event during development. The site of hematopoiesis changes sequentially

during development and makes HSCs to generate proper blood cells in need (Figure 2) (Orkin and Zon,

2008). Sequential occurrence of hematopoiesis can be categorized into two events, primitive or definitive

hematopoiesis, which has a distinct purpose. Primitive hematopoiesis, including the yolk sac, the aorta-

gonad mesonephros (AGM), the placenta, and the fetal liver, serves as a rapid RBC production to facilitate

oxygenation during embryonic development. After birth, once full development of bone/bone marrow is

completed, the definitive hematopoiesis, which occurs in the bone marrow, thymus for T cell development,

and spleen for B cell development, takes over the primitive hematopoiesis for production of all kind of

blood cells and their development and maturation throughout lifetime.

Figure 2. Sequential change in hematopoietic site
The location of hematopoiesis changes sequentially during development. “Reprinted from Hematopoiesis: An Evolving
Paradigm for Stem Cell Biology, Vol 132 Issue 4, Stuart H. Orkin and Leonard I. Zon, Pages No 631-644., Copyright
(2008), with permission from Elsevier”(Orkin and Zon, 2008)

Three critical advances enable us today to identify and study the role of specific hematopoietic progenitors

at different stage of their development: 1) flow cytometry to separate heterogeneous cell population; 2)

transgenic and knock-out technology in mice; and 3) the identification of cell specific markers for nearly

every cells types of the hematopoietic system (Figure 3) (Capecchi, 1989; Doulatov et al., 2012; Jaenisch

and Mintz, 1974; Rossi et al., 2012). For example, the expression of c-Kit, Sca-1, and the large number of

lineage surface markers allow us to purify a mouse HSCs-enriched cell population, known as LSK or KLS

cells. Extensive studies over the past 40 years have generated an tremendous panel of markers,

encompassing nearly all stages of blood cells development, and have produced a detailed picture of the

hematopoiesis in human and mice (Doulatov et al., 2012). Thanks to the innovation of flow cytometry, an

abundance of molecular tags for every hematopoietic cell types, and the ever more sophisticated genetic

approaches available in the murine model system, we can today investigate in vivo the function of any

particular factor (such as the Jak2 protein) in a specific hematopoietic cells (HSCs, progenitors, or mature

hematopoietic cells).
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Figure 3. Diagram of mouse and human
hematopoiesis with corresponding surface
receptor expression
Schematic diagram of both mouse and human
hematopoiesis with identified surface molecular
markers for their identification. Note that although
the cell markers sometimes differ, the HSCs follow
similar hematopoietic differentiation pathways in
both human and mouse. “Reprinted from
Hematopoiesis: A Human Perspective, Vol 10 Issue
2, Sergei Doulatov, Faiyaz Notta, Elisa Laurenti,
John E. Dick, Pages No 120-136., Copyright (2012),
with permission from Elsevier” (Doulatov et al.,
2012).

1.1.2 Distinct HSCs status between primitive and definitive hematopoiesis

The status of HSCs between primitive and definitive hematopoiesis are different due to the distinct

hematopoietic needs. In primitive hematopoiesis, HSCs continuously enter cell-cycle for rapid production

of RBCs. Almost all HSCs during primitive hematopoiesis are in cycling, in other words they are activated

to continuously generating blood progenitors. All activated HSCs enter cell cycle at least once in 24 hours

during primitive hematopoiesis (Figure 4) (Pietras et al., 2011). HSCs are biased to produce myeloid

lineages in primitive hematopoiesis. In contrary, during definitive hematopoiesis, the HSCs reside in the

bone marrow niche and are maintained in a quiescent. In definitive hematopoiesis, almost all HSCs are in

quiescent (G0: dormant), which is the stage to protect them from auto-depletion and DNA damage as well

as prevents unnecessary production of progenitor cells (Pietras et al., 2011). Only a few HSCs enter cell-

cycle to maintain homeostatic blood production at any one time. Those activated or dormant HSCs in

definitive hematopoiesis enter cell cycle only once in 36 days or 145 days, respectively. In addition, HSCs

in definitive hematopoiesis differentiate into both myeloid and lymphoid lineages in balanced manner.

Unbalanced differentiation due to oncogenic mutation in HSCs has been often implicated to cause leukemia.

Thus, in order to study the role of a particular molecule in hematopoiesis, it is important to assess how a

particular molecule influences the cell-cycle status of HSCs. It is also critical to know when the expression

of particular molecule starts during the development. Some molecule may play an important hematopoietic
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role only in primitive hematopoiesis but not in definitive hematopoiesis and vice versa (Mochizuki-Kashio

et al., 2011).

Figure 4. Cell cycle status of HSCs
Comparison between fetal HSC and
adult HSC showing their distinct cell
cycle status are listed here. Fetal HSCs
are frequently entering cell cycle for
generating red blood cells to support
development. Adult HSCs are in
quiescent to minimize cellular damage
and maintain their “stemness” status for
life time (Pietras et al., 2011).

1.1.3 Intrinsic and extrinsic fate decision during hematopoiesis

Among all hematopoietic progenitors, HSCs are the only cells that possess both the ability to self-renew to

maintain cell number and the ability to differentiate into committed progenitors. This is critical to maintain

the proper number and functions of HSCs throughout lifetime. Failure to do so leads to hematopoietic

problems, such as myeloid malignancies or pan-cytopenia. The maintenance of HSCs and the production of

blood cells are regulated by a complex network of both intrinsic, including gene expression or aging

process, and extrinsic factors, such as cytokine stimulation or direct interaction with microenvironment, as

described in the following subsections.

1.1.3.1 Intrinsic gene regulation in HSCs and hematopoiesis

Several genes, including factors downstream of Jak signaling, are important for stem cell survival,

proliferation, and/or maintenance (Cheng, 2000; Curtis et al., 2004; Ficara et al., 2008; Orkin and Zon,

2008; Wang et al., 2009).  For example, loss of any one of the following regulators, Runx-1, Scl/tal-1,

Lmo2, Mll, Tel, Bmi-1, Gfi-1, GATA-2, c-Myc, c-Myb, ERG, Pbx, EZH2, HIF1a, or HIF2 functions

disrupt HSCs self-renewal (Arinobu et al., 2007; Ficara et al., 2008; Iwasaki et al., 2005; Keith and Simon,

2007; Orkin and Zon, 2008; Pollard and Kranc, 2010; Takubo et al., 2010) (Figure 5). These factors

contribute for a complex transcription regulatory network that properly maintains the self-renewal ability of

HSCs over a lifetime.
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Another key feature of HSCs is multi-hematopoietic lineage commitment, which ensures production of

committed hematopoietic progenitors. The regulation of hematopoietic lineage commitment is achieved

through multiple transcriptional contributions that are distinct from the regulation of self-renewal. Specific

lineage commitment requires the activation of certain transcription factors by external stimuli, such as

cytokines or direct cell-cell interactions. The transcription factors involved in hematopoiesis can be

categorized based on their roles, HSC formation, HSC function, or lineage specific differentiation (Orkin

and Zon, 2008). HSCs sequentially differentiate first into a multipotential progenitor (MPP) and then into

lineage restricted progenitors, specifically CMPs and CLPs (Figure 3). Some transcription factors are

involved only in a particular lineage commitment, but there are occasionally factors that contribute to

multiple lineage commitments as well as self-renewal, such as GATA-1 (Figure 5). GATA-1 is required for

erythropoiesis, megakaryopoiesis, and granulopoiesis (Friedman, 2007; Goldfarb, 2007; Kim and Bresnick,

2007; Orkin and Zon, 2008). Enforced expression of GATA-1 causes decreased self-renewal and increased

production of megakaryocyte erythroid population (Iwasaki et al., 2003).

As hematopoiesis proceeds along a specific lineage, gene expression changes in favor of such lineage

(Figure 5). For example, the cross-talk between GATA-1 and c-Myb is a key to the regulation of

erythropoiesis (Bartunek et al., 2003). The GATA-1 accumulates as erythroid progenitors differentiate,

while c-Myb, which is associated with T-cell development, decreases (Allen et al., 1999). The repression of

c-Myb  is  due  to  direct  regulation  at  the  c-Myb  promoter  by  GATA-1.  In  other  cases,  the  fate  of

hematopoietic cells is regulated by a “balance” of multiple transcription factors. For instance, the level of

PU.1 and GATA-1 determines the fate of MPPs, promoting either CLPs or CMPs differentiation (Arinobu

et al., 2007). MPPs undergo lymphopoiesis if PU.1 is up-regulated, while they differentiate into CMPs

when GATA-1 is up-regulated.

In summary, the choices between self-renewal and lineage commitment are controlled through complex

changes in gene regulations. In the presence of oncogenic mutations, the fine-tuned gene regulation critical

for healthy hematopoiesis is disturbed and causes uncontrollable and/or unbalanced production of

hematopoietic progenitors leading to myeloid malignancies or leukemia. Identifying the critical genes
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driving the development of hematopoietic malignancies will generate insight into the basic molecular

pathology of diseases and provide potential drug targets.

Figure 5. Gene regulation and
hematopoiesis
Several genes are involved in regulation of
hematopoiesis. Some genes contribute to
more than one lineage. The activation of
specific genes at a certain time point and in
a particular lineage is controlled by
extrinsic factors, such as cytokines,
chemokines, or cell-cell interaction within
the niche. “Reprinted from Hematopoiesis:
An Evolving Paradigm for Stem Cell
Biology,  Vol  132  Issue  4,  Stuart  H.  Orkin
and Leonard I. Zon, Pages No 631-644.,
Copyright (2008), with permission from
Elsevier” (Orkin and Zon, 2008)

1.1.3.2 Age-associated functional impairments in HSCs

In general, aging often associated with loss of muscle strength, decline in cognition and reduced immunity.

Aging has been also implicated in the functional alternation of HSCs (Glauche et al., 2011; Snoeck, 2013).

Dykstra et al demonstrated that aging compromises the hematopoietic capacity of HSCs, including

decreased homing, reduced self-renewal, and delayed proliferative response in old HSCs as compared to

young HSCs (Dykstra et al., 2011). Furthermore, older HSCs are no longer balanced in differentiation

rather they are biased toward myeloid fate (Rossi et al., 2005). This myeloid bias appears to reflect a

combination of up-regulation of myeloid gene and a reduction in a cell polarity (Florian et al., 2012; Rossi

et al., 2005). Apolarity in HSCs correlates with asymmetric division, which results in one undifferentiated

and one differentiated daughter cell as opposed to symmetric division (which most often results in two

undifferentiated daughter cells) (Schroeder, 2007). In addition, Rossi et al demonstrated that old HSCs

preferentially express myeloid commitment genes over lymphoid genes, which further support preferential

myeloid cell production as HSCs aged (Rossi et al., 2005).  This age-dependent myeloid bias also correlates

with reduced immunity (due to decline of T or B lymphopoiesis) and increased myeloid malignancies in the

elderly.
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Surprisingly, aging is also accompanied by an age-dependent increase in the number of HSCs (Dykstra et

al., 2011; Morrison et al., 1996; Pang et al., 2011). The most widely accepted explanation for age-

dependent HSC expansion is that it results from a loss of quiescence due to decreased interactions between

older HSCs and the BM niche (Pang et al., 2011). Pang et al reported that old HSCs enter the cell cycle

more frequently than young HSCs, suggesting that old HSCs undergo more cell division (Pang et al., 2011).

Kohler et al reported that old HSCs localize more distantly from BM microenvironment, suggesting that

they may receive less supports for maintaining hematopoietic homeostasis (Kohler et al., 2009). The loss of

quiescence and frequent entry in the cell-cycle in aged HSCs correlates with HSC expansion, myeloid

biased differentiation, and weakening of the immune response (Cho et al., 2008).

Furthermore, several other intrinsic alternations, including epigenetic changes, DNA damage, and telomere

shortening, have been reported in old HSCs (Chambers et al., 2007). First, old HSCs have been reported to

have altered epigenetic modifications, including acetylation and methylation (Beerman et al., 2013;

Chambers et al., 2007; Florian et al., 2012; Klauke and de Haan, 2011; Niedernhofer, 2008; Rossi et al.,

2007a; Rossi et al., 2007b). Epigenetic modification is associated with multiple cellular processes and

cancer development through gene regulation (Sparmann and van Lohuizen, 2006). For instance, one set of

epigenetic modifiers, Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2), regulate histone

methylation (e.g. di- or tri-metylation of histone 3 at lysine reside 27, H3K27me3), which is normally

associated with gene repression (Klauke and de Haan, 2011). It has been reported that age-associated

changes in the expression of PRC components and alteration of histone methylation result in dysregulation

of gene expression (De Haan and Gerrits, 2007; Klauke and de Haan, 2011). In addition, increased

acetylation of histone H4 at lysine 16 (H4K16ac) has been also reported in old HSCs (Florian et al., 2012).

These age-associated alterations in epigenetic markers intrinsically cause dysregulation of genes

responsible in HSC maintenance.

Additionally, the accumulation of DNA damage has been associated with HSC aging and HSCs

dysregulation (Mandal and Rossi, 2012; Rossi et al., 2007a; Rube et al., 2011; Wang et al., 2012a). Wang

et al reported that the basic leucine zipper transcription factor, ATF-like (Batf), regulates DNA-damage

induced HSC fate decisions (Wang et al., 2012a). They observed that the up-regulation of Batf in DNA-
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damaged old HSCs induces G-CSF mediated Stat3 activation thereby promoting lymphoid differentiation.

This probably reflects a compensatory mechanism to the reduction in the lymphoid compartment in old

HSCs. In addition, the expression of p53, known as both a tumor suppressor and a DNA-repair gene,

declines with aging (Feng et al., 2007). The role of p53 as an HSC-quiescent inducer was demonstrated by

Liu et al (Liu et al., 2009). Together, age-associated decrease in the expression of p53, inefficient DNA

repair, and the accumulation of DNA damage eventually causes the dysregulation of hematopoiesis.

Moreover, the shortening of telomere length has been also widely associated with aging (Sekulovic et al.,

2011). Although proliferation-dependent telomere shortening is seen in old HSCs, the length of telomeres

has not been directly correlated with hematopoietic impairment in old HSCs; the overexpression of

telomerase, which supports an elongation of telomere length, does not alter HSC functionalities (Lansdorp,

2005). Nonetheless, telomere length could be used to assess HSC aging to help estimate potential aging

effect in HSCs. In particular, since the shortening of telomeres is linked to cell proliferation, telomere

length  may  serve  as  a  marker  for  oncogenic  HSCs  in  young  organisms.  For  instance,  HSCs  with  an

oncogenic mutation may undergo more cell divisions and end up with shorten their expected telomeres,

mimicking premature aging.

It has been experimentally proven that aging is widely associated with hematopoietic impairment. However,

a complicated question is why HSCs self-renewal does not result in rejuvenation? The true self-renewal

should result in two daughter cells with the same age as the parent cells. A partial answer lies in the age-

dependent functional decline of the microenvironment supporting the HSCs. Liang et al have reported that

the microenvironment loses HSC maintenance abilities as it ages (Liang et al., 2005; Xing et al., 2006). The

effect of a particular molecule in hematopoiesis, especially its long-term influence, requires an

understanding of the aging process as well.

Table 1. Summary of key alterations in old HSCs in definitive hematopoiesis
Phenotypes Status of old HSCs References

Hematopoietic functions Decline (Dykstra et al., 2011)
Balanced HSCs Decline (Rossi et al., 2005)

Myeloid biased HSCs Increase (Rossi et al., 2005)
Total HSC number Increase (Morrison et al., 1996)

HSC cell cycle entry Increase (Pang et al., 2011)
Polarity Reduced (Florian et al., 2012)

BM niche interaction Reduced (Kohler et al., 2009)
HSC DNA damage Increase (Rossi et al., 2007a)

Telomere length Shorten (Sekulovic et al., 2011)
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1.1.3.3 Extrinsic regulation of HSCs by cytokine stimulation

Intrinsic regulation of hematopoiesis is controlled by extrinsic factors, such as cytokines. The pivotal role

of cytokines has been widely studied in the regulation of HSCs and hematopoiesis. Cytokines are signaling

ligand secreted from organs and/or cells that trigger an intracellular signaling cascade known as the Jak-

Stat pathway. The cytokine ligand initiates signaling by binding to a corresponding cytokine receptor. Each

cytokine has a specific function in hematopoiesis. Erythropoietin (Epo) is mainly secreted from kidney, and

it only serves as the erythropoiesis inducer (Sathyanarayana et al., 2012). Some cytokines are

polyfunctional in hematopoiesis, i.e. a single cytokine may both enhance or inhibit a specific hematopoietic

function in different cells (Figure 6) (Robb, 2007). For instance, thrombopoietin (Tpo), which is mainly

secreted by the liver, is known to induce quiescence in HSCs and to enhance megakaryocyte commitment

of MEPs (Qian et al., 2007; Yoshihara et al., 2007). Some other cytokines have multiple distinct roles in the

same hematopoietic cells. For example, TGF-beta promotes proliferation of myeloid-biased HSCs, while it

also inhibits proliferation of lymphoid-biased HSCs (Challen et al., 2010). Despite the fact that more than

fifty cytokines have been reported to regulate hematopoiesis, there are only four Jaks and seven Stats

family member to mediate all cytokine signaling. This suggests that the regulation of hematopoiesis

through cytokines and Jaks-Stats pathway is controlled at multiple levels (discussed in section 1.3) (Robb,

2007).

Figure 6. Cytokines and their functions in
hematopoietic differentiation

The role of cytokines in hematopoietic
differentiation has been extensively studied. Some
cytokines, like IL-7, are responsible for only one
specific lineage commitment, whereas other
cytokines have multiple functions, such as HSCs
quiescence inducer and megakaryocyte
differentiation by Tpo. Reprinted by permission
from Macmillan Publishers Ltd: [Oncogene] (Robb,
2007), copyright (2007).

1.1.3.4 Extrinsic regulation of HSCs by niche

In definitive hematopoiesis, HSCs are maintained in a special environment called “the bone marrow niche.”

Here, HSCs are generally kept as dormant condition and are activated only when the production of

progenitors is needed. The niche is specialized location to control stem cell self-renewal and lineage
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commitment through the direct contact between HSCs and niche cells or by providing secreting supporting

cytokines. This protects stem cells from auto-depletion and tightly regulates the rate of proliferation in

order not to overproduce hematopoietic progenitors (Gal et al., 2006; Scadden, 2006). Two bone marrow

niches, osteoblastic niche (endosteal niche) and endothelial niche (perivascular niche), have been well

characterized in definitive hematopoiesis (Kiel and Morrison, 2008). The osteoblastic niche supports HSCs

in  a  dormant  stage  in  several  ways,  1)  by  secreting  cytokines,  such  as  Tpo,  2)  by  maintaining  a  low  O2

environment to prevent DNA damage, and 3) by providing adhesive receptors to which the HSCs anchor to

the niche (Figure 7) (Suda, 2008; Trumpp et al., 2010).

Figure 7. Maintenance of HSCs in BM niche
Multiple factors, including receptors, cytokines, and
chemokines contributes to maintaining dormant HSCs in the
BM niche Reprinted by permission from Macmillan
Publishers Ltd: [Nature Review Immunology] (Trumpp et al.,
2010), copyright (2010). Each contribution has been
experimentally demonstrated it in vivo. Intrinsic alteration of
these factors indirectly causes HSC malfunction through the
disruption of the HSC-niche association.

Figure 8. Osteoblastic niche for maintaining dormant
HSCs
The osteoblastic niche mainly consists of the mesenchymal
stem cell lineage: osteoblast, osteoclast, mesenchymal stem
cells, and adipocyte. Sympathetic nerve cells have also been
implicated in hematopoietic regulation (Katayama et al., 2006).
The endothelial (perivascular) niche serves as a HSC
activation site where hematopoietic differentiation occurs and
consists mainly of endothelial cells, macrophage, perivascular
CAR cells, and Schwann-like cells. Reprinted by permission
from Macmillan Publishers Ltd: [The ageing haematopoietic
stem cell compartment] (Geiger et al., 2013), copyright (2013).

The endothelial niche promotes HSCs activation by changing the microenvironment leading to HSC self-

renewal and hematopoietic differentiation (Figure 8). Thus, unlike other stem cells (which only reside in a

specific area), HSCs mobilize out of or home to the BM niches, moving back and forth between an
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osteoblastic niche and an endothelial niche. This movement between niches is controlled by

chemoattractant gradient by chemokines, such as stromal derived factor-1α (SDF-1α, also known as

CXCL12). The osteoblasts secrete SDF-1α and the concentration gradient of SDF-1α determines HSC

mobilization or homing (Itkin and Lapidot, 2011). Normally, the concentration of SDF-1α is high in the

osteoblastic niche to prevent HSC mobilization (Figure 9) (Wilson and Trumpp, 2006). However, the cells

of the perivascular niche, such as macrophages, secrete granulocyte-colony stimulation factor (G-CSF).

High level of G-CSF reduces the level of SDF-1α in the BM niche (through degradation by neutrophil

elastase), and promote HSC mobilization and their activation (Petit et al., 2002). Activated HSCs migrate to

the perivascular CAR cells locate near sinusoids, where HSCs division and differentiation of progenitors is

supported by additional factors (Wilson et al., 2007).

Figure 9. HSC mobilization, homing, and circulation
Almost all adult HSCs reside in BM niche at quiescence. HSCs mobilize out of the BM niche and into the perivascular
niche when needed for blood cell production. They circulate through the blood and move into the extramedullary
hematopoietic site. Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews Immunology] (Wilson
and Trumpp, 2006), copyright (2006).

In addition, the BM niche also supports lineage commitments by secreting lineage specific cytokines, so

that impairment of the BM niche also leads to an inefficient hematopoiesis (Rafii et al., 1997; Taichman

and Emerson, 1994, 1998). The lineage commitments occur in BM, except T or B cells; T cells

development occurs in thymus and B cell development occurs in spleen. Precursor of T cells, CLPs, is

generated in BM and migrates to the thymus where different niche exists for T cell development (Petrie,

2003). Thymus niche supports the fate of CLPs into only T cell but not B cell development (Jenkinson et al.,

2006; Maillard et al., 2004). Therefore, the status of HSCs depends on their locations where extrinsically

influences HSCs maintenance or differentiation.
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A several signaling pathway involved in HSCs maintenance through direct contact with niche have been

identified, including the Hedgehog, Notch and Wnt pathways (Weber and Calvi, 2010). Interestingly, the

Hedgehog pathway, which is an important signaling in stem cell function, is dispensable in normal HSCs,

but it is an important regulator of myeloid and lymphoid development (Gao et al., 2009; Siggins et al.,

2009). The Wnt signaling instead plays a pivotal role in hematopoiesis. The Wnt genes are expressed

widely in hematopoietic progenitors. Wnt signaling was demonstrated as the one a critical pathways in

HSC expansion and quiescence (Fleming et al., 2008; Reya et al., 2003). Schaniel et al demonstrated that

osteoblast-restricted overexpression of Wnt inhibitory factor 1 (Wif1) disrupts HSC quiescence and alters

in other signaling system (Schaniel et al., 2011). Additionally, the interaction between Wnt and JAK/STAT

pathways was demonstrated in fruit fry development as well as mouse embryonic stem cells differentiation

block, so their data suggesting the possible cross-talk between signaling pathways for HSC maintenance

(Ekas et al., 2006; Hao et al., 2006). Lastly, the Notch signaling, activated by cell-cell contact with ligand-

expressing niche cells is also a crucial regulator of hematopoiesis. Importantly, cross-talk between

JAK/STAT and Notch pathways is critical in neural stem cells where Notch promotes STAT family

activation (Kamakura et al., 2004; Yamaoka et al., 2004). Several transmembrane proteins also function as

anchors between HSCs and niche cells (e.g. N-Cadherin) and maintain HSCs in their dormant state. The

cell-cell interactions and signaling components involved in mediating HSC maintenance vary depending on

the location of the HSCs since different niche cells are available (Figure 10).

Figure 10. Direct contribution of cell-cell interaction through multiple receptors in HSCs
maintenance
Multiple cell-cell interaction pathways have been implicated in HSCs maintenance. Reprinted by permission from
Macmillan Publishers Ltd: [Nature Reviews Immunology] (Wilson and Trumpp, 2006), copyright (2006). Defect in
any of those interactions may lead to hematopoietic defects or leukemia.
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1.1.4 Extramedullary hematopoiesis and HSCs in spleen

In normal circumstance, all hematopoiesis occurs in the bone marrow after the birth. However, in some

situations, other organs host hematopoiesis (extramedullary hematopoiesis; EH). In EH, a hematopoiesis

occurs  outside  of  the  bone  medulla,  such as  in  the  liver  or  spleen.  For  instance,  before  the  completion  of

bone development, all hematopoiesis in fetus occurs in liver as primitive hematopoiesis. In general, when

bone marrow hematopoiesis can produce blood, extramedullary hematopoiesis rarely occurs. EH at the

adult stage occurs transiently only in emergency situations, such as infection. The immune response in

spleen, liver, or thymus after infection produces sufficient myeloid cells to fight against the pathogen, as

known as emergency granulopoiesis (Hirai et al., 2006; Kim, 2010).

Extramedullary hematopoiesis can also result as an epiphenomenon of primary disease, as seen in the

splenomegaly (enlargement of spleen) caused by myeloproliferative neoplasms (MPNs). In case of MPNs,

the bone marrow is often overtaken by abnormal bone marrow hyperplasia or collagen fiber, known as

myelofibrosis. Myelofibrosis causes defects in definitive hematopoiesis in bone marrow, because the

marrow becomes inhabitable for hematopoietic stem and progenitor cells (Figure 11) (Kim, 2010). In such

emergency situation, the body utilizes extramedullary hematopoiesis in organs such as the spleen to supply

scarce blood cells. However, unlike the EH that develops in response to infection, such myelofibrotic

condition is permanent disease condition, so the pathological spleen gradually enlarges in patients with

MPNs. However, when hematopoietic stem and progenitor cells are no longer capable to be in bone

marrow for proper hematopoiesis, whether EH is sufficient to serve as primary site of permanent MPNs is

not known. Although it has been reported that the number of HSCs residing in spleen is extremely low

under normal circumstances (which is probably due to lack of appropriate niche to support HSCs in spleen),

it has been also reported that their functionality is similar to BM-derived HSCs such that splenic-HSCs can

reconstitute hematopoiesis in lethally irradiated mice (Morita et al., 2011). Although there is a report

suggesting the potential function of HSCs in spleen, little is known about the contribution of splenic-HSCs

and their niche in disease pathogenesis. Thus, it has been suggested to reevaluate the function of HSCs in

EH where may provides a distinct extrinsic regulation of HSCs to understand a disease pathogenesis (Johns

and Christopher, 2012).
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Therefore, since there are almost no splenic-HSCs in normal definitive hematopoiesis, the role of normal

Jak2 in HSCs was studied exclusively in the bone marrow compartment and will be discussed in the section

2.3 of this thesis. On the contrary, the role of oncogenic Jak2 (Jak2V617F) in HSCs was studied in both

bone marrow and spleen; its effect in extramedullary hematopoiesis and contribution to splenomegaly and

the development of MPNs will be further discussed in the section 2.4 of this thesis (Figure 11).

Figure 11. Extramedullary hematopoiesis in
Jak2V617F positive MPN mouse model
Marked splenomegaly (top panel) and severe
myelofibrosis (lower panels) is observed in Jak2V617F
positive MPN mouse model. This is accompanied by a
significant increase in the frequency of HSCs in the spleen
of Jak2V617F MPN mice (Akada et al., 2010).

1.1.5 The strategies to study hematopoiesis with a mouse model in vivo

The technological advances, such as Cre-lox technology in mouse, allow us to study the role of a particular

molecule in a specific hematopoietic cell type. The generation and characterization of inducible floxed

conditional knock-in or knock-out mice has greatly enhanced our understanding of the basic biology of

hematopoiesis (Rossi et al., 2012). These mouse models are bred with tissue-specific transgenic Cre mouse,

which induces the recombination of loxp-flanked cassette in conditional floxed mouse, allowing to assess

the  effect  of  gain  or  loss  of  a  specific  factor   in  a  particular  cells  type  (Nagy,  2000).  For  example,

expression  of  Cre  transgene  in  EpoR cre  mice  (used  in  one  of  my studies  discussed  in  section  2.2  of  this

thesis) is controlled by the endogenous erythropoietin receptor (EpoR) promoter, such that only the cells

expressing EpoR will undergoes the Cre mediated deletion, enabling us to study gene function specifically

in erythroid progenitors (Heinrich et al., 2004). Using these and other tools, general experimental

procedures have been developed to address specific questions in hematopoiesis (Figure 12) (Rossi et al.,

2012). As discussed in this section, hematopoiesis is regulated by both intrinsic and extrinsic factors;

therefore, it is critical to assess the effect of gene function, either gain or loss, in a cell specific manner.

Some Cre transgenes are controlled by promoters expressed in both intrinsic and extrinsic contributors,

such as MxCre. In my thesis research, I have mainly used the polyinosinic-polycytidylic acid (pI;pC)

inducible MxCre transgenic mouse, which induces the recombination of loxp cassettes in all hematopoietic

cells, including HSCs, as well as non-hematopoietic cells, to assess the role of normal and oncogenic Jak2
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in HSCs (Kuhn et al., 1995). Due to the recombination of loxp-flanked cassettes in non-hematopoietic

tissues (an extrinsic contributor), the hematopoietic phenomena seen in primary mouse I analyzed may not

be truly intrinsic effect of normal or oncogenic Jak2. Thus, to circumvent this issue, I also performed bone

marrow transplantation assay by transplanting donor derived mutant cells into lethally irradiated wildtype

recipient mice to exclude non-hematopoietic contributions.

Figure 12. Flow chart of recommended experimental approaches to determine the molecular function
of specific molecule in HSCs and hematopoiesis
Five recommended experiments to comprehensively analyze HSCs have been developed for the hematopoietic studies.
“Reprinted from Less Is More: Unveiling the Functional Core of Hematopoietic Stem Cells through Knockout Mice,
Vol 11 Issue 3, Lara Rossi,Kuanyin K. Lin,Nathan C. Boles,Liubin Yang,Katherine Y. King,Mira Jeong,Allison
Mayle,Margaret A. Goodell, Pages No 302-317., Copyright (2012), with permission from Elsevier” (Rossi et al., 2012)
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1.2 Cancer stem cells (CSCs)

1.2.1 Cancer stem cells background

ancer is a group of diseases generally known to have uncontrolled growth due to genetic or

epigenetic abnormality. Despite considerable investment in cancer research over the past few

decades, we have only achieved diminutive success in the fight against cancer. According to World Cancer

Report  (http://www.iarc.fr/en/publications/pdfs-online/wcr/), there were an estimated 12.4 million new

cases and 7.6 million deaths internationally in 2008. World Health Organization (WHO) estimates that new

cases and deaths will progressively increase and reach about 26.4 million and 17.0 million, respectively, by

2030. Current anticancer therapies are still inefficient at eradicating tumors; hence, patients often suffer

from tumor progression or relapse. Conventional anticancer therapies, such as surgical removal, localized

irradiation, or systemic exposure to chemical, aim to eradicate as much of the tumor as possible. Cancer

stem cell (CSC) model hypothesis raises the possibility of new forms of cancer therapies by targeting CSCs

specifically for anticancer treatment. A major difficulty in understanding and thus treating tumors centers

on their heterogeneous nature. There are currently two models to explain the heterogeneity of tumors: the

stochastic model and the CSC model (Figure 13) (Dick, 2009).

Figure 13. Stochastic model and cancer stem cell model in cancer development
Current models of how cancer/leukemia develops. The stocastic model proposes that tumor/leukemia contains
biologically equivalent cell types that may or may not contribute to tumor formation in response to a combination of
intrinsic and extrinsic cues, while the hierarchy model, also known as cancer stem cell model, proposes that
tumor/leukemia originates from a single stem cells that gives rise to clusters of heterogeneous cells with distinct cancer
initiating abilities. Reprinted by permission from Macmillan Publishers Ltd: [Nature Biochemistry] (Dick, 2009),
copyright (2009)

C

http://www.iarc.fr/en/publications/pdfs-online/wcr/
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The CSC model suggests that cancer becomes heterogeneous because of the production of tumorigenic and

non-tumorigenic cells by rare subpopulations of tumorigenic cells. Although some types of cancer

development fit this CSC model, the CSCs hypothesis is still debated on several fronts. Recent

advancement in isolation and characterization of CSCs in several cancers allow us to believe CSC model is

one of the mechanisms by which cancer develops. Evidence of other mechanisms of cancer development,

such as the dynamic stemness model discovered in melanoma, shows that there is no single universal

mechanism of cancer that can explain the etiology of all cancers.

1.2.2 Stochastic model and CSC model

In 1976, Nowell et al proposed that cancer develop through clonal evolution (Nowell, 1976). His idea was

that cancer initiates from normal cells by acquiring a single mutation first. This mutation would cause in

the first variant cell genetic instability as well as confer a growth advantage to begin clonal evolution

(stochastic model). Due to genetic instability, the first mutant population gains progressively more

mutations, thus producing more mutated variants. Most variants would die due to metabolic or

immunologic defects. However, some variants would survive, proliferate, and further acquire new

mutations to become a dominant subpopulation until the next powerful variant emerges from it. Such

sequential evolution of selectively advantaged variants would result in the formation of heterogenic tumors.

The principle of clonal evolution model is that tumor heterogeneity is due to random events due to genetic

instability, and all tumor cells have an equal tumorigenic ability (Shackleton et al., 2009). Melanoma is a

good example where cancer develops due to clonal evolution.

In contrast, the idea of CSC model proposed that cancer has a hierarchical organization rather than a

stochastic event, and only small subset of cells within a tumor has tumorigenic ability (Huntly and Gilliland,

2005). In 1994, Lapidot et al provided the first evidence in support of the CSC model in acute myeloid

leukemia (AML). By using flow cytometric cell sorting and xenotransplantation techniques, they

fractionated three distinct populations from AML patient’s samples by surface protein marker expression:

CD34+CD38-, CD34+CD38+, or CD38- (Lapidot et al., 1994). Those populations were xenotransplanted

into severe combined immune deficiency (SCID) mice (which lack both mature B and T cells) to assess

tumorigenic ability. They observed that only the CD34+CD38- population was capable of forming AML-
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patients derived colonies and replicate many aspects of human AML. The frequency of AML-initiating

CD34+CD38- cells was only 1 in 250,000. Later, by using even more severely immuno-compromising mice,

non-obese diabetic (NOD)/SCID mice (which not only lack both B and T cells but also have reduced NK

cells activity), Bonnet et al provided additional evidence that AML follows the CSCs model: hierarchical

organization and existence of small subset of tumorigenic cells within a large non-tumorigenic population

(Bonnet and Dick, 1997).

Many CSC candidates have been reported in both hematologic malignancies and solid tumor, increasing

interest in anticancer treatments that specifically targets CSCs. Although there is a great promise in this

approach, targeting of CSCs is difficult, because CSCs share similar properties with normal stem cells and

are rare cells with increased proliferation and self-renewal capacity (Clarke et al., 2006). Understanding

how CSCs are derived from normal stem cells or differentiated progenitors would enrich our knowledge of

cancer development and help in designing improved therapeutic approaches.

1.2.3 Four key features of normal stem cells shared by cancer stem cells

Normal stem cells can be classified into three classes by their cell potencies: totipotent, pluripotent, or

multipotent. In mammals, the text book example of a totipotent cell is the zygote generated by fertilization.

Once the zygote starts mitotic division, it soon becomes a blastocyst, which consists of two primary cell

types, trophoblast and inner cell mass. The inner cell mass (known as the source of ES cells) proliferates

and differentiates into all cells of the organism, including adult stem cells or tissue-specific stem cells.

Adult stem cells are cell-lineage restricted multipotent stem cells, such as the HSCs of the hematopoietic

system, the neural stem cells (NSCs), or the mesenchymal stem cells (MSCs). According to the CSC

hypothesis, tissue-specific tumors can originate from adult stem cells that acquire tumorigenic

characteristics or from more committed progenitors that gain tumorigenic abilities and stem-cell like

properties. There are four characteristics making normal stem cells special: (1) unique cell cycle (switching

between self-renewal and dormancy), (2) multipotency and ability to produce progenitors in a hierarchical

manner, (3) homing to proper niche, and (4) mutidrug resistance. Cancer stem cells are also reported to

share these characteristics.
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1.2.3.1 Self-renewal

Self-renewal is the unique cell division process by which stem cells reproduce themselves to maintain both

numbers and undifferentiated condition as well as produce fully differentiated progenitors as described

above (He et al., 2009). This is a definitive characteristic of all stem cells. Stem cells can undergo both

symmetric and asymmetric division, to accomplish this dual task. Through symmetric division, stem cells

may produce two daughter stem cells or two differentiated progenitors; through asymmetric division, they

produce one daughter stem cells and one differentiated progenitor, which eventually proceed to

differentiate. Asymmetric division seems efficient strategies, but it cannot expand the number of stem cells

when recovery of stem cell number is needed.  HSCs use both strategies to accomplish their dual task of

self-maintenance and production of specialized cell types (Morrison and Kimble, 2006). Symmetric

division is common when large number of stem cells is required, such as during early development, wound

healing, or regeneration; whereas, asymmetric division is when there is a need for a constant supply of

differentiated progenitors. Switching between modes of division is tightly regulated by both intrinsic

factors and extrinsic determinant.

Stem cells are capable to re-enter self-renewal from dormant condition unlike most terminally

differentiated dormant cells, which never re-enter cell cycle. Most HSCs are in a dormant (quiescent) state,

but they re-enter the cell cycle when production of stem cells or differentiating progenitors is needed.

Dormant stem cells are either non-dividing or very slow-dividing cells. Wilson et al experimentally

measured the percentages of HSCs in dormant or active condition, d-HSCs or a-HSCs respectively, by

using either BrdU or histone H2-GFP labelings (Wilson et al., 2008). Briefly, they first labeled bone

marrow (BM) with BrdU (LRCBrdU) for 13 days by intraperitoneal (IP) injection. They tracked the

percentages of d-HSCs versus a-HSCs as the label was halved by each cell division. Furthermore, to

analyze functional difference between d-HSCs and a-HSCs, they used H2B-GFP tagging and

transplantation to show that d-HSCs but not a-HSCs can support long-term hematopoietic reconstitution.

Briefly, they sorted d-HSCs and a-HSCs from H2B-GFP transgenic mice, CD34-LSKCD48-CD135-

CD150+LRCH2B-GFP or  LRCneg respectively, and transplanted into lethally irradiated NOD/SCID/γc mice.

Recipient mice with d-HSCs survived more than 15 weeks; however, only 2 out of 6 recipient mice with a-

HSCs survived in first transplantation. Second transplantation experiment showed that most recipient mice
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with a-HSCs transplanted BM died (7 out of 10), while 9 out of 10 recipient mice with d-HSCs transplanted

BM survived. This suggests that d-HSCs are the actual stem cells with self-renewal ability within the BM.

They also proved the percentages of d-HSCs significantly decreased with 5-FU or G-CSF treatment, known

as myelosuppressor or HSC mobilizer respectively, suggesting injury or HSC activation can force HSCs

reenter cell cycle from dormant condition. Therefore, even though the surface markers are the same among

HSCs, there appear to be two functionally distinct stem cell populations that favor either self-renewal or

production of progenitors.

Regulation of self-renewal and dormancy not only controls the size of stem cell pool, but also minimizes

the risk of converting normal stem cells into tumorigenic ones. When a stem cell is mutated, it passes on

the mutation to a large number of progenitors. Restricting the pool of activated stem cells and preserving

their genomic integrity are critically important to stem cell homeostasis. Thus, stem cells enter the cell

cycle from a dormant condition only when it is necessary to supply progenitors. Since most current

anticancer agents preferentially target rapidly dividing cells, they cannot effectively target dormant CSCs.

Targeting of dormant CSCs must rely on the unique properties of these cells. Understanding the biology of

normal and cancer stem cells would greatly help in defining the mechanisms through which cancer

develops as well as in developing treatments.

1.2.3.2 Multipotency

Multipotentcy is also a unique feature of adult HSCs as described above. Adult stem cells self-renew and

also give rise to multiple progenitors in hierarchical fashion. An intermediate progenitor may have a limited

ability to self-renew and multipotency, and later progenitors lose the ability to self-renewal and become

progressively more restricted in potency. Adult hematopoiesis has been extensively studied and its

hierarchical organization is well defined (Iwasaki and Akashi, 2007; Orkin and Zon, 2008). The apex of

hematopoiesis is long-term HSCs (LT-HSCs), which are capable of self-renewal and multipotency. At first,

LT-HSCs differentiate into short-term HSCS (ST-HSCs), which have less self-renewal ability than LT-

HSCs but are still multipotent. Next, ST-HSCs differentiate into multi-potential progenitors (MPPs), which

do not have self-renewal ability but are still multipotent. All progenitors after MPPs do not have self-

renewal ability, except lymphocytes (Fearon et al., 2001; Lai and Kondo, 2006). Then, MPPs can
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differentiate into two lineages, by producing common myeloid progenitors (CMPs) or common lymphoid

progenitors (CLPs). At the level of CMPs or CLPs, as name suggests, progenitors are restricted to either

myelopoiesis or lymphopoiesis. CLPs give rise to all lymphoid cells, including B-cells, T-cells, dendritic

cells, and natural killer cells. On the other hand, CMPs differentiate into either megakaryocyte-erythrocyte

progenitors (MEPs) or granulocyte-monocyte progenitors (GMPs), which are restricted to

megakaryopoiesis and erythropoiesis or granulopoiesis and monopoiesis, respectively. Finally, MEPs are

destined to be either RBCs or PLTs; while, GMPs become macrophages and all granulocytes including

neutrophil, basophil, and eosinophil. The hierarchical developments of other stem cells (intestinal epithelial

stem cells (Gerbe et al., 2011), mammary epithelial stem cells (Visvader, 2009), or neural stem cells (Gage,

2000)) is not as well defined as hematopoiesis; however recent studies have made some progress in

defining hierarchies of progeny among these stem cell system.

In the case of CSCs, they are originated from normal stem cells that have the uncontrolled growth due to

increased self-renewal and proliferation by oncogenic mutation. The multipotency of differentiated cells

from CSCs may be the same as normal development. However, this is not always true that CSCs follows

normal multipotent characteristics. Evidence from common myeloid leukemia (CML) suggests that GMPs

becomes  the  CSCs  due  to acquired self-renewal ability and induces blast-crises CML (Jamieson et al.,

2004; Minami et al., 2008). In the case of hematologic malignancies, because the hierarchy of the

hematopoietic cell types and their specific surface markers are well defined, it is possible to investigate the

characteristics of tumor cell population. Thus, the identification of CSC candidates in hematologic

malignancies has been successful than for solid tumors. Unfortunately, because the hierarchical

organization of other stem cell system is still not well characterized, the identification of CSCs in many

solid tumors is difficult at this point (Clevers, 2011).

1.2.3.3 Homing to niche

Another key feature shared by the stem cells and CSCs is that they are programmed to home to a special

microenvironment, called niche. The niche is a specialized tissue location that controls cell fate. The niche

protect stem cells from depletion  and also controls the rate of proliferation in order to avoid the

overproduction of progenitors (Scadden, 2006). The concept of niche was first introduced by Schofiled et al
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in 1978. However, the contribution of the niche to stem cell homeostasis was not much appreciated until

Forbes et al demonstrated that a niche regulated somatic stem cells (SSCs) in the Drosophila ovary (Forbes

et al., 1996; Schofield, 1978). Forbes et al identified the signaling mechanism by which the ovarian niche

controlled SSC division. They showed that Hedgehog (Hh) is predominantly expressed in ovarian niche

cells (called cap cells) and acts as a ligand for the receptor Patched (Ptch) present on the plasma membrane

of SSC cells. In the absence of Hh, mutant flies fail to encapsulate germ line cysts with somatic cells (Lin,

2002). Interestingly, sonic hedgehog (shh), a member of Hedgehog family, is an important cellular signal

for self-renewal in mammalian stem cells.

The location of niches and their critical cellular components have been gradually identified in mammalian

tissues (Morrison and Spradling, 2008). In the case of adult hematopoiesis, the bone marrow is the location

of the niche. As previously described, the bone marrow contains the niches, the osteoblastic niche

consisting of osteoblasts and the vascular niches consisting of endothelial cells (Kiel and Morrison, 2008).

Briefly, a subset of osteoblasts spindle shaped N-cadherin+ osteoblastic cells (SNO cells), secrete

Angiopoietin-1 (Ang-1) and thrombopoietin (Tpo), which act as ligand for the HSC receptor tyrosine

kinase Tie2 and the thrombopoietin receptors (MPL) in HSCs respectively (Arai et al., 2004; Calvi et al.,

2003; Yoshihara et al., 2007). Both Ang-1/Tie2 and Tpo/Mpl signaling inhibit proliferation and N-cadherin

activation in HSCs. Anchoring of HSCs to osteoblasts occurs by physical interaction through activated N-

cadherin in dormant HSCs (Suda, 2008). Dormant HSCs also contact CXCL12 abundant cells (CAR cells)

and fibroblast, generating the hypoxic condition needed for dormancy. The movement of HSCs between

their osteoblastic and vascular niche has been described before.

There are many ways in which the niche regulates CSCs. First, the niche can positively regulate CSCs. It

has been reported that the inhibition of Hedgehog signaling suppresses CML initiation and propagation.

Zhao et al observed that Bcl-Abl transduced wild type cells were capable of inducing CML in 94% of

recipient mice, while Bcl-Abl transduced Smo deficient cells were defective in inducing CML, suggesting

that CML progression is dependent on Smo (Zhao et al., 2009). Second, it is possible that the CSC niche

may differ from the normal hematopoietic stem cell niche. Generally, the niche maintains HSC quiescence

and suppresses the proliferation. However, cancer is generally a highly proliferative disease, thus CSCs
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may  have  a  specialized  niche  that  provides  an  advantages  to  only  CSC  but  not  to  the  HSCs.  If  so,  a

treatment targeting a unique CSC niche would be beneficial to patients. For instance, the treatment with Hh

inhibitor, cyclopamine, reduced CSC in CML mice (Dierks et al., 2008). Third, it is also possible that CSCs

are niche-independent. Oncogenic mutations may provide niche-independent stem cell maintenance in

CSCs (Li and Neaves, 2006). Such independency from niche is suggested by the link between stem cell

mobilization and cancer metastasis. Interestingly, SDF-1 and the vascular niche are involved in breast

cancer metastasis, suggesting that less anchored CSCs may metastasize more easily (Kang et al., 2005;

Kaplan et al., 2005). Additionally, Hermann et al observed that there are different properties within the

same fractions of CSCs based on CXCR4 expression in pancreatic cancer (Hermann et al., 2007). They

observed that both CD133+CXCR4- and CD133+CXCR4+ cell populations initiate disease at the primary

site of injection, but only CD133+CXCR4+ were capable of initiating metastatic disease. Their result

suggested that there is heterogeneity within CSCs and there might be separate mechanisms in tumor

initiation for primary lesions and for metastases.

Additionally, there is some evidence that abnormal niche can promote tumorous characteristics, such that

an aberrant BM niche can cause hematological abnormalities. Walkley et al demonstrated that loss of

retinoic acid receptor γ (RARγ) from bone marrow microenvironment causes hematologic malignancy

(Walkley et al., 2007a). Walkley et al transplantated wildtype BM into RARγ knock-out recipient mice and

showed the presence of increased leukocytes and granulocytes in the peripheral blood as compared to

wildtype control. This evidence clearly demonstrated that an abnormal niche can lead to uncontrolled stem

cell fate. The same group also showed that wildtype retinoblastoma protein (Rb) is required in both

myeloid progenitors and niche cells for regular myelopoiesis (Walkley et al., 2007b). Using the same

transplantation approach as in the RARγ study, they assessed the role of Rb in myelopoiesis. First, they

tested whether loss of Rb in the niche affected hematopoiesis by transplanting wildtype bone marrow into

either control or MxCre;Rbfl/fl mice. Transplantation into the BM mutant host resulted in increased in HSCs

and granulocytes, as well as decreased in erythrocytes parameter. Conversely, to assess the intrinsic role of

Rb in myelopoiesis, they also injected Rb mutant bone marrow from Lys-MCre;Rbfl/fl mice into either

control or MxCre;Rbfl/fl mice. As for the reciprocal transplant mutant BM in wildtype host, deletion of Rb

from both myeloid and niche caused significant increase in myeloid progenitors, suggesting Rb dependent
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interactions between the myeloid progenitors and the niche. The take home lesson of these studies is that, in

order to fully understand the role of CSCs in cancer progression, studying the contribution of their niches is

as critical as CSC identification.

1.2.3.4 Multidrug resistance

Stem cells utilize a special efflux drug transporter, known as the adenosine triphosphate binding cassette

transporter (ABC transporter), which confers multidrug resistance (MDR) properties to stem cells. Most

stem cells have ABC transporter for the transport of cytotoxic substances across cell membranes (Zhou et

al., 2001). Several studies have showed a correlation between ABC transporter expression and lineage

commitment. Normal stem cells have a higher level of ABC transporter expression than their progenitors

(Dean et al., 2005). Due to this pumping mechanism, stem cells appear as unstained cells, known as side-

population (SP), when stained with Hoescht 33342 under flow cytometric (FACS) analysis. Ironically,

CSCs also share this property, and up-regulation of ABC transporter is often associated with resistance to

anti-cancer drugs (Hirschmann-Jax et al., 2004). Even though conventional anticancer treatment can reduce

the number of tumor cells lacking ABC transporters, CSCs are resistant to treatment due to MDR, thereby

surviving to later causes a relapse. Since side-populations have been identified in many tumors and their

tumorigenicity has been confirmed by bone marrow transplantation (BMT) assay, there is definitely a

population with increased efflux pumping ability within most tumors (Feuring-Buske and Hogge, 2001;

Fukuda et al., 2009; Hirschmann-Jax et al., 2004). Although the direct role of ABC transporters in stem cell

self-renewal or differentiation is not clear, the overexpression of ABC1B1 in the bone marrow causes

myeloproliferative neoplasms in mice, suggesting that ABC transporters can themselves induce

hematopoietic malignancies (Bunting et al., 1998). Several clinical trials based on ABC transporter

modulators, such as Valspodar (ABCB1 inhibitor), along with conventional anti-cancer therapies have

showed some clinical benefits (Szakacs et al., 2006). However, complications arise from toxicity due to the

impairment of normal MDR function, since efflux drug transporter also play a pivotal physiological

function as iron transport in normal hematopoiesis.

In summary, normal stem cells have unique characteristics and recent studies suggest that CSCs also share

these properties with or without some modifications. Identification of CSCs has extensively done in several
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tumors, and proved some tumors follow CSC hypothesis. In order to expand our knowledge of cancer

formation and develop potential therapies for CSC based cancers, it is crucial that we identify molecular

targets unique to CSCs.

1.2.4 CSCs in hematologic malignancies

According to American Association of Cancer Research, the definition of CSC is “the rare cells within a

tumor that possess the capacity to self-renew and to cause the heterogeneous lineages of cancer cells

including both tumorigenic and the bulk of non-tumorigenic cells that comprise the tumor” (Clarke et al.,

2006). As described in the first CSC identification (AML model), the method to identify CSCs has two

main parts, 1) purification of CSC candidates and 2) serial xenotransplantation into immuno-compromised

mice to determine tumorigenicity and the frequency of CSC in recipient mice. In vitro assays are also

widely used to identify CSCs, such as the serial plating colony-forming assay.

After the identification of CD34+CD38- cells as CSCs in AML by Bonnet et al in 1997, several groups have

identified CSCs in both hematologic malignancies and solid tumors (examples are provided in Table 2).

The xenotransplantation of purified CSC candidates isolated from patients into immuno-compromised mice

has been used as the gold standard for CSC determination. Using this assay as well as improved versions

(based on additional surface markers), CSCs have been identified in multiple hematologic malignancies,

including AML, Multiple Myeloma (MM), B-precursor acute lymphocytic leukemia (B-ALL), T-acute

lymphoblastic leukemia (T-ALL), and common myeloid leukemia (CML) (Hosen et al., 2007; Jan et al.,

2011; van Rhenen et al., 2007).

Table 2. List of identified CSC in hematologic malignancies
Type CSCs marker Year Recipient mice Reference

AML

CD34+CD38- 1997 NOD/SCID (Bonnet and Dick, 1997)
CD34+CD117- 2000 NOD/SCID (Blair and Sutherland, 2000)
Side population 2001 NOD/SCID (Feuring-Buske and Hogge, 2001)

CD34+CD38-CD96+ 2007 Rag2-/-γc-/- (Hosen et al., 2007)
CD34+CD38-CLL+ 2007 NOD/SCID (van Rhenen et al., 2007)
CD34+CD38-TIM3+ 2011 NSG (Jan et al., 2011)

MM CD138- 2004 NOD/SCID (Matsui et al., 2004)

B-ALL
CD34+CD10-CD19- 2004 NOD/SCID (Cox et al., 2004)

CD34+CD38+/-CD19- 2008 NSG (Kong et al., 2008)
CD9+ 2009 NSG (Nishida et al., 2009)

T-ALL CD34+CD4-CD7- 2007 NOD/SCID (Cox et al., 2007)
CD90+CD110+ 2009 NSG (Yamazaki et al., 2009)

CML Lin-CD117+Sca-1-CD16/32+CD34hi 2004
2009 Rag2-/-γc-/-

(Jamieson et al., 2004)
(Abrahamsson et al., 2009)
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1.2.5 The origin of CSCs ~where cancer stem cells come from?~

The term “cancer stem cells” does not mean that tumorigenic cells actually originate from normal stem

cells. The origin of CSCs is unclear in most tumors. CSCs can be derived from any stage of the lineage as a

result of transforming mutations. There are three possible mechanisms by which CSCs may emerge: 1)

normal stem cells become CSCs by oncogenic mutation, 2) progenitor cells may acquire the ability to self-

renew like stem cells and in an uncontrolled fashion, or 3) terminally differentiated cells may be

reprogrammed to become more stem-cell-like and become tumorigenic. Within one tumor, CSCs can

derive not just from one origin but multiple origins. In addition, it is possible that a genetic lesion may

occur at stem cell level, but the actual phenotypic change becomes apparent only in the differentiated

progenitor. Due to its long lifespan, the most likely the origin of CSCs is when normal stem cells acquire

mutation and become tumorigenic. Some hematologic malignancies have confirmed that CSCs can

originate from HSCs.

In the case of AML, CSCs derive from both HSCs and GMPs. Cozzio et al showed that HSCs and GMPs

can be transformed by MLL mutations resulting in AML in mice (Cozzio et al., 2003). Moreover, Krivtsov

et al demonstrated that GMPs with the MLL-AF9 mutation can behave as CSCs in AML (Krivtsov et al.,

2006). They discovered that MLL-AF9-expressing GMPs upregulate the same important gene set

associated with HSC self-renewal. This suggests that the mutation can reactivate HSC self-renewal genes

(normally suppressed in late progenitors) in progenitor transformed as CSCs. Furthermore, CSCs derived

from progenitors may have a similar MDR mechanism against cytotoxic substances, further complicating

available clinical approaches. Mullally et al and Akada et al experimentally proved that HSCs are the

source of the CSCs in the Jak2V617F knock-in mouse model (the model of Ph- MPNs) (Akada et al., 2010;

Mullally et al., 2010). Akada et al isolated HSCs, CMPs, GMPs, MEPs, and erythroid progenitors from the

bone marrow of Jak2V617F-expressing mice and injected them into lethally irradiated recipient mice. Only

HSCs harboring JakV617F mutation initiated MPNs in recipient mice. In addition, Akada et al showed that

HSCs gained a proliferation advantage by Jak2V617F mutation (Akada et al., 2010). Our data

demonstrated that Jak2V617F mutation made HSCs more proliferative and behave as CSCs to cause

myeloproliferative neoplasms. In contrast, as previously mentioned, CSCS originate from GMPs in CML.

Minami et al proved that BCR-ABL-transformed GMPs are sufficient to initiate CML in recipient mice.
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Unlike the Jak2V617F mutation which can induce the expansion but not tumorigenicity of differentiated

progenitors, such as MEPs (Akada et al., 2012b), BCR-ABL can confer both self-renewal and proliferative

advantage to differentiated GMPs progenitors in CML (Minami et al., 2008).

New evidence suggests that epigenetic modification can create stem cells even from terminally

differentiated cells. Epigenetic modification plays an important role in normal development and tissue-

specific genes regulation. Aberrant DNA hypomethylation or hypermethylation of the promoter region of

tumor suppressor genes, has been reported in different tumor type (Esteller, 2008). The importance of

epigenetic modification in cancer was shown by introducing a hypomorphic allele of the DNA

methyltransferase, Dnmt1, in mice. Gaudet et al observed that hypomethylation induced formation of

aggressive T cell lymphoma, suggesting that an epigenetic change can be the cause rather than the

consequence of tumorigenicity (Gaudet et al., 2003). Extraordinary works by Yamanaka and colleagues

showed that a terminally differentiated cell can be reprogrammed into a stem cell artificially, and that

reprogramming is likely due to epigenetic changes in response to ectopic expression of four transcription

factors, c-Myc, Oct4, Klf4, and Sox2, known as Yamanaka factors (Djuric and Ellis, 2010; Takahashi et al.,

2007; Takahashi and Yamanaka, 2006). Therefore, CSCs can also be derived from non-tumorigenic cells

through aberrant epigenetic modification.

Deregulation of oncogenic and tumor suppressor microRNA (miRNA) has also been reported in many

tumors (Zimmerman and Wu, 2011). The miRNAs are also key intrinsic regulators of stem cell self-

renewal and differentiation (Zimmerman and Wu, 2011). Several regulatory miRNAs have been identified

in hematopoiesis. For example, miR-128 and miR-181 inhibit MPPs differentiation into CMPs or CLPs,

while miR-223 upon induction by myeloid specific factors, such as PU.1, activates myelopoiesis

(O'Connell et al., 2011; Zimmerman and Wu, 2011). In the case of AML, the expression of miR-223 is

reduced and that may partially explain the accumulation of GMPs (O'Connell et al., 2011). Furthermore,

not only epigenetic modifications but also genetic lesions can induce reprogramming. Li et al successfully

demonstrated that suppression of p53 contributed to reprogramming of keratinocytes into stem-cell-like

cells (Eppert et al., 2011). The normal function of p53 is as barrier to tumorigenesis (Whibley et al., 2009).

Inactivation of p53 is frequently observed in cancer. Suppression of p53 in human keratinocytes by shRNA
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led to increased Oct4 expression. A neural lineage was grown from such p53-suppressed keratinocytes in

vitro brain environment.

Another interesting observation was reported by Chaffer and colleagues: normal and neoplastic non-stem

cells can spontaneously convert to stem-cell-like cells (Chaffer et al., 2011). Chaffer et al observed that a

subpopulation of normal and neoplastic human mammary epithelial cells (HMEC) suddenly

dedifferentiated into a stem-cell-like state. They first observed a small number of floating cells above the

adherent HMEC cells and analyzed their phenotype by FACS based on available markers for mammary

development: luminal cells (CD44loCD49floCD24+ESA+), basal/myoepithelial cells

(CD44loCD49fhiCD24+ESA−), and bipotent progenitor/stem cells (CD44hiCD24loESA−). HMEC floating

population of cells, HME-flopcs, contained more CD44hiCD24loESA− than HMEC. They further

characterized the biological properties of purified stem cell like HMEC CD44hi and non-stem cell HEMC

CD44lo cells through single cell cloning. Single cell clone from HEMC CD44lo resulted 1~10% of HEMC

CD44hi population. To exclude the possibility of emerging HEMC CD44hi is from the contamination of

CD44hi, they mixed HEMCD44hi with tomato fluorescent (HEMC CD44hi-Tom) and HEMC CD44lo

together to measure the percentage of CD44hi without fluorescent growth. Since the percentage of HEMC

CD44hi-Tom decreased progressively, while the percentage of HEMC CD44hi without fluorescent increased,

they concluded that emerging HEMC CD44hi was spontaneously generated from HEMC CD44lo rather than

the contamination of CD44hi. This supports the novel view that aberrant epigenetics or genetic

modifications in terminally differentiated cells may give rise to CSCs.

1.2.6 NON-CSC/Clonal cancer models (melanoma)

The development of melanoma has been considered by clonal evolution for long time, because most

melanoma cells are tumorigenic (Fang et al., 2005; Quintana et al., 2008). In 2008, the identification of

CSCs in melanoma opened up the possibility of CSCs therapy against such highly aggressive and drug

resistant cancer (Schatton et al., 2008). However, new scientific evidence suggests another explanation for

melanoma development, which opposes the unidirectional cancer development of CSCs hypothesis. Roesch

proposed a new theory, dynamic stemness, whereby each melanoma cell has CSCs potential yet different

from clonal evolution (Roesch et al., 2010).They had previously found that JARID1B (KDM5B/PLU-
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1/RBP2-H1), a histone H3 lysine 4 demethylase, is highly expressed in a small percentage of melanoma

cells from patients, and that JARID1B+ cells were surrounded by JARID1B- cells constituting the bult of

the tumor population (Roesch et al., 2005). Cell-cycle analysis revealed that the JARID1B+ cells were

slow-cycling, whereas the JARID1B- cells were fast growing. They also observed self-renewal in only the

JARID1B+ cells. Hence, they initially believed that JARID1B+ cells  were  the  CSCs of  melanoma as  they

fulfilled the criteria of CSC hypothesis. However, xenotransplantaion assays revealed that both JARID1B+

and JARID1B- cells are capable of initiating melanoma at nearly identical rates in NSG recipient mice.

They also found that the expression of JARID1B was required for tumor maintenance and metastasis, since

tumor growth decreased when JARID1B knock down cells were used in serial xenotransplantation assays.

Surprisingly, JARID1B- cells gave rise to heterogeneity including JARID1B+ cells in both in vitro and in

vivo assays.  This suggested that JARID1B expression is dynamic or plastic in melanoma cells. Thus, every

melanoma cells can be the source of CSCs rather than a unidirectional hierarchy of candidates as for the

conventional CSC hypothesis. This additional evidence further complicates the questions of the origin of

CSCs.

The theory of CSCs gives us a better understanding on how some tumor/myeloid malignancies develop.

Previous work from the Mohi Lab showed that Jak2V617F-positive MPNs follow the CSCs model and that

only HSCs are transformed into CSCs in Jak2V617F-positive MPNs (Akada et al., 2012b; Akada et al.,

2010). However, the mechanism behind CSCs maintenance by Jak2V617F mutation still remained to be

discovered. Thus, I hypothesized that the Jak2V617F mutation causes unique gene regulation and establish

special niche supporting CSCs maintenance. This will be further discussed in section 2.4 in this thesis.
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1.3 Jaks in hematopoiesis and HSCs

he balance between self-renewal and differentiation is tightly maintained by multiple signaling

pathways during normal hematopoiesis. Oncogenic mutations that lead to abnormal expression of

signaling molecules often contribute to hematologic malignancies. I specifically focus on the signaling

mediated by Jak2 in this thesis.

1.3.1 What are Jaks?

Jaks are cytoplasmic non-receptor tyrosine kinase that associates with either type I or type II cytokine

receptors and contributes to downstream cytokine-mediated signaling, such as Jak-Stat pathway (Figure 14).

The cytokine receptors depend on the kinase activity of Jaks to initiate downstream signaling as they do not

possess  catalytic  activity  of  their  own.  Jaks  cross  phosphorylate  each  other  when  a  cytokine  binds  to  a

corresponding cytokine receptor and brings Jaks physically closer. Activated Jaks, in turn, phosphorylate a

tyrosine residue of the cytokine receptor which then serves as a docking site for downstream signal

transducers, such as transcription factors of the Stat family. Binding to the receptor results in Stat protein

phosphorylation and activation, and followed by the translocation into nucleus and activation of gene

transcription.

Figure 14. Jak-Stat signaling
Jak-Stat signaling pathway is initiated by the binding of to its
corresponding receptor. The receptor then dimerizes and brings
bounded Jaks close together for auto-cross phosphorylation and
their activation. Activated Jaks phosphorylate tyrosine residues on
the receptor which serves as docking site of Stat family. After the
binding of Stat proteins at phosphoryalted resides of receptor, Jaks
also phosphorylate Stat family. Phosphorylation of Stat family
induces their dimerization and nuclear translocation leading to
initiation of transcription. Reprinted by permission from
Macmillan Publishers Ltd: [Nature Reviews Immunology] (Shuai
and Liu, 2003), copyright (2003).

There are four Jaks, Jak1, Jak2, Jak3, and Tyk2. Jaks have seven homology domains named as Jak

homology (JH) domains (Figure 15) (Yamaoka et al., 2004). The JH1 domain near the carboxyl-terminus

contains two tyrosine phosphorylation sites (Y1007/Y1008) and serves as a catalytically active kinase

domain. A catalytically inactive pseudokinase domain, JH2 domain, lies adjacent to the JH1 domain. This

T
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JH2 domain serves as a negative regulator of the JH1 domain by direct interaction (Ungureanu et al., 2011).

The mutation V617F in the JH2 domain is found in Ph- MPNs and disrupts its inhibitory function, causing

the constitutive phosphorylation of JH1 domain. Following JH2 domain, three other domains, JH3 to JH5,

serve as a src-homology-like (SH2) domain where Jaks’ binding partners, such as SH2-Bβ, bind (Rui et al.,

2000). At the amino terminal end of Jaks, the JH6 and JH7 domains, serve as a Band-4.1, ezrin, radixin,

moesin (FERM) domain that mediates the interaction with its cytokine receptor (Funakoshi-Tago et al.,

2008). These last domains also play an important role in signaling by oncogenic Jaks. It has been reported

that the physical interaction with the cytokine receptor through the FERM domain is required to initiate

oncogenic Jak2-mediated signaling; this suggests the FERM domain as a potential drug target instead of the

kinase domain which would compromise normal Jaks activity (Gorantla et al., 2010; Wernig et al., 2008).

Consistent with a requirement for the FERM domain in signal initiation, the truncated construct of JH1-JH2

with activating oncogenic mutation (Jak2V617F) cannot initiate signaling in cell line (Lu et al., 2008).

With theses distinct seven JH domains, Jaks mediate cytokine mediated signaling to regulate hematopoiesis

and oncogenic Jaks utilize each domain in myeloid malignancies.

Figure 15. The primary structure of Jaks
Schematic diagram of seven domains of Jaks with
their function (Yamaoka et al., 2004).

1.3.2 Expression of cytokine receptors and Jaks in hematopoiesis

The intracellular Jak-Stat signaling cascade controls hematopoietic cell fate in response to cytokine

induction. The gene expression profile of mouse hematopoiesis is available in Gene Expression Commons

(GEC: https://gexc.stanford.edu/). The differential expression patterns of the cytokine receptors and the

Jaks among hematopoietic cells provide non-redundant roles of Jaks in hematopoiesis through a distinct

signaling in favor of specific lineage commitment. The expression of cytokine receptor among

hematopoietic cells has been investigated and established in hematopoiesis. The expression of cytokine

receptor is biased in specific lineage and the role of a cytokine receptor in hematopoiesis has been

investigated by animal models (Figure 16) (Metcalf, 2008; Rieger and Schroeder, 2009). A particular

receptor involves in only specific role in hematopoiesis. For instance the expression of EpoR is restricted to

the erythroid lineages and deletion of EpoR causes embryonic lethality due to defective erythropoiesis

(Suzuki et al., 2002). Some receptors have been implicated in multiple roles in hematopoiesis. For example,

https://gexc.stanford.edu/


                                                                                             1. Introduction- Jak2 in hematopoiesis and HSCs-

32

TpoR expression has been implicated in dual roles of hematopoiesis, megakaryopoieis and HSCs

maintenance by inducing quiescence (Qian et al., 2007; Yoshihara et al., 2007).

Figure 16. Relative expression of cytokine receptors in mouse hematopoiesis from GEC database
The relative expression of major cytokine receptors from GEC database is shown here with a corresponding cytokine.
Note that some cytokine receptor, such as EpoR, IL-4R, TpoR, and IL-7R, are specifically expressed in a particular
lineage, while others like GM-CSFR or c-Kit, are expressed by multiple hematopoietic progenitors, suggesting those
cytokine mediated signalings have distinct functions but may also be polyfunctional in some lineages (Seita et al.,
2012).

The expression of Jak1, Jak2, and Tyk2 is ubiquitous in mammals, while Jak3 is restricted to the

hematopoietic system (Murray, 2007). The expression profile of Jaks in mouse hematopoiesis is also

available from Gene Expression Commons (GEC: https://gexc.stanford.edu/). Even the expression of Jaks

family member is ubiquitous in hematopoiesis, their expression are somewhat biased among specific

hematopoietic lineage. Their expression correlates with the expression of the cytokine and cytokine-

receptors they associated with each hematopoietic lineage (Figure 17 and Figure 18). The expression of

Jak1 and Jak3 are relatively lower in the erythroid and megakaryocyte lineage, while the expression of Jak2

and Tyk2 is higher. These expression data, tighter with analyses of binding specificity and loss of function

https://gexc.stanford.edu/
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studies, provide clues about the unique roles fulfilled by distinct teams of cytokine, receptors, and Jaks

during hematopoiesis.

Figure 17. Relative expression of Jaks family in mouse adult hematopoiesis from GEC database
The relative expression of each Jak from GEC database is shown here. Note that HSCs express all Jak members. The
expression of Jak1 and Jak2 is ubiquitous in hematopoietic progenitors, while the expression of Jak3 and Tyk2 is
preferentially expressed by late progenitors (Seita et al., 2012).

1.3.3 Jaks bind cytokine receptors and express ubiquitously in hematopoietic lineages

To investigate the role of each members of Jaks in hematopoiesis, extensive researches have been

performed in both in vitro and in vivo to identify physiological bindings partners (Figure 18) (Quintas-

Cardama et al., 2011). Most Jaks bind to several types of cytokine receptors and some cytokine receptors

recruit the combination of Jak heterodimers to initiate signaling. Jak3 was found to bind only specific type

of cytokine receptor. Jak2 binds to IL-3R, IL-5R, GM-CSFR, EpoR, TpoR, G-CSFR, GHR, and PRLR,

inducing formation of Jak2 homodimers to initiate signaling. This binding segregation suggests that TpoR
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mediated signaling in HSCs is predominantly thorough Jak2, even though Jak1 is expressed by HSCs

(Figure 16-Figure 18). Thus, the specificity of binding partners along with the differential expression of

cytokine receptors and Jak family members support distinct and non-redundant roles for the various

Jak/Stat signaling cascades in the regulation of hematopoiesis. As summarized below this view is also

supported by loss of function studies in knock-out mice.

Figure 18. Binding of Jaks to a
cytokine receptors

 Jaks binds specific cytokine receptors with
either type I (sharing common amino acid
WSXWS motif)  or  type  II  receptor.  Some
cytokine receptors bind more than one Jaks,
whereas others bind with only a specific
member  of  Jak  family.  Reprinted  by
permission from Macmillan Publishers Ltd:
[Nature Reviews Drug Discovery] (Quintas-
Cardama et al., 2011), copyright (2011).

1.3.4 Conventional Jaks knock-out studies in hematopoietic studies

The studies with Jaks knock out-mouse model have been reported and further support non-redundant roles

for each member of the Jaks family in hematopoiesis (Table 3). Jak1 knock-out mice are viable but show

postnatal lethality (Rodig et al., 1998). Rodig et al reported that Jak1 deficiency severely impairs

lymphocyte development, a finding consistent with the role of Jak1 binding partners (an important receptor

for lymphocyte differentiation, such as IL-7R) (Rodig et al., 1998). Jak2 knock-out mice are only Jaks

knock-out mice that was embryonic lethal due to defects in erythropoiesis (Neubauer et al., 1998; Parganas

et al., 1998). Therefore, despite the great interest in an inhibitor against Jak2, the role of Jak2 in definitive

hematopoiesis has not been well characterized. Jak3 knock-out mice suffer from severe combined

immunodeficiency (SCID) (Nosaka et al., 1995; Park et al., 1995; Thomis et al., 1995). Tyk2 knock-out

mice are reported to be susceptible to parasitic infections (Karaghiosoff et al., 2000). Karaghiosoff et al

reported that, unlike other Jaks deficient mice, the Tyk2 deficiency does not cause the complete loss of

respective cytokine signaling rather they observed the reduced responses, suggesting that Tyk2 may serve

as secondary signaling molecule among Jaks member where other Jaks plays primary signaling initiation

(Karaghiosoff et al., 2000; Karaghiosoff et al., 2003).
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Table 3. List of conventional Jaks knock-out mice and their phenotypes
Jaks Phenotype Reference

Jak1 Viable but early postnatal lethal
 due to neurological deficits (Rodig et al., 1998)

Jak2 Embryonic lethal, defect in erythropoiesis (Neubauer et al., 1998; Parganas et al., 1998)
Jak3 Viable and fertile but SCID phenotype (Nosaka et al., 1995; Park et al., 1995; Thomis et al., 1995)

Tyk2 Viable and fertile
but susceptible to parasite infection (Karaghiosoff et al., 2000)

1.3.5 Limitations of conventional knock-out approaches and the contributions of Jaks
from non-hematopoietic cells

The study of conventional knock-out mice revealed the significant contribution of Jaks to hematopoiesis.

Since  Jak  family  members  are  expressed  in  multiple  organs  and many tissues,  the  function  of  Jaks  is  not

restricted to hematopoietic cells (Saltzman et al., 1998). Sanz-Moreno et al demonstrated that the

contraction of stromal fibroblasts is controlled by Jak1 and the ROCK kinase (Sanz-Moreno et al., 2011).

Wolf et al showed that endothelial CCR2 signaling linked to metastasis in colon carcinoma depends on the

signal tranducers Jak2 and Stat5 (Wolf et al., 2012). Caffarel et al found the activation of Jak2 in mammary

epithelium to be important in promoting alveologenesis (Caffarel et al., 2012). Activation of microglia is

regulated by IL-3 mediated Jak2-STAT5 signaling pathway (Natarajan et al., 2004). Furthermore,

osteoblast differentiation is regulated by Jak2-Stat5 pathway that may directly contribute to hematopoiesis

(Darvin et al., 2013). In addition, one of hypertension mechanisms in arterial smooth muscle is due to the

phosphorylation of Tyr738 in Arhgef1 by Jak2 (Bernstein and Fuchs, 2010; Guilluy et al., 2010). Given the

many functions of Jak-Stat pathways outside the hematopoietic lineages, it is critical to utilize tissue-

specific conditional knock-out mouse model, which allows us to assess the regulation of hematopoiesis by

specific molecule without the contributions of non-hematopoietic cells.

1.3.6 Jak2 in nucleus and has a function as an epigenetic modifier

It has been believed that the member of Jaks family only present in cytoplasm and serves as a non-receptor

tyrosine kinase that phosphorylates a receptor to initiate cytokine-mediated signaling. In 2009, Dawson et

al reported the new evidence that Jak2 presents in the nucleus of hematopoietic cells and directly regulate

phosphorylation of histone H3 at tyrosine 41 residue (H3Y41ph) (Dawson et al., 2009). This

phosphorylation of histone H3 (H3Y41ph) results in the release of the transcriptional repressor

heterochromatin protein 1α (HP-1α) and the eventual disruption of chromatin silencing (Dawson et al.,
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2009; Dawson et al., 2012). Dawson et al demonstrated that this H3Y41ph by Jak2 results in increased

expression of oncogenes, such as lmo2. Other groups discovered that this shuttling between cytoplasm and

nucleus was due to SUMOlylation (SUMO: Small Ubiquitin-related(like) Modifier) of Jak2 at multiple

lysine residues by SUMO2/3, resulting in the proteins’s translocation into the nucleous as other

SUMOylated-mediated translocation reported (Geiss-Friedlander and Melchior, 2007; Huang et al., 2003;

Lin et al., 2003; Sedek and Strous, 2013; Sehat et al., 2010). Subsequent work from Dawson et al identified

the tissue-specific sets of genes marked by H3Y41ph (Dawson et al., 2012). Oncogenic Jak2, Jak2V617F,

which is the one of scope of my Ph.D. work, is highly SUMOylated and seen in the nucleus. A constitutive

phosphorylation of H3Y41 was observed in the cell line harboring Jak2V617F mutation (Dawson et al.,

2009; Dawson et al., 2012; Sedek and Strous, 2013). This new finding suggests the potential non-receptor

associated role in the member of other Jaks family.

Although HSCs express all Jaks (Figure 17), the role of each Jak in HSCs is still under investigation. As

mutation in all Jaks have been reported in hematologic malignancies or immunodeficiency, investigating

how Jaks contribute to the development of hematopoiesis/immune system cells and how their mutant forms

give rise to disease is necessary to move forward our biological understanding of HSCs, hematopoiesis, and

hematologic malignancies  (Akada et al., 2012b; Baxter et al., 2005; James et al., 2005; Jeong et al., 2008;

Kralovics et al., 2005; Levine et al., 2005; Mullally et al., 2012; Woellner et al., 2007). It has been assumed

based on the interaction with a cytokine receptor, but never has been experimentally proved the role of Jak2

in HSCs. Thus, I hypothesized and then proved that Jak2 plays a pivotal role in HSCs maintenance. This

will be addressed in the section 2.3 of this thesis by utilizing conditional Jak2 knock-out mice.
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1.4 Jak2V617F positive myeloproliferative neoplasms (MPNs)

1.4.1 Classification of classic MPNs

he concept of myeloproliferative neoplasms (MPNs), formerly named myeloproliferative disorders

(MPDs), was first proposed by Dr. William Dameshek in 1951 (Dameshek, 1951).

Myeloproliferative neoplasms are a group of rare chronic hematologic disorders originated from

hematopoietic stem cells abnormality. According to current World Health Organization (WHO) guidelines,

myeloproliferative neoplasms are classified into two categories: 1) Ph+ or Philadelphia-chromosome

positive, also known as chronic myeloid leukemia (CML) and 2) Ph- or Philadelphia chromosome negative

MPNs (Ph- MPNs) which includes seven subtypes, polycythemia vera (PV), primary myelofiblosis (PMF),

essential thrombocythemia (ET), chronic neutrophilic leukemia (CNL), chronic eosinophilic leukemia

(CEL), mastocytosis, and unclassifiable MPNs (Vardiman et al., 2009).

These MPNs have clinically distinct phenotypes with a similar biological feature that they share origin

from bone marrow HSCs. Long before the discovery of mutation, MPNs were known as clonal disorder

and were believed to be stem-cell-derived diseases based on the study of X-linked chromosome

polymorphism (Adamson et al., 1976; Ash et al., 1982; Prchal et al., 1978). Abnormalities in hematopoietic

stem cells eventually results in excessive proliferation of a particular type of myeloid cells with atypical

hematopoietic function. Excessive myeloproliferation leads to not only bone marrow failure but also causes

extramedullary hematopoiesis or transformation to a severe blast phase. Beside Philadelphia chromosome

translocation in CML, the somatic point mutation V617F in the non-receptor tyrosine kinase Jak2 was the

most commonly recognized mutation found in classic MPNs in 2005. This mutation is found in a majority

of patient with PV and in almost half of the patients with ET and PMF (Vardiman et al., 2009). The

mechanism by which the same mutation causes three clinically distinct hematologic malignancies is still an

unsolved puzzle in Ph- MPNs research.

1.4.2 The Jak2V617F mutation in Ph- MPNs

In 2005, a somatic point mutation, valine at 617 mutated to phenylalanine (V617F), in the pseudokinase

domain of Jak2 was found in a majority of patients with Ph- MPNs (Baxter et al., 2005; James et al., 2005;

T
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Kralovics et al.,  2005; Levine et al.,  2005). Almost all  patients with PV and half of ET and PMF patients

harbor Jak2V617F mutation (Baxter et al., 2005; James et al., 2005; Kralovics et al., 2005; Levine et al.,

2005). Ph- MPN patients without the Jak2V617F mutation carry other mutation, such as Jak2 exon12

mutation or MPLW15L mutation which causes constitutive activation of signaling (Karow et al., 2008;

Pardanani et al., 2007; Pikman et al., 2006; Scott et al., 2007; Vorechovsky et al., 2013). Kralovics et al

demonstrated that the somatic Jak2V617F mutation was present in all myeloid progenitors, suggesting that

Jak2V617F-mediated MPNs is probably of stem cell origin (Kralovics et al., 2005). In fact, this was proven

by Jamieson et al when they detected the Jak2V617F mutation in both HSCs and myeloid progenitors in

following year (Jamieson et al., 2006).

Jak2V617F-positive MPNs patients are either heterozygous or homozygous for the Jak2V617F mutation

(Baxter et al., 2005; James et al., 2005; Kralovics et al., 2005; Levine et al., 2005). Homozygous

Jak2V617F mutation is common in PV patients but not in other Ph- MPNs, suggesting that gene dosage of

Jak2V617F mutation may influence the distinction of Ph- MPNs (Scott et al., 2006). This observation

prompted an investigation of gene dosage effects using mouse models. Tiedt et al generated a transgenic

mouse model that could express different level of Jak2V617F based on induction of Cre recombinase

through MxCre (Li et al., 2011; Tiedt et al., 2008). They observed higher level of Jak2V617F expression

associated with PV and lower expression correlated with ET phenotype. However, the knock-in mouse

model that more closely reproduces the heterozygous and homozygous Jak2V617F condition resulted only

in PV phenotypes, casting doubts in the role of Jak2V617F gene dosage as a contributor to the phenotypic

variability seen among Ph- MPNs (this will be discussed in Section 2.1 of this thesis) (Akada et al., 2010).

More recently, by using the knock-in mouse model, Li et al reported that homozygous Jak2V617F can

induce a phenotypic switch from ET to PV, further complicating our understanding of gene dosage effect in

disease pathogenesis of MPNs development (Li et al., 2014).

1.4.3 Clinical features of Ph- MPNs

Epidemiological studies recently presented by Ruben et al at the 54th ASH meeting (based on two national

US databases, IMPACT and MARKETSCAN) indicate that the prevalence of MPNs is approximately 45-

57 cases per 100000 in PV, 39-57 cases per 100000 in ET, and 2.1-3.8 cases per 100000 in PMF (Table 4)
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(Ruben A. Mesa1, 2012). Ruben et al also reported that the incidence of each MPNs ranges 22 to 27 cases

per 100000 patients with PV, 22 to 31 cases per 100000 patients with ET, and about 2.4 per 100000

patients  with  MF  per  year.  They  also  found  that  PV  tends  to  affect  more  males,  while  ET  affects  more

females, suggesting gender discrepancy in susceptibility to MPNs (Ruben A. Mesa1, 2012). The mean age

of patients was around 53-61 year old, but there were also incidents at a young age as well, suggesting that

development of MPNs can occur throughout a person’s life time (Godfrey et al., 2013).

Table 4. Prevalence of Ph- MPNs (Ruben A. Mesa1, 2012)
IMPACT MARKETSCAN

(Age Adjusted per 100000
patients) (Age Adjusted per 100000 patients)

2008 2009 2010 2008 2009 2010
PMF 1.69 2.03 2.25 1.44 1.34 1.72

Post-PV MF 0.47 0.7 0.62 0.29 0.33 0.29
Post-ET MF 0.71 0.89 1.08 0.46 0.55 0.55

PMF+ Post PV MF + Post ET MF 2.78 3.44 3.82 2.12 2.15 2.52
PV 56.44 56.31 57.15 44.99 46.67 48.17
ET 54.12 56.32 56.98 38.65 42.96 43.68

The distinct clinical features of each type of Ph- MPNs are summarized in Table 5. Patients with PV show

increased WBCs, RBCs, PLTs, splenomegaly, decreased serum Epo level, and post PV myelofibrosis. ET

patients do not exhibit increased WBCs and RBCs, but show a significant increase in PLTs, splenomegaly,

and post ET myelofibrosis. On the contrary, patients with PMF show anemia and thrombocytopenia with

splenomegaly and extensive myelofibrosis. Since the Jak2V617F mutation is found in all Ph- MPNs,

detection of the Jak2V617F mutation does not specify a single MPN. It remains unknown how the same

constitutive active Jak2 mutant protein can induce such distinct clinical phenotypes.

Table 5. Key parameters comparison between healthy and MPNs patient
CBC parameters Healthy PV ET PMF

WBC (109/L) 4.3-10.8 Increase
No increase

Anemia/thrombocytopenia

Hemoglobin (g/dL) 13-18 > 18.5
HCT (%) 45-52 >70

RBC (106 cells/cmm) 4-6 >8

PLT (109/L) 150-400 >450

Fibrosis No Post-PV Post-ET Yes
Spleen size Splenomegaly

Along with those hallmark features, patients with Ph- MPNs suffer from other major complications,

including clonal evolution to AML, thrombosis, and frequent bleeding (Gaidano et al., 1994; Noor et al.,

2011). Major symptoms that interfere with quality of life are fatigue, pruritis, and bone pain. Unless

patients develop severe post PV or ET myelofibrosis or transform to AML, which is often aggressive and
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rapidly progressing to fatal consequence, the life expectancy of PV and ET patients is believed to be near

normal when properly monitored and treated, whereas patients with PMF show a substantial decrease in

their life expectancy (Cervantes et al., 2008; Rozman et al., 1991). However, recent study by Price et al

have reported considerably lower overall survival rates for Ph- MPNs patients in the U.S. as compared to

matched healthy control subjects (ET: 68 vs. 101 months; PV: 65 vs. 104; MF: 24 vs. 106), suggesting that

developing an effective treatment strategy would bring significant benefits (Price et al., 2014).

The variability in hematological features among Jak2V617F-associated MPNs is not the only puzzle left

behind. The state of Jak2V617F-expressing HSCs, which are identified as Ph- MPN initiating CSCs, is also

an unsolved problem (Akada et al., 2012b; Mullally et al., 2012). Leukemic development requires the

expansion of CSCs to propagate disease. For example, the number of aberrant tumorous GMPs (the CSCs

of Bcr-Abl positive MPNs) is dramatically expanded in CML patients (Jamieson et al., 2004). However, the

situation is not as clear for Ph- MPNs. The patient studies complicated the status of Jak2V617F-expressing

HSCs. Jamison et al have reported that Jak2V617F HSCs are expanded in the peripheral blood of PV

patients as compared to control, while James et al have reported that Jak2V617F-expressing HSCs do not

have a proliferative advantage as compared to control sample (James et al., 2008; Jamieson et al., 2006).

Whether the Jak2V617F mutation alone can confer a proliferative advantage or disadvantage in CSCs is

still open question.

1.4.4 Constitutive activation of signaling pathway by JakV617F

The somatic point mutation, V617F, within the pseudokinase domain causes the activation of Jak2 by

constitutive phosphorylation of its JH1 domain. This, in turn, leads to a hyper-phosphorylation of

downstream targets, such as Stat, Erk, and Akt. The mechanism behind the constitutive hyper-

phosphorylation of Jak2 within its kinase domain was uncovered by Ungureanu et al in 2011. They

demonstrated that the pseudokinase domain autophosphorylates at Ser523 and Tyr570, thereby triggering

inhibition of the JAK2 kinase domain (Ungureanu et al., 2011). The V617F mutation in the pseudokinase

domain disrupts this autoinhibitory interaction with kinase domain (Baumann, 2011). Since several

cytokine-mediated pathways, including Jak-Stat, PI3K, and the MAPK pathway, are regulated by Jak2, this

constitutive active form of Jak2V617F causes hyperactivation of those downstream signaling target within
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the cells that express the associated receptor (Figure 19) (Quintas-Cardama et al., 2011). Given that all

cytokine receptors, except the cytokine receptor with common gamma chains, recruit Jak2 as a partner

kinase, Jak2V617F mutation results in a cytokine-independent constitutive activation of downstream

signaling in a broad range of hematopoietic cells often inducing cytokine-independent cell growth (Figure

18). Furthermore, new evidence demonstrating the constitutive phosphorylation of histone H3 on Y41

(H3Y41ph) by Jak2V617F suggests the potential gene regulation in even in hematopoietic cells which do

not  express  the  canonical  receptors  associated  with  Jak2  signaling  (Dawson  et  al.,  2009;  Dawson  et  al.,

2012).

Figure 19. Downstream signaling pathway constitutively
activated by Jak2V617F
Schematic diagram of constitutively activated pathways including Jak-
Stat, PI3K, and MAPK pathways, by Jak2V617F through EpoR. Due to
the constitutive activation of Jak2, even without Epo stimulation, cells
expressing Jak2V617F hyperactivate those downstream signaling
cascades and become cytokine-independent for their growth and/or
maintenance. Reprinted by permission from Macmillan Publishers Ltd:
[Nature Reviews Drug Discovery] (Quintas-Cardama et al., 2011),
copyright (2011)

1.4.5 Mouse models of Jak2V617F

After the discovery of the somatic point mutation, V617F, in Jak2 in a majority of patients with MPNs in

2005, several groups began to investigate the molecular pathogenesis of Jak2V617F in MPN development

in vivo. Three types of genetically-modified mouse models including, 1) a viral delivery plus

transplantation (BMT model), 2) several constitutive and inducible transgenic lines, and 3) conditional

knock-in mice have greatly facilitated the study of the role of the Jak2V617F mutation in MPNs

development.

1.4.5.1 Bone marrow Jak2V617F mouse model

Soon after the discovery of Jak2V617F in MPN patients, four groups generated mice expressing the

Jak2V617F protein by using retroviral vectors to deliver a mutant transgene and then transplanting

transduced BM cells into wildtype recipient (Bumm et al., 2006; Lacout et al., 2006; Wernig et al., 2006;

Zaleskas et al., 2006). All transplantation models resulted in a MPN phenotype similar to PV, including
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erythrocytosis, splenomegaly, and cytokine-independent colony formation, but no prominent platelet

expansion. These models showed for the first time that Jak2V617F is sufficient to cause MPN using a

relatively quick method to determine the effect of mutant Jak2. However, this approach had several

limitations. For instance, it produced highly variable outcomes, most likely because of non-physiological

expression, level of transgene expression, and the site of transgene integration.

1.4.5.2 Transgenic Jak2V617F mouse model

In 2008, three groups generated transgenic mouse line expressing the Jak2V617F transgene by the

pronuclear injection (Shide et al., 2008; Tiedt et al., 2008; Xing et al., 2008).  Shide et al and Xing et al

generated non-inducible Jak2V617F transgenic mice with cDNA encoding mouse or human Jak2V617F,

respectively; whereas Tiedt et al generated an inducible transgenic mouse with human Jak2V617F cDNA.

All three transgenic mouse models exhibited MPN phenotypes similar to PV, including erythrocytosis,

thrombocytosis, and fibrosis.  Interestingly, the inducible transgenic mouse generated by Tiedt et al showed

a correlation between gene dosage and the strength of Jak2V617F-mediated MPNs. Mice with higher

Jak2V617F copy number displayed greater erythrocytosis and thrombocytosis. Transgenic mouse model

further enriched our understanding of Jak2V617F-mediated MPNs, but the exact nature of the transgenic

model may influence some aspects of the phenotype.

1.4.5.3 Knock-in Jak2V617F mouse model

Although two mouse models described above clearly demonstrated the importance of Jak2V617F mutation

in MPN development, the physiological contribution of Jak2V617F in MPN development could not have

been answered due to the contribution of pitfalls in their models, uncontrollable positional transgene

integration site and high copy number of transgene. Therefore, to circumvent problems in two mouse

models and provide a better understanding of the gene dosage effect as well as better approximate

physiological conditions of Jak2V617F, four groups generated conditional Jak2V617F knock-in mouse

models, in which Jak2V617F expression is controlled by the enodogenous Jak2 promoter, in 2010 (Akada

et al., 2010; Li et al., 2010; Marty et al., 2010; Mullally et al., 2010). Three groups, Akada eta al, Marty et

al, and Mullally et al, generated conditional knock-in mice with the mouse Jak2V617F cDNA, whereas Li

et al used human Jak2V617F cDNA. The former three groups used mouse Jak2V617F cDNA reported PV-

like phenotypes with splenomegaly; the latter group reported an ET-like phenotype with a slight increase in
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PLT counts (1.6 X 1012/L, healthy mouse has approximately 1.0 X1012/L) but no splenomegaly, suggesting

a potential problem of using human Jak2V617F cDNA with mouse Jak2 promoter for proper expression of

Jak2V617F to study MPN development (Table 6). There is a trend that mouse model with human

Jak2V617F cDNA cannot develop PV like phenotype (Figure 20).

Table 6. CBC parameters of different Jak2V617F Knock-in mouse
Authors Jak2V617F Activatoin WBC HCT PLT

Akada et al Mouse Inducible 2-3 fold increase about 80% 4 fold increase
Mullally et al Mouse Constitutitve 2 fold increase about 80% no change

Marty et al Mouse Constitutitve 7 fold increase about 70% 4 fold increase
Li et al Human Inducible mild increase about 60% sligh increase

Figure 20. Phenotypic characteristics of different Jak2V617F mouse models
Schematic diagram of transgenic, transplantation, or knock-in Jak2V617F mouse models and their corresponding MPN
phenotypes (Li et al., 2011).

Although all four groups reported that physiological Jak2V617F expression can lead to MPNs, the models

also showed contradictory results in terms of the effect on HSCs/progenitors. Akada et al reported that

Jak2V617F induced marked expansion of HSCs in both BM and SPL, whereas Mullally et al detect no

change and Li et al showed that Jak2V617F reduced HSCs number (Akada et al., 2010; Li et al., 2010;

Mullally et al., 2010). These contradictory results raised questions about how Jak2V617F induced MPNs in

mouse: 1) “Jak2V617F is sufficient to cause MPNs, but if Jak2V617F does not cause expansion of HSCs or

rather reduce their number by itself, then why MPNs patients have a chronic disease? 2) Are there other

mutations contributing HSC maintenance in Jak2V617F mutated cells? 3) Or did hematopoietic progenitors

other than HSCs become MPN initiating cells?”
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Since 2010, follow-up reports by the four groups provided better insights of the molecular pathogenesis of

Jak2V617F (Akada et al., 2012b, 2014; Hasan et al., 2013; Kent et al., 2013; Marty et al., 2013; Mullally et

al., 2013; Mullally et al., 2012). Akada et al reported that Jak2V617F transforms only HSCs, but no other

hematopoietic progenitors, into MPN-initiating CSCs (Akada et al., 2012b). Later on, both Hasan et al (the

same group as Marty et al in 2010) and Mullally et al reported that Jak2V617F expression results in an

expansion of HSCs, which is the MPNs-initiating CSCs (Hasan et al., 2013; Mullally et al., 2012). Kent et

al (the same group as Li et al in 2010) who uses human Jak2V617F cDNA for their mouse model reported

in their follow-up paper that human Jak2V617F decreased the self-renewal ability of the HSCs (Kent et al.,

2013).

All three groups generated conditional Jak2V617F mouse models with mouse Jak2V617F cDNA agree that

Jak2V617F causes the expansion of MPN-initiating CSCs. However, the question why there is no obvious

difference in the number of Jak2V617F-positive CSCs compared to Jak2V617F negative HSCs in a MPN

patient in some report and contradictory result from one group using human Jak2V617F cDNA in mouse

model remains to be answered: whether the finding in HSC expansion by Jak2V617F mutation from three

groups is specific effect of Jak2V617F only in mouse model? Progressive decline of human CD34+ cells

seen in xenotransplantaiton SCID mouse model transplanted with CD34+ cells from Jak2V617F-positive

patient may suggest a distinct HSC behavior between mouse and human (Fung et al., 2010; James et al.,

2008). Additional reports from Akada et al and Hasen et al suggest that the expansion site of Jak2V617F-

expressing HSCs shifts from BM to SPL as mice aged (Akada et al., 2014; Hasan et al., 2013).

Comprehensive analysis of Jak2V617F-expressing HSCs in both BM and SPL will provide a better

understanding on the molecular pathogenesis of Jak2V617F-mediated MPN development. This will be

discussed in the section 2.4 of this thesis.

1.4.5.4 Current and future potential therapies for Jak2V617F positive MPNs

A current therapy commonly used in patients with mild symptom of Ph- MPNs is phlebotomy, simply

withdrawing an excessive blood from the body. Of course, this method does not cure the disease and does

not reduce the potential risk of progression to a severe form of MPNs. In addition, Bjorkholm et al reports

that there is a treatment risk factor resulting in the transformation into AML, which further complicating
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the treatment strategies (Bjorkholm et al., 2011). They reported that calculated odds ratios for AML/MDS

transformation risk after exposure to radioactive phosphorous (P32) or alkylating agents (other treatments

for Ph- MPNs) were 4.6 or 3.4, respectively (Cervantes, 2011). There was also a report that treatment with a

Jak2 inhibitor resulted in AML transformation in PMF patients (Verstovsek et al., 2010). Because MPNs

are chronic diseases, MPN patients are treated for long periods of time. Unfortunately, the longer the

patients are exposed to current treatments, the more likely they are to progress to the severer AML

transformation and causes early mortality. Lastly, patients who have a severe and advanced form of MPNs

are treated with an intensive cocktail of anti-cancer drugs, chemotherapy, or ultimately undergo bone

marrow transplantation (the only treatment with a potential to cure at this point). Thus, it is necessary to

develop effective treatment strategies that eradicate MPNs-initiating cells without increasing the risk of

transformation.

Despite the fact that MPNs patients may maintains reasonably good quality of life with proper monitoring,

it is also true that those patients are at the risk of spontaneous progression into lethal AML or myelofibrosis

unless eradicating MPN initiating cells. Furthermore, recent study showed that their overall survival rates

of MPNs patients in the U.S. were significantly lower than matched healthy control subjects. Thus, the

development of the effective treatment strategy is necessary for all patients regardless of severity or disease

progress (Price et al., 2014). Although the discovery of genetic mutation in MPNs helped developing

several inhibitors and they have achieved some hematologic response with well tolerated manner, the

current therapy for Ph- MPNs has a limitation in the successful hematologic or molecular remission, indeed

it often caused an adverse effect due to hematologic and non-hematologic associated toxicities (Bellido and

Te Boekhorst, 2012; Geyer et al., 2012; Quintas-Cardama et al., 2013; Santos and Verstovsek, 2012). In

order to achieve molecular remission, one has to successfully target disease-causing cells. Identifying a

molecular target existing only in Ph- MPN-initiating cells is a strategy currently being pursued.

1.4.5.5 Jak2 inhibitor

Several inhibitors against Jak2 have been developed and used in clinical trials, particularly in the U.S. and

Europe, with limited hematologic responses and apparent toxicity. One of Jak2 inhibiotr, Jakafi®, has been

approved by FDA for the first time for the treatment of patients with intermediate or high-risk
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myelofibrosis in 2011 and followed successful clinical trials. There supports the clinical benefit of

developing Jak2 inhibitor (Table 7). However, in 2013, the FDA put another Jak2 inhibitor, fedratinib

(Sanofi), on hold from all clinical trials due to the risk of brain lesion after treatment, despite its earlier

promise of safety and clinical benefit in hematologic response seen in the 2011 phase I trials (Pardanani et

al., 2011; Ratner, 2014). Even if targeting Jak2 directly appears to be a straightforward therapeutic strategy

to treat Jak2V617F positive MPNs, inhibition of Jak2 has been aware of long term side effects, because

Jak2 plays important role in cytokine signaling in both hematologic and immune responses. Moreover,

despite its promising hematologic effects, Wang et al presented (at 54th American Society of Hematology

(ASH) meeting in 2012) that Jak2 inhibitor does not affect leukemic stem cells residing in spleen of

patients with MPNs (Xiaoli Wang, 2012). The same group also reported that there are functional CSCs

residing in the spleen of patients with MPNs (Wang et al., 2012b). Thus, alternative therapeutic approaches

that can eliminate CSCs are needed to be investigated beyond the inhibitors against Jak2.

Table 7. List of selected Jak inhibitors in phase III clinical trials
Drug name Company Phase References

INCB018424/Ruxolitinib (Jakafi®) Incyte FDA approved (Zhao et al., 2013)
TG101348/SAR302503 (Fedratinib®) Sanfoni III (Pardanani et al., 2011)

Momelotinib/CYT387 Gilead III (Pardanani et al., 2013)
Pacritinib/SB1518 Cell Therapeutics III (Mesa et al., 2009)

1.4.5.6 Other potential inhibitors

As a new approach beyond Jak2 inhibitor, several potential inhibitors targeting an epigenetic modifier,

downstream signaling molecules, or cytokine receptors, were suggested and some were tested for their

efficacy in Jak2V617F-expressing cells (Constantinescu and Vainchenker, 2012). One of epigenetic

modifiers, histone deacetylase (HDAC), which removes acetylation mark from lysine residue of histone

that eventually represses a gene transcription, inhibitor has been tested for its clinical benefits on

hematologic malignancies (Kim and Abdel-Wahab, 2013). Akada et al have also shown a potential clinical

benefit of the HDAC inhibitors, Vorinostat, for Jak2V617F-positive MPNs (Akada et al., 2012a).

Vorinostat treatment significantly reduced PV-like phenotypes in their Jak2V617F mouse model, while no

obvious hematopoietic toxicity in control mice (Akada et al., 2012a).

Furthermore, the efficacy of inhibiting one of the molecular chaperones, HSP90, was also investigated in

Jak2V617F-expressing cells in vitro and in vivo based on the assumption that mutant proteins commonly
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depend on a chaperons for its stability (Fridman and Sarlis, 2012; George et al., 2005; Gorre et al., 2002;

Marubayashi et al., 2010; Mascarenhas et al., 2013; Weigert et al., 2012). In addition, since oncoproteins

may acquire drug resistance, targeting their downstream effectors is also a prominent therapeutic strategy.

One such downstream player, Stat, is constitutively activated by Jak2V617F, and is therefore a potential

target for therapeutic applications (Dorritie et al., 2014; Ferrajoli et al., 2006; Vainchenker and

Constantinescu, 2013; Van Etten et al., 2011). Walz et al clearly demonstrated that loss of Stat5 attenuates

Jak2V617F-mediated MPN in a mouse model (Walz et al., 2012). Hayakawa et al demonstrated that a

novel STAT inhibitor, OPB-31121, had anti-tumor effects in a Jak2V617F cell line and are currently

testing this compound in phase I/II trials in Japan (Hayakawa et al., 2013).

Although the treatment with individual inhibitors or combination therapies may have promising clinical

benefits, the possibility of unexpected toxicities in non-hematopoietic as well as hematopoietic organs

cannot be ruled out, because of potential global influences by inhibiting a particular protein. For instance,

because HDAC inhibition causes an uncontrollable global acetylation in histone residue that leads to a

hyper-activation of gene transcription, the adverse effects of inhibiting HDAC in phase II trial, such as

thrombocytopenia or severe diarrhea, have been reported (DeAngelo et al., 2013). Regardless of different

approaches in current MPN therapies, not one of them has been able to achieve specifically targeting the

mutant form of Jak2 due to our lack of understanding in the molecular pathogenesis of Jak2V617F in MPN

development. Dissecting the role of both normal and oncogenic Jak2 in MPNs-initiating cells will

eventually help drug development with better tolerance.

To summarize this chapter, the research in hematopoiesis and hematopoietic malignancies requires the

consideration of both intrinsic and extrinsic contributions. During my Ph.D. training, I initially proved that

HSCs and erythroid progenitors are the target cells of the Jak2V617F mutation leading to a significant

increase in the number of both cell types (Section 2.1) (Akada et al., 2010). However, unlike BCR-ABL

mutation, which gives GMPs self-renewing ability to cause CML, Jak2V617F mutation only confer self-

renewing ability in HSCs but not in erythroid progenitors, suggesting only HSCs becomes CSCs in case of

Jak2V617F-mediated MPNs (Section 2.2) (Akada et al., 2012b). Specifically eradicating Jak2V617F-

transformed HSCs is  the  ultimate  therapeutic  goal  of  MPNs treatment  without  inhibiting  Jak2 to  avoid  a
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hematopoietic toxicity. Utilizing genetically modified mouse models, conditional Jak2 knock-out and

Jak2V617F knock-in mice, I dedicated myself to investigating the role of normal (Section 2.3) and

oncogenic Jak2 (Section 2.4) in HSCs in the hope to identify the candidate genes for future MPN therapy.
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2. The list of experimental works in this thesis
This chapter provides the experimental works during my Ph.D. This thesis is based on four articles listed
below with section numbers. Articles 2.1-2.3 were already published and their copies of published format
are also included in section Error! Reference source not found.

2.1. Akada, H., Yan, D., Zou, H., Fiering, S., Hutchison, R.E., Mohi, M.G. Conditional expression of
heterozygous or homozygous Jak2V617F from its endogenous promoter induces a polycythemia
vera-like disease. (2010) Blood, 115 (17), pp. 3589-3597. Cited 100 times

http://bloodjournal.hematologylibrary.org/content/115/17/3589.abstract?sid=698bfcd4-7da7-427e-840b-
efbd84f5887e

2.2. Akada, H., Akada, S., Hutchison, R. E., Mohi, M.G. Erythroid lineage-restricted expression of
Jak2V617F is sufficient to induce a myeloproliferative disease in mice. (2012) Haematologica
97(9): 1389-1393. Cited 1 times.

http://www.haematologica.org/content/97/9/1389.abstract?sid=9ef44a07-daa2-4f07-b8b4-f50e324d2e19

2.3. Akada, H.,  Akada,  S.,  Hutchison,  R.  E.,  Sakamoto,  K.,  Wagner,  KU.,  Mohi,  M.G. Critical role of
Jak2 in the maintenance and function of adult hematopoietic stem cells. Accepted in Stem Cells.

http://onlinelibrary.wiley.com/doi/10.1002/stem.1711/abstract

2.4. Akada, H., Yang, Y., Akada, S., Hutchison, R. E., Mohi, M.G. Spleen serves as a major reservoir
of cancer stem cells in Jak2V617F-mediated MPNs  Manuscript in preparation for submission

The article in section 2.1, 2.2, and 2.3 are reproduced with permission obtained from The American Society
of Hematology, “Obtained from Haematologica/the Hematology Journal website
http://www.haematologica.org”, and “Stem Cells” Wiley Only Library as the author of those articles.
Article in section 2.4 is in preparation for submission.

Briefly, the article 2.1 describes the characterization of conditional Jak2V617F knock-in mice generated by

Dr. Golam Mohi in 2010. Follow-up research published in 2012, the article 2.2, demonstrated that

Jak2V617F mutation transforms only HSCs into CSCs to propagate MPNs. Based on those two researches

above, I dedicated myself to study the role of normal (Section 2.3) and oncogenic (Section 2.4) Jak2 in

hematopoietic stem cells to investigate a potential therapeutic target gene for MPNs. My studies

demonstrated that Jak2 is one of pivotal HSCs regulators in definitive hematopoiesis and oncogenic form of

Jak2 causes atypical HSCs maintenance in spleen for Ph- MPNs development.

Key words for this thesis: Jak2, Jak2V617F, hematopoiesis, hematopoietic stem cells, myeloproliferative
neoplasms, cancer stem cells, aging of HSCs, HSC quiescence, extramedullary hematopoiesis.

http://bloodjournal.hematologylibrary.org/content/115/17/3589.abstract?sid=698bfcd4-7da7-427e-840b-efbd84f5887e
http://bloodjournal.hematologylibrary.org/content/115/17/3589.abstract?sid=698bfcd4-7da7-427e-840b-efbd84f5887e
http://www.haematologica.org/content/97/9/1389.abstract?sid=9ef44a07-daa2-4f07-b8b4-f50e324d2e19
http://onlinelibrary.wiley.com/doi/10.1002/stem.1711/abstract
http://www.haematologica.org/
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with the gene targeting in ES cells and revised the paper; R.E.H. performed histopathologic analysis and

revised the paper; and M.G.M. designed and performed research, analyzed data, and wrote the paper.

Highlight of this section

1. Conditional expression of Jak2V617F is sufficient to induce PV phenotype in mouse model.

2. Gene dose effect of Jak2V617F mutation does not influence the distinction of MPN disease rather it
strengthen PV phenotypes.

3. Jak2V617F expression causes the expansion of HSCs enriched LSK population in both BM and SPL.
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2.1.1 Abstract

A somatic  point  mutation  (V617F)  in  the  JAK2 tyrosine  kinase  was  found in  a  majority  of  patients  with

polycythemia vera (PV), essential thrombocythemia, and primary myelofibrosis. However, contribution of

the JAK2V617F mutation in these 3 clinically distinct myeloproliferative neoplasms (MPNs) remained

unclear. To investigate the role of JAK2V617F in the pathogenesis of these MPNs, we generated an

inducible Jak2V617F knock-in mouse, in which the expression of Jak2V617F is under control of the

endogenous Jak2 promoter. Expression of heterozygous mouse Jak2V617F evoked all major features of

human polycythemia vera (PV), which included marked increase in hemoglobin and hematocrit, increased

red blood cells, leukocytosis, thrombocytosis, splenomegaly, reduced serum erythropoietin (Epo) levels and

Epo-independent erythroid colonies. Homozygous Jak2V617F expression also resulted in a PV-like disease

associated with significantly greater reticulocytosis, leukocytosis, neutrophilia and thrombocytosis, marked

expansion of erythroid progenitors and Epo-independent erythroid colonies, larger spleen size, and

accelerated bone marrow fibrosis compared with heterozygous Jak2V617F expression. Biochemical

analyses revealed Jak2V617F gene dosage-dependent activation of Stat5, Akt, and Erk signaling pathways.

Our conditional Jak2V617F knock-in mice provide an excellent model that can be used to further

understand the molecular pathogenesis of MPNs and to identify additional genetic events that cooperate

with Jak2V617F in different MPNs.
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Figure 21. Graphical abstract of section 2.1

1. Conditional expression of Jak2V617F in mouse resulted in MPNs phenotypes resembling human PV,
including increased RBC, PLT, WBC, extensive myelofibrosis, splenomegaly, and HSCs expansion.

2. In addition, as expected, Jak2V617F causes constitutive activation of Jak-Stat, PI3K, and MAPK
pathways in a primary cell culture derived from the bone marrow and spleen of Jak2V617F mouse.
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2.1.2 Introduction

The myeloproliferative neoplasms (MPNs) polycythemia vera (PV), essential thrombocythemia (ET), and

primary myelofibrosis (PMF) are clonal stem cell–derived hematologic malignancies characterized by

excessive production of one or more myeloerythroid lineage cells. A somatic point mutation (V617F) in

JAK2 has been detected in most patients with PV and in 50% to 60% of patients with ET and PMF (Baxter

et al., 2005; James et al., 2005; Kralovics et al., 2005; Levine et al., 2005; Zhao et al., 2005). The basis for

the various pathologies associated with the JAK2V617F mutation, however, remains unclear.

Although most patients with MPN are heterozygous for JAK2V617F, a subset of patients, more commonly

with PV than ET, are homozygous for the JAK2V617F allele (Baxter et al., 2005; James et al., 2005;

Kralovics et al., 2005; Levine et al., 2005). Homozygosity of JAK2V617F results from acquired

uniparental disomy (UPD) at chromosomal locus 9p24, which includes JAK2 (Kralovics et al., 2002;

Kralovics et al., 2005). Scott et al observed that homozygous JAK2V617F mutant erythroid colonies are

present in almost all patients with PV, but are rare in patients with ET (Scott et al., 2006). These

observations led to the speculation that JAK2V617F gene dosage may play a role in MPN phenotype.

JAK2, a member of the Janus family of nonreceptor tyrosine kinases, plays an important role in signaling

through type I cytokine receptors including erythropoietin (Epo) receptor (Parganas et al., 1998).

JAK2V617F is a constitutively active tyrosine kinase, which can transform factor-dependent hematopoietic

cell lines to cytokine independence (James et al., 2005; Levine et al., 2005). Expression of JAK2V617F

results in constitutive activation of downstream signaling pathways, including the signal transducer and

activator of transcription 5 (Stat5), extracellular signal-regulated kinase (Erk), and phosphatidylinositol 3-

kinase/Akt  pathways  (James  et  al.,  2005;  Levine  et  al.,  2005).  It  has  been  shown  that  coexpression  of  a

homodimeric type I cytokine receptor is required for JAK2V617F-mediated transformation of

hematopoietic cells (Lu et al., 2005).

Murine bone marrow transplantation (BMT) models using retrovirally transduced bone marrow (BM) cells

demonstrated that overexpression of Jak2V617F results in a PV-like disorder without thrombocytosis

(Bumm et al., 2006; Lacout et al., 2006; Wernig et al., 2006; Zaleskas et al., 2006). Recently, 3 groups have
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generated transgenic mice expressing Jak2V617F allele (Shide et al., 2008; Tiedt et al., 2008; Xing et al.,

2008). Depending on the promoter and the level of Jak2V617F expression, the phenotypes of these

transgenic mice were different. Moreover, incomplete penetrance of the MPNs was observed in these mice

models.

Although retroviral BMT and transgenic mice models provided some insights into the role of JAK2V617F

in the pathogenesis of MPN, the contribution of the JAK2V617F gene dosage in signaling and phenotype

remained unclear. Moreover, the existing models do not provide the appropriate genetic context to compare

the effects of heterozygous and homozygous JAK2V617F expression on MPN phenotype. To get better

insight into the effects of JAK2V617F at a physiologic gene dosage on hematopoietic cells, we generated

an inducible Jak2V617F knock-in mouse, in which the expression of Jak2V617F is under control of the

endogenous Jak2 promoter. Using this conditional Jak2V617F knock-in allele, we have characterized the

effects of heterozygous and homozygous Jak2V617F expression in vivo.

2.1.3 Materials and methods

2.1.3.1 Generation of conditional Jak2V617F knock-in mice

The V617F mutation and a unique DraI restriction site were introduced into the Jak2 locus by site-directed

mutagenesis. A loxP-flanked cassette containing the 3′-245 base pairs of intron 12 including the splice

acceptor, the mouse Jak2 cDNA containing exons 13 to 24, the mouse Jak2 polyadenylation sequences,

and a PGK-Neo-Stop cassette was placed 5′ of exon 13. Two correctly targeted embryonic stem (ES)

clones were injected into C57/BL6 (B6) blastocysts. Both clones gave rise to germline transmission and

produced similar phenotypes. The targeted mutant (V617F/+) mice were crossed to MxCre mice to obtain

MxCre;V617F/+ mice. Cre expression was induced by intraperitoneal injection of 3 doses of 300 μg of

polyinosine-polycytosine (pI:pC; Amersham). Mice with C57BL/6 × 129Sv mixed background were used

for all experiments except for transplantation into secondary recipients, in which MxCre;V617F/+ mice

were backcrossed to C57BL/6 background for 4 generations. The details of targeting vector, Southern

blotting, and genotyping protocol are available in supplemental Methods (available on the Blood Web site;

see the Supplemental Materials link at the top of the online article). All animal studies were approved by

the Committee for the Humane Use of Animals of SUNY Upstate Medical University.
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2.1.3.2 Blood and tissue analysis

Peripheral blood cell counts were determined using Hemavet 950FS (Drew Scientific). Blood smears were

stained with Wright-Giemsa, and reticulocytes were enumerated by New Methylene Blue staining. Mouse

serum Epo levels were determined by enzyme-linked immunosorbent assay using the Quantikine Epo

Immunoassay Kit (R&D Systems). For histopathologic analysis, mouse tissue specimens were fixed in 10%

neutral-buffered formalin and embedded in paraffin. Tissue sections (4 μm) were stained with hematoxylin

and eosin and reticulin stain.

2.1.3.3 Flow cytometry

Single cell-suspensions were prepared from BM and spleen and red cells were lysed with red cell lysis

solution. Cells were washed and resuspended in PBS plus 2% FBS, and stained for 20 min on ice with

directly conjugated (either PE or APC) monoclonal antibodies specific for Ter119, CD71, CD41, Mac-1,

Gr-1, B220, or Thy-1. For HSC/progenitor analysis, cells were stained for 30 min on ice with antibodies

against c-Kit, Sca-1, CD127, CD34, CD16/32 (FcγR II/III), and antibodies against lineage (Lin) markers

including CD3, CD4, CD8α, CD19, B220, Gr-1, Ter119. All antibodies were purchased from BD

Pharmingen, eBioscience or BioLegend. Flow cytometry was performed with an LSRII (Beckton-

Deckinson, San Diego, CA) and analyzed by using FlowJo software (TreeStar, Ashland, OR).

2.1.3.4 Colony-forming assays

BM  (2  ×  104)  or  spleen  (1  ×  105) cells were plated in duplicate in complete methylcellulose medium

(Methocult M3434; StemCell Technologies). Burst-forming units-erythroid (BFU-E), granulocyte-

macrophage colony-forming unit (CFU-GM), and colony-forming unit-granulocyte, erythrocyte

macrophage, megakaryocyte (CFU-GEMM) colonies were scored on day 7. To detect Epo-independent

colony-forming unit-erythroid (CFU-E) colonies, spleen cells (1 × 105) were plated in duplicate in

methylcellulose medium (Methocult M3234; StemCell Technologies) without any cytokine. CFU-E

colonies were counted after 2 days by staining with benzidine solution (Sigma-Aldrich).

2.1.3.5 Quantitative PCR and allelic ratio

RNA was isolated from the BM, and reverse transcription was carried out using a Reverse Transcription

Kit (QIAGEN). Quantitative polymerase chain reaction (PCR) was performed using the SYBR Green PCR
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Master mix and a set of primers that amplify a 182–base pair segment of Jak2 cDNA including Jak2V617F.

The primers used for Jak2 were 5’-GCAGCAAGCATGATGAGTC-3’ and 5’-

CAACTGCTTAGCCACTCCA-3’. 18S was used for normalization of Jak2 expression level. The primers

used for 18S were 5’-CGCCGCTAGAGGTGAAATTC-3’ and 5’-TTGGCAAATGCTTTCGCTC-3’.

Quantitative real-time PCR was performed using a LightCycler 480 (Roche Applied Science) and analyzed

with associated software. Relative expression values were calculated by the ΔΔCT method using BM

sample from a wild-type (WT) mouse as the calibrator. The allelic ratio of mutant Jak2V617F to WT Jak2

in heterozygous Jak2V617F mice was determined by the T/G ratio as described previously (Shide et al.,

2008). For this purpose, the real-time PCR products obtained from quadruplicate determination for each

sample were combined, purified using the QIAGEN PCR purification kit, and directly sequenced using the

forward primer used for amplification of Jak2 in real-time PCR. The T peak identifies the Jak2V617F

mutant allele, whereas the G peak identifies the WT Jak2 allele. The height of the T and G peaks were

determined directly using the 4 Peaks software (freely available online), and the percentage of T (mutant)

and G (WT) peak fluorescence was calculated using the formula: % T = (height of T-peak)/(height of T-

peak + G-Peak) × 100, whereas % G = (height of G-peak)/(height of T-peak + G-Peak) × 100. Standard

curves were generated from known ratios of accurately measured pMSCV-IRES-GFP plasmids containing

mouse Jak2WT and mouse Jak2V617F.

2.1.3.6 Erythroblast culture and immunoblotting

BM and spleen cells were cultured in a medium that enriches the erythroblasts (Grebien et al., 2008). Cells

were analyzed by flow cytometry after staining with CD71 and Ter-119 after culturing for 7 days. For

signaling studies, erythroblasts were starved for 4 hours in Iscove modified Dulbecco's medium containing

0.5% BSA at 37°C and cell lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer.

Immunoblotting was performed using anti-phosphotyrosine antibody (4G10; Upstate Biotechnology

Associates) or phospho-specific antibodies against Stat5, Akt, or Erk1/2 (Cell Signaling Technologies), or

antibodies against total Jak2 (Upstate Biotechnology Associates), Stat5, Akt, or Erk2 (Santa Cruz

Biotechnology).
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2.1.3.7 Statistical analysis

Results are expressed as mean plus or minus SEM, and data were analyzed by the 2-tailed Student t test. A

value of P less than .05 was considered to be statistically significant.

2.1.4 Results

2.1.4.1 Generation of inducible Jak2V617F knock-in mice

We used homologous recombination in ES cells to generate an inducible Cre-activated targeted allele of

Jak2V617F (Figure 22 and Figure 28). The targeted Jak2V617F allele was designed to express normal WT

Jak2 before Cre-mediated recombination. Five properly targeted ES clones were obtained. We reconfirmed

the positive ES clones by PCR as well as by Southern blotting (Figure 28B-C). Two independent ES clones

were injected into blastocysts to obtain chimeras, both of which gave germline transmission (Figure 28D).

Notably, breeding between heterozygous (V617F/+) male and female mice generated mice with all possible

genotypes including WT (+/+), V617F/+, and V617F/V617F.

To induce expression of Jak2V617F in hematopoietic cells, V617F/+ mice were crossed to MxCre

transgenic mice that express Cre recombinase in all hematopoietic tissues in response to pI:pC (Kuhn et al.,

1995). Control (WT and V617F/+), MxCre;V617F/+ and MxCre;V617F/V617F mice were injected with

pI:pC to induce Cre expression and subsequent excision of the Neo-stop cassette, which resulted in the

expression of Jak2V617F in the hematopoietic system. Immunoblotting with a phospho-specific Stat5

antibody revealed constitutive phosphorylation of Stat5 in the BM of MxCre;V617F/+ (heterozygous

Jak2V617F) and MxCre;V617F/V617F (homozygous Jak2V617F) mice (Figure 22B), confirming the

expression/activation of the mutant Jak2V617F protein.

We measured the expression of total Jak2 mRNA (both  WT Jak2 and Jak2V617F)  in  the  BM of  control

(WT and V617F/+), heterozygous and homozygous Jak2V617F mice by quantitative real-time PCR. The

expression of total Jak2 mRNA was significantly reduced in the BM of both heterozygous and homozygous

Jak2V617F mice compared with WT mice (Figure 22C). However, no significant differences were

observed between V617F/+ (control), heterozygous and homozygous Jak2V617F mice. To determine the

allelic ratio of mutant Jak2V617F to WT Jak2 in heterozygous Jak2V617F mice, we directly sequenced the

http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F1
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real-time PCR products of Jak2 cDNA from the BM and the ratio of T/G (T peak identifies the mutant, G

peak identifies the WT allele) was estimated as described previously (Shide et al., 2008) (also described in

“Quantitative PCR and allelic ratio”). Standard curve was generated from known ratios of accurately

measured pMSCV-mouse Jak2WT-IRES-GFP and pMSCV-mouse Jak2V617F-IRES-GFP plasmids (Figure

22D). The standard curve showed the linearity and accuracy of the measurement of the T/G ratio for

determination of the mutant to WT Jak2 allelic ratio. The expression of Jak2V617F mutant  mRNA  was

almost half of the WT Jak2 in the BM of heterozygous Jak2V617F mice (Figure 22E-F).

2.1.4.2 Expression of Jak2V617F in hematopoietic cells results in a PV-like disease

All mice expressing either heterozygous or homozygous Jak2V617F exhibited markedly increased blood

hematocrit, hemoglobin, and red blood cell (RBC) mass that were evident within 4 weeks after pI:pC

injection and sustained for more than 20 weeks (Figure 23A-C). Microcytosis was observed in

heterozygous and homozygous Jak2V617F-expressing mice (Figure 23D). Leukocytosis, neutrophilia, and

thrombocytosis were also observed in both heterozygous and homozygous Jak2V617F-expressing mice,

although increases in the white blood cells (WBCs), neutrophils, and platelets were much more pronounced

in peripheral blood of homozygous Jak2V617F mice compared with heterozygous mice (Figure 23E-G).

Polycythemia was accompanied by significant increase in circulating reticulocytes (∼ 5% in heterozygous

and ∼ 15% in homozygous Jak2V617F mice) (Figure 23H). Serum Epo level was significantly reduced in

both heterozygous and homozygous Jak2V617F mice (Figure 23I), as commonly observed in PV

patients(Birgegard and Wide, 1992; Mossuz et al., 2004). BM cellularity (total BM cell count) was

markedly reduced particularly in homozygous Jak2V617F mice (Figure 23J), probably due to fibrosis in the

BM (see “Discussion”). Both heterozygous and homozygous Jak2V617F mice showed splenomegaly,

although homozygous Jak2V617F expression resulted in much larger spleen size compared with

heterozygous Jak2V617F (Figure 23K). All these features were consistently observed in 100% of the

animals expressing heterozygous or homozygous Jak2V617F.

To examine whether the phenotype observed in the Jak2V617F knock-in mice is cell autonomous, we

transplanted BM or spleen cells (2 × 106 per recipient) from diseased MxCre;V617F/+ mice (which were

backcrossed to C57BL/6 background for 4 generations) 20 weeks post-pI:pC induction into lethally

http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F1
http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F1
http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F1
http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F2
http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F2
http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F2
http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F2
http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F2
http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F2
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irradiated C57BL/6 recipients. Elevated RBCs, hemoglobin, and hematocrit were observed in the recipients

(n = 8) within 4 weeks after transplantation (Table 8). Thus, the phenotype observed in MxCre;V617F/+

mice is cell autonomous.

Histopathologic analyses also revealed polycythemia in mice expressing both heterozygous and

homozygous Jak2V617F. Peripheral blood smears showed increased RBCs, reticulocytes, neutrophils, and

platelets in heterozygous and homozygous Jak2V617F mice, with greater elevations in peripheral blood of

homozygous compared with heterozygous mice (Figure 24A). BM from induced heterozygous and

homozygous Jak2V617F mice showed hypercellularity with trilineage hyperplasia (Figure 24B). Reticulin

staining indicated the presence of mild fibrosis in the BM of older heterozygous Jak2V617F mice (24

weeks after induction) that was noticeably increased in the BM of homozygous Jak2V617F mice (Figure

24C). Spleen sections from heterozygous and homozygous Jak2V617F mice exhibited effacement of

normal splenic architecture with attenuated white pulp and markedly expanded red pulp, increased numbers

of megakaryocytes and clusters of immature erythroid precursors (Figure 24D). Reticulin staining showed

pronounced fibrosis of the white pulp in the spleens of both heterozygous and homozygous Jak2V617F

mice (Figure 24E). Spleens of homozygous Jak2V617F mice showed somewhat increased reticulin fibrosis

in the red pulp compared with that of heterozygous mice (Figure 24E).

Flow cytometric analysis showed an approximately 10-fold increase in CD71/Ter-119–positive populations

in the spleen of heterozygous Jak2V617F mice compared with control (V617F/+) mice (Figure 25A-B).

Spleens of homozygous Jak2V617F mice showed an even greater increase (∼20-fold) in CD71/Ter-119–

positive populations. In addition, there was an increase in myeloid cells (Gr-1/Mac-1–positive) in the

spleens of both heterozygous and homozygous Jak2V617F mice (Figure 25A-B). However, B-cell

populations (B220-positive) were significantly reduced in the BM and spleens of heterozygous and

homozygous Jak2V617F mice compared with control animals (Figure 25A-B). Together, these results

suggest that expression of either heterozygous or homozygous Jak2V617F gives rise to a phenotype closely

resembling human PV.

http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F3
http://bloodjournal.hematologylibrary.org/content/115/17/3589.full?sid=fc1c38a0-ceed-453e-b639-d5ec1414714c#F3
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2.1.4.3 Jak2V617F expression alters the hematopoietic progenitor compartments

To determine how expression of Jak2V617F affects the hematopoietic progenitors, we examined the

hematopoietic progenitor compartments in the BM and spleens of heterozygous and homozygous

Jak2V617F mice. The Lin−Sca1+c-kit+ (LSK) compartment (containing hematopoietic stem cell [HSC]) and

myeloid progenitor populations were significantly increased in both BM and spleen of induced

heterozygous and homozygous Jak2V617F mice compared with control V617F/+ littermates (Figure 26A-

B). Subsequent analyses of myeloid progenitors revealed that megakaryocyte/erythroid progenitors (MEP)

were extensively expanded in mice expressing Jak2V617F (Figure 26A-B). The expansion of MEP

population is more striking in the spleens of homozygous Jak2V617F mice compared with that of

heterozygous Jak2V617F mice. Modest elevation of common myeloid progenitors (CMP) and

granulocyte/macrophage progenitors (GMP) were also observed in the BM and spleen of heterozygous and

homozygous Jak2V617F mice (Figure 26A-B).

Hematopoietic progenitor colony assays showed significant increase in BFU-E, CFU-GM, and CFU-

GEMM colonies in the BM and spleens of heterozygous and homozygous Jak2V617F mice compared with

control animals (Figure 26C). Spleens of homozygous Jak2V617F mice showed greater increase in BFU-E

colonies compared with heterozygous Jak2V617F mice (Figure 26C). We also observed a large number of

Epo-independent CFU-E colonies in the spleens of heterozygous and homozygous Jak2V617F mice

(Figure 26D) indicating the presence of endogenous erythroid colonies (EEC), a hallmark feature of PV

(Prchal and Axelrad, 1974). The number of Epo-independent CFU-E colonies in the spleens of

homozygous Jak2V617F mice was much higher than that of heterozygous Jak2V617F mice, suggesting

that homozygous Jak2V617F expression causes greater expansion of the erythroid progenitors.

2.1.4.4 Differential effects of Jak2V617F gene dosage on cell signaling

To determine the effects of Jak2V617F gene dosage on hematopoietic signaling, we used primary

erythroblasts derived from the BM and spleen of control, heterozygous, and homozygous Jak2V617F mice.

Because Jak2V617F has much greater effects on erythroid progenitors than other hematopoietic progenitors,

primary erythroblasts are more likely to reveal the actual effects of Jak2V617F on signaling that are

relevant to the development of MPN. We obtained approximately 94% pure erythroblasts (CD71-positive)
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after 7 days of culture in an erythroblast medium (Figure 29A). Deletion of the Neo-stop cassette was also

confirmed in the erythroblasts obtained from heterozygous and homozygous Jak2V617F mice by PCR

(Figure 29B).

We analyzed the effect of Jak2V617F expression on total tyrosyl phosphorylation by immunoblotting of

cell lysates from the growth factor starved erythroblasts using anti-phosphotyrosyl antibody. Several

proteins (sizes 125, 95, 85, 73, 68, 56, 44, 42, 30, 28 kDa) exhibited increased tyrosyl phosphorylation

compared with control erythroblasts, suggesting that they might be substrates of the activated Jak2V617F

mutant (Figure 27A). Although the identities of these hyperphosphorylated proteins were not defined, they

might play important role in signaling downstream of Jak2V617F. Marked differences were also observed

in tyrosyl phosphoproteins between heterozygous and homozygous Jak2V617F-expressing erythroblasts

(Figure 27A). Basal activation of Stat5, Akt, and Erk1/2, as monitored by immunoblotting with phospho-

specific antibody, was increased in Jak2V617F-expressing erythroblasts compared with control

erythroblasts (Figure 27B). However, homozygous Jak2V617F expression resulted in much higher

activation of these signaling pathways than heterozygous Jak2V617F. Thus, Jak2V617F activates multiple

downstream signaling pathways known to be important for transformation in a gene dosage-dependent

manner.

2.1.5 Discussion

The identification of the JAK2V617F mutation in most patients with PV, ET, and PMF increased our

understanding  of  the  molecular  basis  of  MPNs.  Initial  studies  using  BMT  assays  showed  that

overexpression of Jak2V617F results in polycythemia (Bumm et al., 2006; Lacout et al., 2006; Wernig et

al., 2006; Zaleskas et al., 2006). However, in contrast to patients with PV, thrombocytosis was absent in the

transplanted animals (Bumm et al., 2006; Lacout et al., 2006; Wernig et al., 2006; Zaleskas et al., 2006).

Recently, 3 groups have generated transgenic mice expressing Jak2V617F (Shide et al., 2008; Tiedt et al.,

2008; Xing et al., 2008). The phenotypes observed in these transgenic mice were variable. Moreover,

incomplete penetrance of the disease was observed in these transgenic mice models. Although informative,

the randomly integrated transgenic mice models have inherent variability in expression patterns and may
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not provide the best genetic context to study the effects of Jak2V617F gene dosage on signaling and MPN

phenotype.

To assess the in vivo effects of Jak2V617F expression at appropriate physiologic gene dosages, we

generated a conditional Jak2V617F knock-in mouse in which the expression of Jak2V617F is under control

of the endogenous murine Jak2 promoter. Heterozygous Jak2V617F expression induces all the features of

human PV in the knock-in mice, including polycythemia due to excessive production of erythrocytes,

increased hematocrit and hemoglobin, neutrophilia, leukocytosis, thrombocytosis, and splenomegaly due to

extramedullary hematopoiesis, and low serum Epo levels (Figure 23). All these features were consistently

observed in 100% of the animals expressing heterozygous Jak2V617F. Thus, heterozygous Jak2V617F

mutation is directly responsible and sufficient for the induction of PV.

Similar to the expression of heterozygous Jak2V617F, expression of homozygous Jak2V617F resulted in a

PV-like phenotype. However, homozygous Jak2V617F expression was associated with a much greater

increase in reticulocytes, leukocytes, neutrophils, and platelets. Splenomegaly was more pronounced in

mice expressing homozygous Jak2V617F compared with heterozygous Jak2V617F. We also observed

markedly increased myelofibrosis (grade 2) in the BM of Jak2V617F homozygous mice, while less

reticulin fibrosis (grade 1) was detected in the BM of Jak2V617F heterozygous mice (24 weeks after

induction) (Figure 24C). Myelofibrosis was evident in the BM of homozygous Jak2V617F mice as early as

10 weeks after induction. Total BM cell counts were significantly decreased in mice expressing

homozygous Jak2V617F (Figure 23J), probably due to increased myelofibrosis in the BM, suggesting that

homozygous Jak2V617F mutation may accelerate the progression of PV to post-PV myelofibrosis. Recent

clinical studies also found an association of JAK2V617F homozygosity with increased leukocytosis, larger

spleen size and secondary myelofibrosis in patients with PV (Tefferi et al., 2006; Vannucchi et al., 2007a).

Patients homozygous for the JAK2V617F mutation exhibited higher leukocyte counts at diagnosis

(Vannucchi et al., 2007a; Vannucchi et al., 2007b). Moreover, leukocytosis was identified as a major risk

factor for thrombosis in patients with PV and ET (Carobbio et al., 2007; Landolfi et al., 2007). Several

studies suggested an association of JAK2V617F homozygosity with thrombosis and major cardiovascular

events in patients with PV and ET,(Carobbio et al., 2009; Finazzi et al., 2007; Vannucchi et al., 2007b)
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although other studies could not find a good correlation between homozygous JAK2V617F expression and

the risk of thrombosis in PV patients (Tefferi et al., 2007; Vannucchi et al., 2007b). We observed that

several mice expressing homozygous Jak2V617F died within one week after induction of expression of the

mutant Jak2V617F allele (data not shown). Postmortem analyses showed thrombosis of atria and ventricles

in the hearts of these animals. Further studies are needed to determine whether homozygous Jak2V617F

expression enhances the chances of cardiac thrombosis.

Quantification of the expression of Jak2V617F and WT Jak2 in the BM of heterozygous Jak2V617F

knock-in mice showed 0.53:1 allelic ratio of mutant Jak2V617F to  WT Jak2 (Figure  22E).  Shide  et  al

observed a low allelic ratio (0.25:1) of Jak2V617F to WT Jak2 in mice with ET, and slightly higher allelic

ratio (∼ 0.45:1) in mice with PV, although one highest expresser in PV group had a ratio of 1:1 (Shide et al.,

2008). Overall, the correlation between expression of mutant allele and the phenotype reported in this study

was not strong (Shide et al., 2008). Tiedt et al observed an allelic ratio of approximately 0.5:1 in mice with

ET-like phenotype and an allelic ratio of approximately 1:1 in mice with PV (Tiedt et al., 2008). Although

the allelic ratio in our heterozygous Jak2V617F mice (mutant to WT = 0.53:1) is lower than the allelic ratio

in transgenic mice with PV (∼ 1:1), and slightly higher than the allelic ratio seen in transgenic mice with ET

(∼  0.5:1),(Tiedt et al., 2008) we consistently observed a PV-like phenotype in all the heterozygous

Jak2V617F mice (n = 40). One major difference between this and the study described by Tiedt et al is the

use of human JAK2V617F transgene as opposed to mouse Jak2V617F used in our Jak2V617F knock-in

mice. There is evidence that the mouse Jak2V617F is more active than the human JAK2V617F, (Tiedt et

al., 2008) therefore, we cannot directly compare our results with the study by Tiedt and colleagues (Tiedt et

al., 2008).

We also have analyzed the effects of Jak2V617F mutation on HSC and progenitor cells. Our results show

that expression of Jak2V617F causes marked expansion of the MEP population in the BM and spleens of

heterozygous or homozygous Jak2V617F mice, although a modest increase in HSC, CMP, and GMP

populations was also observed in these animals (Figure 26A-B). The increase in MEP populations is more

striking in the spleens of homozygous Jak2V617F mice than in heterozygous Jak2V617F mice. The

presence of a huge number of cytokine-independent CFU-E colonies (Figure 26D) in the spleens of
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homozygous Jak2V617F mice suggests a robust expansion of the erythroid progenitors in these animals.

Dupont et al also observed that most homozygous JAK2V617F erythroid progenitors in humans were Epo-

independent and much more sensitive to Epo compared with heterozygous JAK2V617F erythroid

progenitors (Dupont et al., 2007). A previous study indicated that the differentiation potential of PV HSC

was already skewed toward the erythroid lineage (Jamieson et al., 2006). Moreover, enforced expression of

JAK2V617F in human cord blood progenitors resulted in enhanced erythroid colony formation (Geron et

al., 2008). Thus, consistent with previous findings in humans, our current studies suggest a direct link

between expression of Jak2V617F and expansion of erythroid progenitors. Future studies will determine

whether transformation of erythroid progenitors by Jak2V617F would be sufficient to cause PV.

Previous studies have indicated an influence of genetic background on Jak2V617F-induced disease

phenotype (Wernig et al., 2006; Zaleskas et al., 2006). In BMT models, expression of the Jak2V617F in

Balb/c mice resulted in more pronounced leukocytosis, neutrophilia, and myelofibrosis than in C57BL/6

mice (Wernig et al., 2006; Zaleskas et al., 2006). These suggest that host genetic modifiers may act in

concert with Jak2V617F in MPNs. Future studies using our Jak2V617F knock-in mice will determine

whether genetic background alters the MPN phenotype, and identify the host genetic modifiers in MPNs.

Interestingly, recent studies have identified single nucleotide polymorphisms in JAK2 that were associated

with PV or ET (Kilpivaara et al., 2009; Pardanani et al., 2008).

Our results also provide new insight into the effects of Jak2V617F gene dosage on hematopoietic signaling.

Basal activation of Stat5, Akt, and Erk1/2 was significantly enhanced in erythroblast cells expressing

homozygous Jak2V617F compared with heterozygous Jak2V617F (Figure 27B), consistent with the idea

that WT Jak2 might compete with the mutant Jak2V617F protein when coexpressed in the same cells and

that this competition might be lost in homozygous Jak2V617Fexpressing cells (Dupont et al., 2007; James

et al., 2005). Therefore, the degree of activation of downstream signaling pathways would be affected by

the Jak2V617F gene dosage, which may explain the robust expansion of erythroid progenitors, marked

leukocytosis and splenomegaly in mice expressing homozygous Jak2V617F. Future studies will determine

the role and requirement of different signaling molecules/pathways in Jak2V617F-mediated MPN.
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By using a novel inducible Jak2V617F knock-in allele, we have shown that Jak2V617F is primarily

responsible for PV. Whereas heterozygous mouse Jak2V617F expression is sufficient to cause PV,

homozygous Jak2V617F results in a PV associated with increased reticulocytosis, leukocytosis,

thrombocytosis, splenomegaly, and a marked increase in erythroid progenitors. Further studies using this

model should lead to a better understanding of the molecular pathogenesis of Jak2V617F-associated MPNs.

Moreover, our inducible Jak2V617F knock-in mouse provides a unique and reproducible animal model to

test novel therapies for Jak2V617F-associated diseases.
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2.1.6 Figures

Figure 22. Generation of inducible Jak2V617F knock-in mice

(A) The targeted allele contains the floxed PGK-Neo-Stop cassette and the V617F mutation. This allele is
transcriptionally silent, but can be induced in the presence of Cre to generate the activated Jak2V617F
allele.

(B) Constitutive phosphorylation of Stat5 in the BM of induced MxCre;V617F/+ and
MxCre;V617F/V617F mice confirm expression of the mutant Jak2V617F protein.

(C) Expression of total Jak2 mRNA was measured in the BM of WT, V617F/+, MxCre;V617F/+
(heterozygous), and MxCre;V617F/+V617F (homozygous) mice (n = 4) by real-time PCR. Total Jak2
mRNA expression was significantly reduced in the BM of both heterozygous and homozygous Jak2V617F
mice compared with WT mice (P < .05 between WT and heterozygous Jak2V617F, P < .05 between WT
and homozygous Jak2V617F; unpaired t test), whereas there were no significant differences between
V617F/+ and heterozygous or V617F/+ and homozygous Jak2V617F mice.

(D) A standard curve made from known ratios of accurately measured pMSCV-IRES-GFP plasmids
containing mouse Jak2WT and mouse Jak2V617F showing the linearity and accuracy of the measurement
of T/G fluorescence ratio (T-peak identifies the mutant, G-peak identifies the WT allele) for determination
of allelic ratio.

(E) Allelic ratio of the mutant Jak2V617F to WT Jak2 mRNA was determined by the T/G ratio after direct
sequencing of the real-time PCR products from the BM of heterozygous Jak2V617F mice (n = 8).

(F) The chromatograms of 3 sequenced real-time PCR products from the BM of heterozygous Jak2V617F
mice are shown.
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Figure 23. Mice expressing Jak2V617F develop MPN

Peripheral blood hematocrit (A), hemoglobin (B), and RBC (C) counts were significantly increased in
heterozygous and homozygous Jak2V617F mice compared with controls (V617F/+). Mean corpuscular
volume (MCV; D) was significantly reduced in both heterozygous and homozygous Jak2V617F mice
compared with controls (V617F/+). WBC (E), neutrophil (F), and platelet (G) counts were also
significantly increased in both heterozygous and homozygous Jak2V617F mice compared with controls.
However, the WBC, neutrophil, and platelet counts were much greater in peripheral blood of Jak2V617F
homozygous mice compared with heterozygous Jak2V617F mice. Blood counts at 4, 8, 12, 16, and 20
weeks after induction with pI:pC are shown. (n = 30 at all time points for V617F/+ control; n = 30 at all
time points for heterozygous Jak2V617F; n = 10 at 4, 8, 12 weeks, n = 6 at 16 and 20 weeks for
homozygous Jak2V617F mice).

(H) Reticulocyte counts were markedly increased in the peripheral blood of homozygous Jak2V617F mice.

(I) Serum Epo level was significantly reduced in both heterozygous (n = 9) and homozygous Jak2V617F (n
= 6) mice compared with controls (n = 9).

(J) BM cellularity (total BM cell count; was significantly reduced (12 to 16 weeks after induction) in mice
expressing homozygous Jak2V617F. (K) Spleen weight/size was significantly increased in Jak2V617F
heterozygous (n = 20) and homozygous (n = 9) mice compared with controls (n = 20; 12 to 16 weeks after
induction). *Significance between control and heterozygous or between control and homozygous;
**significance between control and homozygous as well as between heterozygous and homozygous
Jak2V617F mice; P < .05 determined by unpaired, 2-tailed Student t test.
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Figure 24. Histopathologic characterization of the MPN induced by Jak2V617F

(A) Peripheral blood smears show increased RBCs, leukocytes, and platelets in induced heterozygous and
homozygous Jak2V617F mice (12 weeks after induction). Leukocytosis and thrombocytosis were more
pronounced in homozygous Jak2V617F mice compared with heterozygous Jak2V617F animals. Arrows
point to reticulocytes.

(B) BM sections from induced Jak2V617F heterozygous and homozygous mice show trilineage hyperplasia
(hematoxylin and eosin staining, ×500).

(C) Reticulin staining on the BM sections (×500) shows mild fibrosis (grade 1) in older Jak2V617F
heterozygous mice (24 weeks after induction), whereas homozygous mice show more reticulin fibrosis
(grade 2) than heterozygous mice.

(D) Spleens from heterozygous and homozygous Jak2V617F mice display extensive destruction of normal
splenic architecture (×40 and ×500) with attenuated white pulp and markedly expanded red pulp, increased
numbers of megakaryocytes, and clusters of immature erythroid precursors.

(E) Reticulin staining of the heterozygous spleen shows increased fibrosis of the white pulp and slight
reticulin fibrosis of the red pulp. Spleens from homozygous mice show pronounced reticulin fibrosis in the
white pulp and also increased fibrosis in the red pulp compared with heterozygous mice.
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Figure 25. Flow cytometric analysis of BM and spleen from mice expressing Jak2V617F

(A) Dot plots demonstrate a marked increase in the Ter-119/CD71–postive populations in the spleens of
heterozygous and homozygous mice compared with control (V617F/+) mice. Modest increases in Gr-
1/Mac-1–positive cells in the spleen of heterozygous and homozygous Jak2V617F mice were observed.
However, B-cell populations (B220-positive) were proportionately decreased in the BM and spleens of
heterozygous and homozygous Jak2V617F mice compared with control animals.

(B) Percentages of myeloid, erythroid, B- and T-lymphoid populations are shown in histograms as mean ±
SEM. Data are presented as percentage of total cells (control, n = 11; heterozygous, n = 11; homozygous, n
= 5). *Significance between control and heterozygous or between control and homozygous; **significance
between control and homozygous as well as between heterozygous and homozygous; significant difference
at P < .05.
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Figure 26. Effects of Jak2V617F on hematopoietic progenitors

(A) Flow cytometric analysis of the LSK compartment (Lin−Sca1+c-kit+) and subsets of myeloid
progenitors including CMP (Lin−Sca1−c-kit+CD34+FcγRII/IIIlo),  GMP  (Lin−Sca1−c-
kit+CD34+FcγRII/IIIhigh), and MEP (Lin−Sca1−c-kit+CD34−FcγRII/III−) in the BM and spleen from control
(n = 8), heterozygous (n = 8), and homozygous Jak2V617F (n = 5) mice.

(B)  Representative  contour  plots  are  shown.  The  percentage  of  LSK,  CMP,  GMP,  and MEP is  shown in
histograms as mean ± SEM. Data are presented as percentage of total cells. *Significance between control
and heterozygous or between control and homozygous; **significance between control and homozygous as
well as between heterozygous and homozygous Jak2V617F mice; significant difference of P < .05.

(C) Hematopoietic progenitor colonies. BM (2 × 104) and spleen (1 × 105) cells from control (n = 6),
heterozygous (n = 6), and homozygous Jak2V617F (n = 5) mice were plated in complete methylcellulose
(Methocult M3434) medium. BFU-E, CFU-GM, and CFU-GEMM colonies were counted on day 7.

(D) Epo-independent CFU-E colonies. Spleen cells (1 × 105) from control, heterozygous, and homozygous
Jak2V617F mice were plated in methylcellulose medium without any cytokine. CFU-E colonies were
counted after 2 days.
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Figure 27. Signaling effects of heterozygous and homozygous Jak2V617F in erythroid progenitors

Primary erythroblasts were derived from the BM and spleen of control (V617F/+), heterozygous, and
homozygous Jak2V617F mice. For signaling studies, erythroblasts were starved in Iscove modified
Dulbecco medium plus 0.5% BSA for 4 hours. Cell lysates were prepared in radioimmunoprecipitation
assay (RIPA) buffer and subjected to immunoblotting with anti-phosphotyrosine (4G10) antibody (A) or
phospho-specific antibodies against Stat5, Akt, and Erk1/2 (B).
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2.1.7 Supplemental figures

Figure 28. Generation of inducible Jak2V617F knock-in mice.

(A) The Jak2WT allele and the targeting vector used are depicted. Targeting vector contains the floxed
PGK-Neo-Stop cassette and the V617F mutation. Neomycin was used for positive selection and Diptheria
toxin A (DTA) for negative selection. The targeted allele is the expected integrated allele. Note the
presence of a novel DraI site for genotyping. This allele is transcriptionally silent, but can be induced in the
presence of Cre to generate the activated allele. (B) PCR and (C) Southern blotting results confirm proper
integration of the targeting vector in the ES clones. (D) Germ-line transmission of the Jak2V617F mutation
was confirmed in F1 generation of mice by PCR followed by DraI digestion.
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Figure 29. Primary erythroblast expressing Jak2V617F

Primary erythroblasts were derived from the BM and spleen of control (V617F/+), heterozygous
(MxCre;V617F/+) and homozygous (MxCre;V617F/V617F) mice (as described in Materials and Methods).
(A) Cells were analyzed by flow cytometry following staining with CD71 and Ter119 to confirm their
erythroid progenitor phenotype. Note that ~94% cells were CD71-positive immature erythroid progenitors.
(B) Deletion of the PGK-Neo-Stop cassette (which results in expression of Jak2V617F) was confirmed in
erythroblasts derived from the BM and spleen of pI:pC induced heterozygous and homozygous Jak2V617F
mice. The presence of the wild type (WT) and deleted (Δ) alleles are shown; the 100bp latter at far left lane
indicates efficient deletion of the PGK-Neo-Stop cassette.
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2.1.8 Supplemental Table

Table 8. The MPN in Jak2V617F knock-in mice is transplantable

BM  or  spleen  cells  (2  ×  106 per recipient) from MxCre;V617F/+ mice (20 weeks after pI:pC induction)

were transplanted into lethally irradiated C57BL/6 recipients. Blood counts were performed 4 weeks after

transplantation. Data are represented as mean ± s.e.m.
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2.2.1 Abstract

The JAK2V617F mutation has been found in most cases of Ph-negative myeloproliferative neoplasms.

Recent studies have shown that expression of Jak2V617F in the hematopoietic compartment causes marked

expansion of erythroid progenitors and their transformation to cytokine-independence. To determine if

erythroid progenitors are the target cells for induction and propagation of Jak2V617F-evoked

myeloproliferative neoplasm, we used a conditional Jak2V617F knock-in mouse and an erythroid-lineage

specific EpoRCre line. Erythroid-specific expression of heterozygous or homozygous Jak2V617F resulted

in a polycythemia-like phenotype characterized by increase in hematocrit and hemoglobin, increased red

blood cells, erythropoietin-independent erythroid colonies and splenomegaly. Transplantation of

Jak2V617F-expressing erythroid progenitors from the diseased mice into secondary recipients could not

propagate the disease. Our results suggest that erythroid lineage-restricted expression of Jak2V617F is

sufficient to induce a polycythemia-like disease in a gene-dose dependent manner. Jak2V617F mutation,

however, does not confer leukemia stem cell-like properties to erythroid progenitors.
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Figure 30. Graphical abstract of section 2.2

Jak2V617F expression causes expansion of HSCs, CMP, GMP, MEP, and erythroid progenitors. To
determine which hematopoietic progenitors serve as cancer stem cells in Jak2V617F mediated PV
phenotypes, those hematopoietic progenitors were FACS purified and transplanted into lethally irradiated
recipient mice. Only recipient mice transplanted with HSCs exhibited PV phenotypes, suggesting that
HSCs are only cancer stem cells in Jak2V617F positive PV.
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2.2.2 Introduction

The somatic JAK2V617F mutation has been detected in approximately 95% patients with polycythemia

vera (PV) and 50–60% patients with essential thrombocythemia (ET) and primary myelofibrosis (PMF)

(Baxter et al., 2005; James et al., 2005; Kralovics et al., 2005; Levine et al., 2005; Zhao et al., 2005).

Retroviral bone marrow transplantation, transgenic and knock-in mice models of Jak2V617F have shown

that Jak2V617F is directly responsible and sufficient to cause PV (Akada et al.,  2010; Marty et al.,  2010;

Mullally et al., 2010; Tiedt et al., 2008; Wernig et al., 2006; Xing et al., 2008), and may contribute to the

pathogenesis of ET and PMF (Li et al., 2010; Tiedt et al., 2008; Xing et al., 2008). Expression of

Jak2V617F resulted in marked expansion of erythroid progenitors and Epo-independent erythroid colonies

in the bone marrow and spleens of Jak2V617F knock-in mice (Akada et al., 2010; Marty et al., 2010;

Mullally et al., 2010).A previous study indicated that the JAK2V617F mutation has an inherent capacity to

skew differentiation of PV hematopoietic stem cells (HSC) towards the erythroid lineage (Jamieson et al.,

2006). Dupont et al. showed that the JAK2V617F mutation triggered Epo hypersentivity and erythroid

amplification in PV hematopoietic progenitors (Dupont et al., 2007; Geron et al., 2008). Furthermore,

enforced expression of JAK2V617F in human cord blood hematopoietic progenitors resulted in enhanced

erythroid colony formation (Geron et al., 2008). Although these studies suggested a direct link between

expression of JAK2V617F and expansion of erythroid progenitors, it was not clear whether expression of

JAK2V617F confers cancer stem cell (CSC)-like properties to erythroid progenitors. In this study, we

specifically expressed Jak2V617F in erythroid progenitors using EpoRCre mouse and determined the

effects of erythroid-lineage restricted expression of Jak2V617F in vivo.

2.2.3 Materials and methods

2.2.3.1 Mice

Conditional Jak2V617F knock-in, (Akada et al., 2010) EpoRCre (Heinrich et al., 2004)and MxCre (Kuhn

et al., 1995) mice were as described. The Jak2V617F knock-in mouse was crossed to the EpoRCre mouse

to generate EpoRCre;V617F/+ (heterozygous Jak2V617F) and EpoRCre;V617F/V617F (homozygous

Jak2V617F) mice. The MxCre;V617F/+ mouse was generated as previously described (Akada et al., 2010).

Mice with C57BL/6 × 129Sv mixed background were used for all experiments except for transplantation
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into secondary recipients, in which MxCre;V617F/+ or EpoRCre;V617F/V617F mice were backcrossed to

C57BL/6 background for 7 generations. All animal studies were approved by the Committee for the

Humane Use of Animals of SUNY Upstate Medical University.

2.2.3.2 Secondary transplantation

The HSC-enriched Lin-Sca1+c-kit+ (LSK) cells, megakaryocyte-erythroid progenitors (MEP; Lin−Sca1−c-

kit+CD34−FcγRII/III−) and granulocyte-monocyte progenitors (GMP; Lin−Sca1−c-kit+CD34+FcγRII/IIIhigh)

from the BM of the diseased MxCre;V617F/+ mice (12 weeks after induction), and the erythroid

progenitors (c-kithighTer119lowCD71high or c-kitlowTer119highCD71high)  from  the  BM  or  spleen  of  diseased

EpoRCre;V617F/V617F mice (12–16 weeks old) were FACS sorted and transplanted along with 105

CD45.1+ wild-type BM cells into lethally irradiated (2 × 550 cGy) CD45.1+ recipient mice. Mice were

maintained on acidified water.

2.2.3.3 Colony-forming assay

BM or spleen cells were plated in methylcellulose medium (Stem Cell Technologies) in the presence or

absence  of  Epo.  BFU-E  colonies  were  scored  on  Day  7.  CFU-E  colonies  were  counted  after  two  days

following staining with benzidine solution (Sigma).

2.2.3.4 Flow cytometry

BM and spleen cells were stained with either PE- or APC-conjugated monoclonal antibodies specific for

Ter119, CD71, CD41, CD61, Mac-1, Gr-1, B220 or Thy-1 (eBioscience, San Diego, CA, USA) for 20 min

on ice. Flow cytometry was performed with an LSRII (Beckton-Deckinson, San Diego, CA, USA) and

analyzed by using FlowJo software (TreeStar, Ashland, OR, USA).

2.2.3.5 Statistical analysis

Results are expressed as mean ± SEM, and data were analyzed by the two-tailed Student’s t-test. P<0.05

was considered statistically significant.

2.2.4 Results and discussion

The conditional Jak2V617F knock-in mouse (Akada et al., 2010) was crossed with the EpoRCre mouse

which had been shown to cause erythroid lineage-restricted expression of Cre recombinase and efficient
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recombination of floxed alleles in erythroid progenitors (Heinrich et al., 2004; Singbrant et al., 2011). To

verify the EpoRCre-mediated expression of Jak2V617F in the hematopoietic compartment, early

progenitors and precursor cells of different lineages from the BM of control, EpoRCre;V617F/+ and

EpoRCre;V617F/V617F mice were sorted by FACS and PCR was performed. These cells represented

HSC-enriched LSK, CMP (common myeloid progenitors), GMP, MEP, erythroid (Ter119+CD71+),

myeloid (Gr-1+), megakaryocytic (CD41+CD61+) and B-lymphoid (B220+) cells. EpoRCre induced the

deletion of the PGK-Neo-stop cassette and resulted in expression of Jak2V617F specifically in the MEP

and Ter119+CD71+ erythroid progenitors in the BM of EpoRCre;V617F/+ and EpoRCre;V617F/V617F

mice (Figure 33). Notably, EpoRCre did not induce expression of Jak2V617F in the megakaryocytic

(CD41+CD61+) cells (Figure 33) suggesting that EpoRCre expression is mainly restricted to erythroid

lineages. To determine the effects of Jak2V617F on erythroid progenitors, three groups of mice were

analyzed: V617F/+ (control), EpoRCre;V617F/+ (heterozygous Jak2V617F) and EpoRCre;V617F/V617F

(homozygous Jak2V617F). Peripheral blood counts were taken at 4, 8, 12 and 16 weeks after birth.

Heterozygous or homozygous expression of Jak2V617F in erythroid progenitors resulted in significant

increases in hematocrit, hemoglobin and red blood cells (RBC) in the peripheral blood within eight weeks

after birth and increased further over time (Figure 31A-C). Homozygous Jak2V617F expression in

erythroid progenitors, however, was associated with a much greater increase in hematocrit, hemoglobin and

RBC levels in peripheral blood compared with heterozygous Jak2V617F expression (Figure 31A-C). White

blood cell (WBC) and platelet counts in the peripheral blood of these mice were comparable to those

observed in control animals (Figure 31D and E). Peripheral blood smears also showed increased RBC and

reticulocytes in mice expressing Jak2V617F, with greater increase in homozygous compared to

heterozygous mice (Figure 31F). Polycythemia was accompanied by a significant increase in spleen size in

mice expressing both heterozygous and homozygous Jak2V617F, although homozygous Jak2V617F

expression in erythroid progenitors resulted in a much larger spleen size compared to heterozygous

Jak2V617F (Figure 31G). Therefore, Jak2V617F expression in erythroid progenitors induced

extramedullary hematopoiesis in mice. Together, these results suggest that erythroid-lineage restricted

expression of Jak2V617F induces a myeloproliferative neoplasm (MPN) in mice.
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Flow cytometric analysis of the BM and spleen from mice expressing Jak2V617F showed significant

increases in CD71+Ter119+ erythroid progenitors compared with control mice (Figure 32A and B).

Expansion of the CD71+Ter119+ population was greater in the spleen than in the BM of Jak2V617F-

expressing mice compared with control animals (Figure 32A and B). Furthermore, homozygous

Jak2V617F expression resulted in significantly greater increases in the CD71+Ter119+ population in the

BM and spleens compared with heterozygous Jak2V617F expression (Figure 32A and B). However,

erythroid-restricted expression of either heterozygous or homozygous Jak2V617F did not cause a

significant increase in myeloid (Gr-1/Mac-1) or megakaryocytic (CD41/CD61) precursors compared with

controls (Figure 32A and B). Therefore, the splenomegaly observed upon EpoRCre-mediated expression of

Jak2V617F in these animals was mainly due to the expansion of erythroid lineage cells.

Histopathological analyses also showed expansion of erythroid precursors in the spleens of

EpoRCre;V617F/+ and EpoRCre;V617F/V617F mice (24–28 weeks old) compared with control animals

(Figure 34, left panels). Reticulin staining indicated the absence of fibrosis in the spleens of these animals

(Figure 34, right panels). In contrast, MxCre-mediated expression of Jak2V617F in all hematopoietic

compartments induced trilineage hyperplasia (expansion of megakaryocytes, erythrocytes and myeloid

cells) and fibrosis in the spleens (Figure 34), as we had previously observed (Akada et al., 2010).

Erythroid-lineage restricted expression of Jak2V617F also resulted in a marked increase in BFU-E and

CFU-E colonies in the BM and spleens in the presence or absence of Epo (Figure 32C and D). Expression

of homozygous Jak2V617F, however, resulted in a significantly larger number of BFU-E and CFU-E

colonies in the BM and spleens compared with heterozygous Jak2V617F (Figure 32C and D). The presence

of a larger number of Epo-independent CFU-E colonies in the BM and spleens of Jak2V617F mice (Figure

32D) suggested that erythroid progenitors were efficiently transformed by Jak2V617F expression. Together,

these data establish that erythroid-specific expression of Jak2V617F is sufficient to transform erythroid

progenitors and induce MPN in mice.

Although HSCs are frequent targets of transformation in leukemogenesis and have the capacity to initiate

the disease, (Bonnet and Dick, 1997; Lapidot et al., 1994) several recent studies suggest that more mature

progenitor cells, which normally lack any potential for self-renewal, could also be an origin of CSC (Guibal
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et al., 2009; Huntly et al., 2004; Krivtsov et al., 2006). The oncogenic mutations may confer self-renewal

properties to committed progenitors in some myeloid malignancies (Guibal et al., 2009; Huntly et al., 2004;

Krivtsov et al., 2006). We have previously shown that the MxCre-mediated expression of Jak2V617F in all

hematopoietic compartments resulted in a PV-like disease associated with a marked increase in MEP and

erythroid progenitors (Akada et al., 2010). We also showed that the MPN disease in MxCre;V617F/+ mice

could be transplanted into secondary recipients (Akada et al., 2010). To determine whether Jak2V617F

expression confers CSC-like properties to committed progenitors (MEP or GMP) or erythroid progenitors,

we performed transplantation experiments. We sorted LSK, MEP and GMP from the BM of diseased

MxCre;V617F/+ mice, and early erythroid progenitors (c-kithighTer119lowCD71high or  c-

kitlowTer119highCD71high) from the BM of diseased homozygous Jak2V617F-expressing

EpoRCre;V617F/V617F mice, and transplanted them into lethally irradiated CD45.1+ wild-type recipient

animals (Figure 35A). Since EpoRCre-mediated expression of Jak2V617F resulted in marked expansion of

the c-kitlowTer119highCD71high population  in  the  spleens  of  mice  (Figure  32A),  we  also  sorted  c-

kitlowTer119highCD71high populations from the spleens of diseased EpoRCre;V617F/V617F mice and

transplanted them into recipient animals. We chose to use the EpoRCre;V617F/V617F over

EpoRCre;V617F/+ mice for secondary transplantation since the disease was much stronger in homozygous

Jak2V617F-expressing EpoRCre;V617F/V617F mice than in the heterozygous EpoRCre;V617F/+ mice.

Peripheral blood parameters were assessed at 4, 8, 12 and 16 weeks post-transplantation. Recipient animals

receiving LSK developed an MPN phenotype characterized by an increase in hematocrit, hemoglobin and

RBC levels in the peripheral blood within four weeks after transplantation and those parameters remained

high over 16 weeks (Figure 35B). In contrast, recipients of MEP or GMP from MxCre;V617F/+ mice or

erythroid progenitors from EpoRCre;V617F/V617F mice showed no sign of disease and their blood

parameters were normal over a period of 16 weeks after transplantation (Figure 35B). Also, the spleen size

was normal in the recipient animals receiving GMP, MEP or eyrthroid progenitors (data not shown).

Analysis of the ratio of Jak2V617F-expressing (CD45.2+) versus wild-type (CD45.1+) cells in the

peripheral blood and BM of the recipient animals at 16 weeks after transplantation showed that, whereas

the majority of the cells in the recipient animals receiving LSK were Jak2V617F-expressing donor-derived

(CD45.2+), all the cells in the peripheral blood and BM of the recipient mice receiving GMP, MEP or
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erythroid progenitors were wild-type CD45.1+ (Figure 35C), indicating that Jak2V617F-expressing GMP,

MEP or eryhtroid progenitors failed to self-renew and could not propagate the disease in the secondary

recipients. It should be noted that the erythroid progenitors cannot be tracked by CD45.1/CD45.2 surface

markers  (Waterstrat  et  al.,  2010),  but  the  failure  to  observe  any sign  of  the  disease  (as  assessed  by  blood

counts; Figure 35B) in secondary recipients strongly indicates that Jak2V617F-expressing erythroid

progenitors are not capable of transferring the MPN phenotype. These results suggest that Jak2V617F

expression does not confer self-renewal or CSC-like properties in committed progenitors (MEP, GMP) or

erythroid progenitors.

In this report, we demonstrate for the first time that expression of Jak2V617F in erythroid progenitors is

sufficient to induce MPN-like disease in mice. Whereas heterozygous Jak2V617F expression in erythroid

progenitors resulted in a mild form of MPN, homozygous Jak2V617F expression caused a significant

increase in hematocrit, hemoglobin and RBC counts associated with marked expansion of erythroid

progenitors  in  the  BM  and  spleens,  and  transformation  of  erythroid  progenitors  characterized  by  large

numbers of Epo-independent CFU-E colonies (Figure 31 and Figure 32). These results suggest that

Jak2V617F homozygosity enhances erythroid expansion and renders erythroid progenitors more Epo-

independent. These findings are consistent with the earlier observation that most homozygous JAK2V617F

erythroid progenitors in human PV patients were Epo-independent and more sensitive to Epo compared to

heterozyzygous JAK2V617F erythroid progenitors (Dupont et al., 2007). Notably, the phenotypes observed

upon erythroid lineage-restricted expression of Jak2V617F in mice were less strong than those observed

with MxCre-mediated expression of Jak2V617F in all hematopoietic compartments including HSC (Akada

et al., 2010). We and other investigators have observed that Jak2V617F-expressing HSCs are capable of

initiating and transferring the MPN in secondary and tertiary recipients (Figure 35) (Mullally et al., 2010).

The failure to propagate the MPN into secondary recipients that received the GMP, MEP from the diseased

MxCre;V617F/+ mice or erythroid progenitors from the diseased EpoRCre;V617F/V617F mice indicate

that Jak2V617F does not confer self-renewal capacity to committed progenitors (GMP, MEP) or erythroid

progenitors. Our results suggest that both HSCs and erythroid progenitors may be the targets of Jak2V617F

but only HSCs have the unique capacity to self-renew and propagate the MPN disease in mice.
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2.2.5 Figures

Figure 31. Erythroid lineage-restricted expression of Jak2V617F induces MPN in mice.

Peripheral blood (A) hematocrit, (B) hemoglobin, (C) RBC, (D) WBC and platelets (E) were assessed at 4,
8, 12 and 16 weeks after birth in control, Jak2V617F heterozygous (EpoRCre;V617F/+) and homozygous
(EpoRCre;V617F/V617F) mice (n=9). (F) Wright-Giemsa staining of the blood smears (1000X) shows
increased RBCs and reticulocytes in mice expressing Jak2V617F. Arrowheads point to reticulocytes. (G)
Spleen weight was significantly increased in Jak2V617F heterozygous (n=8) and homozygous (n=8) mice
compared with controls (n=8). Asterisks indicate significant differences (P<0.05) by unpaired, two-tailed
Student’s t-test (*significance between control and heterozygous, **indicates significance between control
and homozygous as well as between heterozygous and homozygous Jak2V617F mice).
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Figure 32. Erythroid-specific expression of Jak2V617F significantly expands erythroid compartment.

(A) Representative dot plots show a significant increase in CD71+Ter119+ erythroid populations in the BM
and spleens of mice expressing heterozygous or homozygous Jak2V617F compared with controls.

(B) Percentages of myeloid (Gr-1/Mac-1), erythroid (Ter119/CD71), megakaryocytic (CD41/CD61), and
lymphoid (B220/Thy-1) populations are shown in histograms. Data from 5 independent experiments are
presented as mean ± SEM.

(C and D) BM and spleen cells from control, heterozygous and homozygous Jak2V617F mice were plated
in methylcellulose medium in the presence or absence of Epo. BFU-E colonies (C) were counted on Day 7.
Epo-independent CFU-E colonies (D) were counted after two days. Results from 8 independent
experiments are presented as mean ± SEM. Asterisks show significant differences by unpaired, two-tailed
Student’s t-test (*P<0.05 and **P<0.005). Notably, homozygous Jak2V617F expression resulted in
significantly greater expansion of erythroid progenitors and Epo-independent CFU-E colonies compared
with heterozygous Jak2V617F.
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2.2.6 Supplemental figures

Figure 33. EpoRCre induces deletion of the loxP flanked cassette in MEP and erythroid progenitors
only.

Deletion of the loxP flanked PGK-Neo-Stop cassette  was  analyzed  in  FACS  sorted  LSK,  CMP,  GMP,
MEP,  Ter119 + CD71 + ,  Gr-1 + , CD41 + CD61 + and  B220 + cells  from  control,  EpoRCre;V617F/+,
and EpoRCre;V617F/V617F mice BM by PCR. The presence/expression of the wild-type (WT) and
Jak2V617F  (V617F)  alleles  are  shown.  Note that  EpoR-Cre  mediated  recombination/deletion of the
PGK-Neo-Stop cassette with subsequent expression of Jak2V617F was observed specifically in MEP and
erythroid (Ter119 + CD71 + ) populations.



  2.2 Erythroid lineage-restricted expression of Jak2V617F is sufficient to induce a myeloproliferative disease in mice

87

Figure 34. Histopathological analyses.

Hematoxylin and eosin (H&E) staining shows expansion of erythroid precursors in the spleens of
EpoRCre;V617F/+ and EpoRCre;V617F/V617F mice compared with controls (left panels;500X). Reticulin
staining demonstrates the absence of fibrosis in the spleens of these animals (right panels; 500X). H&E
staining   of   spleen   sections   from   induced   MxCre;V617F/+   mice   display   increased   numbers   of
megakaryocytes, erythrocytes and myeloid cells (left bottom panel; 500X) and reticulin staining shows the
presence of fibrosis in the spleens of MxCre;V617F/+ mice (right bottom panel; 500X).
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Figure 35. Jak2V617F-expressing committed progenitors (GMP, MEP) or erythroid progenitors
could not transfer the disease into secondary recipients.

(A) Experimental design for transplantation of LSK, GMP, MEP, or erythroid progenitors into secondary
recipients. Sorted LSK (2 x 10 4 ), MEP (2 x 10 4 ), or GMP (2 x 10 4 ) from the MxCre;V617F/+ mice or
erythroid progenitors (10 5 ) from the EpoRCre;V617F/V617F  mice  were  mixed  with  CD45.1 + wild-
type  BM  cells  (10 5 )  and  transplanted  into  lethally  irradiated  recipient  mice (CD45.1 + ).

(B) Peripheral blood hematocrit, hemoglobin and RBC counts at 4, 8, 12, and 16 weeks after
transplantation are shown.

(C) Representative contour plots on the ratio of CD45.2 + to CD45.1 + in all hematopoietic cells (global)
and in Gr-1 + population in the peripheral blood and BM are shown (upper panels). Histograms show
percentage of CD45.2 + cells (calculated as CD45.2 + /CD45.1 + plus CD45.2 + ) in the peripheral blood
leukocytes  and  BM  of  recipient  animals  (lower  panels).  Results  are  shown  as  mean  ±  SEM.  Note  that
Jak2V617F confers self-renewal capacity only to LSK but not GMP, MEP or erythroid progenitors.
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1. Jak2 deficiency leads to bone marrow failure and early death in adult mice.
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4. HSCs function is significantly impaired by Jak2 deficiency.

5. Jak2 maintains HSCs by regulating several HSCs-related canonical pathways.
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2.3.1  Abstract

Hematopoietic stem cells (HSCs) play an essential role in the long-term maintenance of hematopoiesis.

Various intracellular signaling proteins, transcription factors and extracellular matrix proteins contribute to

the maintenance and function of HSCs. Jak2, a member of the Janus family of non-receptor protein tyrosine

kinases, is activated in response to a variety of cytokines. It has been shown that germ-line deletion of Jak2

results in embryonic lethality. However, the role of Jak2 in the maintenance and function of adult HSCs has

remained elusive. Understanding the normal function of Jak2 in adult HSC/progenitors is of considerable

significance since mutations in Jak2 have been associated with several myeloproliferative neoplasms

(MPNs), and most patients treated with Jak2 inhibitors exhibit significant hematopoietic toxicities.

      To assess the role of Jak2 in adult HSCs, we have utilized a conditional Jak2 knock-out (Jak2 floxed)

allele and an inducible MxCre line that can efficiently express Cre recombinase in adult HSC/progenitors

after injections with polyinosine-polycytosine (pI-pC). We have found that deletion of Jak2 in adult mice

results in pancytopenia and 100% lethality within 25 to 42 days after pI-pC induction. Analysis of the

HSC/progenitor compartments revealed that Jak2-deficiency causes marked decrease in HSC

compartments starting from long-term HSCs. We have found that deletion of Jak2 leads to increased

apoptosis in HSCs and cell cycle entry, indicating loss of quiescence in HSCs. Furthermore Jak2-deficient

bone marrow cells were severely defective in reconstituting hematopoiesis in lethally-irradiated recipient

animals. We also have confirmed that the requirement for Jak2 in HSCs is cell-autonomous. Phospho flow

analysis on HSC-enriched LSK (lin-Sca-1+c-kit+) cells revealed that Jak2 deficiency resulted in perturbation

in TPO and SCF mediated signalings. We observed significantly increased intracellular reactive oxygen

species (ROS) levels and enhanced activation of p38 MAPK in Jak2-deficient LSK cells. Treatment with

ROS scavenger N-acetyl cysteine partially rescued the defects in Jak2-deficient HSCs in reconstituting

hematopoiesis in lethally irradiated recipient animals. Gene expression analysis revealed significant

downregulation of HSC-specific gene sets in Jak2-deficient LSK cells. Taken together, our data strongly

suggest that Jak2 plays a critical role in the maintenance of quiescence, survival and self-renewal of adult

HSCs.
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Figure 36. Graphical abstract of section 2.3

1. Jak2 positively regulates HSC quiescence and HSC maintenance-related pathways, such as Tpo
signaling, TGF-beta1, and PI3K pathways.

2. In addition, Jak2 negatively regulates ROS production, HSC cell cycle entry, and apoptosis.

3. Together, Jak2 plays a pivotal role of HSC maintenance. Thus, inhibition of Jak2 may causes defects
in hematopoiesis through HSCs inhibition.
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2.3.2 Introduction

Hematopoiesis regulated by various cytokines, cytokine receptors, intracellular signaling proteins, and

transcription factors is the process by which HSCs provide all kinds of mature blood cells throughout the

life. Majority of HSCs are preserved in quiescence to maintain their number and self-renewing ability

throughout the lifetime. HSCs enter cell cycle as the activated HSCs only when multi-hematopoietic

differentiation is required. Several oncogenic mutations have found that they transform HSCs or

hematopoietic progenitors into leukemic stem cells which have a potential to propagate disease. Bcr-Abl

mutation in Philadelphia positive (Ph+) myeloproliferative neoplasms (MPNs) has been found that it

transforms granulocyte-macrophage progenitor (GMP) into disease initiating cells (Jamieson et al., 2004;

Minami et al., 2008). Targeting specific gene in CSCs by an inhibitor has become ideal strategies in

treating hematopoietic malignancies. As a somatic point mutation V617F in Janus kinase 2 (Jak2) has been

found in a majority of Philadelphia negative (Ph-) myeloproliferative neoplasms (MPNs) patients, several

Jak2 inhibitors have been developed and tested in clinical trials. However, Jak2 inhibitor treatment causes

hematopoietic toxicities with limited clinical outcome. In order to understand the molecular pathogenesis of

Jak2V617F, several groups have generated conditional Jak2V617F knock-in mouse model and investigated

that oncogenic Jak2 transforms HSCs into CSCs to develop MPNs (Akada et al., 2010; Li et al., 2010;

Marty et al., 2010; Mullally et al., 2010; Mullally et al., 2012). Therefore, it is critical to effectively target

HSC-derived CSCs in order to have better clinical outcome for Jak2V617F positive MPNs. Understanding

how Jak2 contributes HSC maintenance enriches the basic knowledge of HSC regulation and also those

data provides the direction of how Jak2V617F positive CSCs should be targeted.

Jak2  is  a  member  of  Janus  kinase  (Jak)  family  of  non-receptor  protein  tyrosine  kinases  that  initiate  a

signaling cascade for signal transduction upon a ligand binding to a corresponding receptor. JAK/STAT

pathway serves as an important signal transduction upon external ligand binding, such as cytokine.

Extensive studies by genetic and biochemical approaches revealed the association of Jak family to specific

cytokine receptors (Murray, 2007; Quintas-Cardama et al., 2011). The role of Jak2 in fetal liver

hematopoiesis was studied with the conventional Jak2 knock-out mouse. The studies of Jak2 null mice in

fetal liver hematopoiesis show that Jak2 is essential protein in responses of IL-3, GM-CSF, IL-5, and Tpo,
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but not G-CSF (Parganas et al., 1998). In addition, the role of zebrafish Jak2a, homolog of mammalian

Jak2, was examined and suggested that Jak2 is important in definitive hematopoiesis (Ma et al., 2007; Sung

et al., 2009). More recently, Park et al investigated the role of Jak2 in adult hematopoiesis by using both

germ line and Tamoxifen inducible deletion model. They found that the loss of Jak2 caused HSCs

reduction in adult stage at day 56 after Tamoxifen treatment, but hematopoietic defects was restored at day

120. Reversible Jak2 deficiency they reported may be explained by incomplete Jak2 deletion in

hematopoietic stem cells as they provide Jak2 deletion in only bone marrow but not in HSCs (Park et al.,

2013). Therefore, the comprehensive mechanism of how Jak2 maintains HSCs in mammalian adult

hematopoietic stem cells has been only assumed and remained unanswered for long time, since the two

report in 1998 showed Jak2 knock-out mouse was embryonic lethal (Neubauer et al., 1998; Parganas et al.,

1998). In this report, we address the role of Jak2 in HSCs function and maintenance by using conditional

Jak2 knock-out mice. We found that Jak2 deficiency caused early mortality and severe HSC malfunction,

including reduction in LTHSC number, loss of quiescence, and induction of apoptosis. We also observed

the multiple pathways which have been correlated with HSC maintenance were perturbed by loss of Jak2 in

HSCs. Our data demonstrate that loss of Jak2 caused irreversible HSC malfunction causing fatal bone

marrow failure, thus, Jak2 plays critical role in adult hematopoiesis by maintaining HSC function.

2.3.3 Materials and methods

2.3.3.1 Mice

Conditional Jak2 flox (Jak2fl/fl) was kindly provided by Dr. Wagner (Krempler et al., 2004). Jak2fl/fl mice

was subsequently intercrossed with MxCre to generate MxCre;Jak2fl/fl and maintained as C57BL6/J strain.

Cre expression was induced by intraperitoneal injection of 5 doses of 300 mg of polyinosine-polycytosine

(pI;pC, Amersham). Congenic C57BL6/J (CD45.2) and BL6.SJL-Ptprca Pep3b/BoyJ (CD45.1) mice were

purchased from Jackson laboratory (Bar Harbor, NE). All animal studies were approved by the Committee

for the Humane Use of Animals of SUNY Upstate Medical University.

2.3.3.2 Blood and tissue analysis

Peripheral blood cell counts were determined using Hemavet 950FS (Drew Scientific). Blood smears were

stained with Wright-Giemsa. For histopathologic analysis, mouse tissue specimens were fixed in 10%



                        2.3 Critical Role of Jak2 in The Maintenance and Function of Adult Hematopoietic Stem Cells

94

neutral-buffered formalin and embedded in paraffin. Tissue sections (4 mm) were stained with hematoxylin

and eosin.

2.3.3.3 Flow cytometry

Single cell-suspensions were prepared from BM and spleen and red cells were lysed with red cell lysis

solution. Cells were washed and resuspended in PBS plus 2% FBS, and stained for 20 min on ice with

directly conjugated (either PE or APC) monoclonal antibodies specific for Ter119, CD71, CD61, CD41,

Mac-1,  Gr-1,  B220,  Thy-1,  CD4,  or  CD8.  For  LTHSC/progenitor  analysis,  BM  cells  were  stained  for  1

hour on ice with antibodies against c-Kit, Sca-1, CD34, CD16/32 (FcγR II/III), CD41, CD48, CD150,

CD135, and antibodies against lineage (Lin) markers including CD3, CD4, CD8α, CD19, B220, Gr-1,

CD127, and Ter119. BrdU incorporation in LSK was determined with the FITC BrdU Flow Kit (BD

Pharmingen) according to the manufacturer’s protocol. For Hoechst 33342 (HO; Sigma-Aldrich) and

Pyronin Y (PY; Sigma-Aldrich) staining, magnetic activated cell sorting (MACS; Miltenyi) enriched Lin-

cells were stained with LSK surface markers along with HO/PY in the presence of verapamil (Sigma-

Aldrich). For apoptosis analysis with Annexin V staining, BM cells were stained with LSK surface markers

and washed with binding buffer and incubated with Annexin V. Analysis of thrombopoietin receptor

(TpoR) expression in LSK was performed by staining TpoR (Millipore) followed by FITC-conjugated

rabbit  antibody.  To  analyze  signaling  in  LSK  cells,  MACS  enriched  Lin- cells  were  starved  for  1  hour

before stimulation with stem cell factor (SCF, 50 ng/ml) or thrombopoietin (TPO, 50 ng/ml) for 5 or 15

minutes. Cells were fixed with 4% paraformaldehyde, permeabilized with acetone, and then stained with

LSK surface makers in the presence of phospho-specific antibodies (Cell Signaling Technology). For all

flow  cytometry,  in  order  to  have  enough  cells  for  the  analysis  of  LSK,  BM  cells  were  obtained  by  the

crushing of multiple bones (femurs, tibia, pelvic, and spine). All antibodies were purchased from BD

Pharmingen, eBioscience or BioLegend. Flow cytometry was performed with an LSRII (Beckton-

Deckinson, San Diego, CA) and analyzed by using FlowJo software (TreeStar, Ashland, OR).

2.3.3.4 Colony-forming assays

BM (2 X104) cells were plated in duplicate in complete methylcellulose medium (MethoCult M3434;

StemCell Technologies). Burst-forming units-erythroid (BFU-E), granulocyte-macrophage colony-forming
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unit (CFU-GM), and colony-forming unit-granulocyte, erythrocyte macrophage, megakaryocyte (CFU-

GEMM) colonies were scored on day 7. To detect erythropoietin (EPO)-dependent colony-forming unit

(CFU-E) colonies, BM cells (2X104) were plated in duplicate in methylcellulose medium (MethoCult

M3234; StemCell Technologies) with Epo. CFU-E colonies were counted after 2 days by staining with

benzidine solution (Sigma-Aldrich). To detect colony-forming unit megakaryocyte (CFU-Mk), BM cells

were plated according to manufacturer’s protocol in duplicate in collagen based media (MegaCult;

StemCell Technologies) with IL-6, IL-11, and Tpo. Analysis of CFU formation with individual cytokines

was performed in duplicate in methylcellulose medium (MethoCult M3234; StemCell Technologies) with

SCF, IL-3, GM-CSF, G-CSF, or M-CSF. Cobblestone area-forming cell (CAFC) was quantified by long

term culture initiating cell (LTC-IC) assay according to manufacturer’s protocol (MyeloCult M5300;

StemCell Technologies).

2.3.3.5 BM transplantation assays

For limiting dilution BM transplantation (BMT) assay, serially diluted BM from CD45.2 control or pI;pC

induced MxCre;Jak2fl/fl was transplanted into lethally irradiated CD45.1 recipient by retro-orbital injection

without competitor. For competitive repopulating unit BMT assay, BM from CD45.2 control or pI;pC

induced MxCre;Jak2fl/fl with CD45.1 competitor BM cells was mixed in 1:1 or 1:10 (CD45.1:CD45.2)

ratio and transplanted into lethally irradiated CD45.1 recipient by retro-orbital injection. For cell

autonomous BMT assay, BM from CD45.2 control or MxCre;Jak2fl/fl without pI;pC were transplanted

without competitor or mixed with CD45.1 competitor BM cells in 1:1 ratio and transplanted into lethally

irradiated CD45.1 recipient by retro-orbital injection. Recipient mice were injected with 5 doses of pI;pC 4

weeks after BMT. Chimerism was measured in peripheral blood in every 4 weeks and in BM after 12

weeks by CD45.2 and CD45.1 expression.

2.3.3.6 Microarray analysis and Quantitative real time PCR assay

Total  RNA  was  extracted  by  using  Quiagen  RNeasy  Mini  kit  from  FACS  sorted  LSK  from  control  or

MxCre;Jak2fl/fl mice. The quality and quantity of total RNA samples was assessed by running an RNA

6000 Pico Chip on the Agilent Bioanalzyer. Total RNA samples were processed using the Ovation Pico

WTA System V2 (NuGEN Technologies), which generated amplified cDNA. The cDNA was then
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fragmented and biotin labeled with the Encore Biotin Module (NuGEN Technologies). The labeled cDNA

was  added  to  a  hybridization  cocktail,  which  was  injected  into  a  GeneChip  Mouse  Gene  1.0  ST  Array

(Affymetrix). The arrays were incubated at 45oC with rotation in an Affymetrix GeneChip Hybridization

Oven 645.  After 18 hours of incubation, the arrays were washed and stained on an Affymetrix Fluidics

Station 450 using fluidics protocol FS450_0007, with reagents from the Affymetrix Wash and Stain Kit.

The arrays were then scanned with the Affymetrix GeneChip Scanner 7G Plus. Initial QC data analysis was

performed with Affymetrix Gene Expression Console Software. Gene ontology (GO) analysis was

performed based on 1-way ANOVA (random effects) analyses by Partek Discovery Suite software (Partek,

St. Louis, MO). Criteria for genes considering differently expressed was 1.4 fold differences with p<0.05.

Heatmap was generated by using MultiExperiment Viewer (MeV) software available from

(http://www.tm4.org/mev.html). For pathway analysis, gene set enrichment analysis (Subramanian et al.,

2005) was performed with GSEA v2.08 software available from the Broad Institute

(http://www.broad.mit.edu/gsea). We performed GSEA with signal-to-noise ratio with 1000

permutations by gene sets for statistical quantification.

Total RNA will be extracted from sorted LSK by RNeasy Mini Kit (Qiagen) and reverse transcribed by

using QuantiTect Reverse Transcription kit (Qiagen). Quantitative real-time PCR will be performed by

using  SYBR  Green  PCR  master  mix  (Applied  Biosystems)  and  the  results  will  be  analyzed  by  delta  CT

method compared to control LSK.

2.3.3.7 Statistical Analysis

Results are expressed as mean ± SEM, and data were analyzed by the 2-tailed Student t test. A value of P

less than .05 was considered to be statistically significant.

2.3.4 Results

2.3.4.1 Jak2 deficiency results in irreversible fatal hematopoietic defects in adult mice

Recently, Park et al demonstrated the role of Jak2 in adult hematopoiesis by using conditional Jak2 knock-

out mice (Park et al., 2013). However, the comprehensive analysis of the role of Jak2 in adult

hematopoietic stem cells remains largely unknown. To investigate the role of Jak2 in adult hematopoietic

http://www.tm4.org/mev.html
http://www.broad.mit.edu/gsea
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stem cells, we crossed Jak2 flox mice (Krempler et al., 2004) with MxCre mice (Kuhn et al., 1995), which

expresses Cre recombinase under the control of Mx1 promoter, to generate Jak2 conditional knock-out

mice (MxCre;Jak2flox/flox). Jak2 was successfully deleted in BM by 5 doses of pI;pC induction (Figure

37A-B). MxCre;Jak2flox/flox mice treated with pI;pC (referred to hereafter as “Jak2 deficient mice”)

exhibited growth abnormality as well as defects in multiple hematopoietic organs, including decrease in

BM cellularity , spleen size, and thymus size compared to control mice (Figure 37C-D). Unlike previously

reported by Park et al that their Tamoxifen induced Jak2 deletion caused death in only 20% of Jak2

deficient mice, the mean survival day of our Jak2 deficient mice was 37 days after first pI;pC injection,

thus all our analysis was done at 28 days after 1st pI;pC induction unless otherwise specified (Figure 37E).

Jak2 deficient mice exhibited severe BM aplasia and pan-cytopenia (Figure 37F-G). Flow cytometric

analysis revealed that Jak2 deficiency caused significant reduction in erythroid (Ter119+CD71+) and

megakaryocyte (CD61+CD41+) precursors (Figure 38A). In addition, colony forming assay from BM

revealed that Jak2 deficient BM was incapable to generate hematopoietic progenitors in the presence of

cytokine stimulations. The number of hematopoietic progenitors, CFU-E, BFU-E, CFU-GM, CFU-GEMM,

and CFU-Mk from Jak2 deficient BM was significantly lower than control (Figure 38B). Jak2 deficient BM

was also incapable to respond SCF, IL-3, GM-CSF, G-CSF, and M-CSF for progenitor production.

2.3.4.2 Jak2 deficiency results in marked reduction of HSC and progenitors in adult mice

In order to further investigate the role of Jak2 in adult hematopoietic stem cells, we analyzed the effect of

Jak2 deficiency in HSCs and early progenitors by FACS. Jak2 deficiency leads to significant reduction in

LSK (HSC pools), common lymphoid progenitors (CLPs), and myeloid progenitors, including common

myeloid progenitors (CMPs), granulocyte-macrophage progenitors (GMPs), and megakaryocyte-erythroid

progenitors (MEPs) (Figure 39A). More importantly, Jak2 deficiency caused marked decrease in long-term

HSCs (LTHSCs), the earliest stage of hematopoiesis, short-term HSCs (ST-HSCs), and multipotential

progenitors (MPP), suggesting that the hematopoietic defects in Jak2 deficient mice was predominantly

originated from a reduced number of LTHSCs (Figure 39B-C). To eliminate the non-hematopoietic

contribution resulting from MxCre mediated Jak2 deletion, we also crossed Jak2flox mice with VavCre,

which constitutively deletes loxp cassettes from hematopoietic cells, to obtain VavCre;Jak2flox/flox mice.

However, we never obtain VavCre;Jak2flox/flox mice, suggesting constitutive deletion of Jak2 from
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hematopoietic cells is an embryonic lethal as previously reported by using conventional Jak2 knock-out

mice

Table 9) (Neubauer et al., 1998; Parganas et al., 1998). Therefore, to exclude the possible contribution of

defective microenvironmental niche in hematopoietic defects seen in Jak2 deficient mice, BM from

MxCre;Jak2flox/flox mice prior to pI;pC injection was transplanted into lethally irradiated WT recipients,

and Jak2 in donor derived cells was deleted by 5 doses of pI;pC induction four weeks after BMT (Figure

40A). The number of LTHSCs was significantly reduced in recipient mice transplanted with

MxCre;Jak2flox/flox BM, suggesting that the HSCs reduction in Jak2 deficient mice was cell-autonomous

and exclusively due to loss of Jak2 in hematopoietic compartment. Furthermore, we transplant WT BM into

MxCre;Jak2flox/flox recipient mice and delete Jak2 from non-hematopoietic compartment four weeks after

BMT. It revealed that there was no significant decrease in WT LTHSCs number compared with control

recipient mice, suggesting that loss of Jak2 in non-hematopoietic compartment is dispensable in HSCs

number (Figure 40B).

2.3.4.3 Jak2 maintains quiescence and survival in adult LSK cells but dispensable in LK cells

The status of cell cycle and apoptosis was analyzed to investigate the cause of LSK (HSC pools) reduction

in Jak2 deficient mice. BrdU incorporation assay revealed that Jak2 deficient LSK cells were

approximately twice more in S phase and were significantly lesser in G0/G1 phase, suggesting that Jak2

deficient HSCs entered cell cycle due to loss of quiescence (Figure 41A). The loss of quiescence in Jak2

deficient LSK cells was further validated by more detailed cell cycle analysis with Hoechst 33342 and

Pyronin Y, which revealed that far less Jak2 deficient LSK cells were in G0 phase and more in SG2M phase

(Figure 41B). In addition, analysis of apoptosis by Annexin-V staining showed that Jak2 deficient LSK

cells undergoes ten times more apoptosis than control LSK cells, more likely due to the loss of quiescence

(Figure 41C). Interestingly, Jak2 deficiency does not affect the status of quiescence or survival in LK cells

(Figure 42A-C). These data suggested that increased cell cycle entry by reducing the number of quiescent

HSCs pool along with an induction of apoptosis contributed the severe reduction in HSCs number.
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2.3.4.4 Jak2 deficiency severely impairs long term engraftment and self-renewing capacity of
adult hematopoietic stem cells

To determine the role of Jak2 in the HSC function, we measured the frequency of primitive progenitors in

vitro using the CAFC assay. CAFC frequency in Jak2 deficient BM was 1 in 92463 (1.081 X 10-5)

compared to 1 in 25866 (3.866 X 10-5) in control BM (Figure 43A), which correlated to observed reduction

in HSC number in Jak2 deficient BM. In order to assess in vitro the hematopoietic multi-differentiation,

FACS sorted LSK cells from Jak2 deficient mice were plated into complete methocult media. The number

of colonies from Jak2 deficient LSK was significantly lower than those of controls, suggesting defective

multi-hematopoietic differentiation (Figure 43B). Furthermore, Jak2 deficient BM functionality was

determined by in vivo transplantation assay. To assess the engraftment capability, transplantation without

competitor BM was performed and showed that Jak2 deficient BM failed to engraft in recipient mice even

20 times more BM was introduced (Figure 43C). The minimum number of WT BM required to sustain

irradiated recipient was 1X105 cells,  yet,  transplantation  of  2X106 BM cells from Jak2 deficient mice,

which supposed to contain more HSC than 1X105 BM cells from control mice, could not maintain recipient

mice. This data suggest that Jak2 deficient HSCs are functionally defective to hematopoietic reconstitution.

Competitive repopulating unit assay was performed to evaluate the function of Jak2 deficient hematopoietic

cells. BM from CD45.2 control or Jak2 deficient mice was mixed with CD45.1 competitor in 1:1 or 1:10

(CD45.1:CD45.2) ratio and transplanted into lethally irradiated CD45.1 recipients for a chimerism analysis

in peripheral blood every four weeks after BMT (Figure 44A). Chimerism analysis revealed that Jak2

deficient donor derived myeloid, B cells, and T cells were significantly lower and progressively decreased

in recipient even in 1:10 ratio CRU. BM analysis of LSK revealed that Jak2 deficient BM failed to

repopulate in recipients even at 1:10 ratio (Figure 44B).

To understand whether transplantation failure seen in previous CRU assay relying on defect predominantly

in engraftment, we also tested CRU by deleting Jak2 after transplantation (Figure 45A). BM from CD45.2

control or uninduced MxCre;Jak2flox/flox mice was mixed with CD45.1 competitor in 1:1

(CD45.1:CD45.2) ratio and transplanted into lethally irradiated CD45.1 recipients. Jak2 was deleted with 5

doses of pI;pC injection four weeks after BMT for chimerism analysis in peripheral blood every four weeks.

We observed progressive decline in number of Jak2 deficient myeloid, B cells, and T cells in recipient
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compared to control. Also, BM analysis revealed that Jak2 deletion caused marked reduction of LSK in

recipient mice (Figure 45B). Furthermore, we have performed serial BMT assay to assess self-renewing

ability by transplantation of CD45.2+ FACS sorted cells from primary recipient mice. All mice received

Jak2 deficient CD45.2+ population died within 14 days. These data suggest that Jak2 deficient BM has

defects in not only engraftment failure but also it has profound multi-lineage differentiation failure in vivo.

Altogether, Jak2 deficiency resulted in not only the reduction in number of HSCs, but also it led severe

functional impairment of hematopoietic stem cells.

2.3.4.5 Jak2 deficiency impairs Tpo and SCF signaling in LSK cells

Defects in HSCs maintenance through disruption of quiescence seen in Jak2 deficient mice led us to

interrogate two major signaling pathways, Tpo/TpoR and SCF-Kit, which has previously implicated in

HSCs maintenance (Qian et al., 2007; Weiler et al., 1996; Yoshihara et al., 2007; Zhu et al., 2011). We first

confirmed the TpoR expression in Jak2 deficient HSCs, since previous report suggested that Jak2 protected

TpoR expression in cell surface (Royer et al., 2005). Our FACS analysis suggested that Jak2 is dispensable

in TpoR expression in HSCs (Figure 46A). Both control and Jak2 deficient HSCs had a comparable level of

TpoR expression. However, as expected, we observed that complete defect in Tpo mediated activations of

Stat5, Mapk, and Akt in Jak2 deficient LSKs (Figure 46B). On the other hands, unlike TpoR receptor, c-Kit

receptor expression was markedly reduced in Jak2 deficient lin-Sca-1+CD41-CD48-CD150+ cells (Figure

46C). SCF mediated activation of Stat5 was not detectable even in control HSCs. The activations of Mapk

and Akt by SCF were markedly reduced in Jak2 deficient HSCs (Figure 46C and D). These data suggested

that the HSC defects by Jak2 deficiency are partly due to perturbed SCF/Kit signaling and Tpo/Mpl

signaling

2.3.4.6 Multiple perturbations of HSC related genes/pathways in Jak2 deficient LSK

Since Jak2 deficient mice exhibited severer hematopoietic defects than Tpo or TpoR knock-out mice, the

functional impairment of Jak2 deficient HSCs cannot be fully explained by only compromised TpoR

mediated signaling (Qian et al., 2007). To identify the crucial Jak2 targets gene and pathways regulating

HSC maintenance, we performed a global gene expression profile analysis. Top three gene ontology

classifications of either up-regulated or down-regulated genes in Jak2 deficient LSK cells were cellular
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process, cell communication, or metabolic process (Figure 47A). GSEA analysis revealed that Jak2

deficient LSK cells had perturbed multiple pathways responsible for HSC maintenance, cell cycle, and

canonical pathways (Figure 47B, Table 10, and Table 11). As consistent with previous finding that Jak2

directly phosphorylate tyrosine 41 in histone H3 and resulting in activation of its target genes, we observed

those gene targeted by H3Y41ph were significantly down-regulated in Jak2 deficient LSK cells (Figure

47C) (Dawson et al., 2009). Additionally, Ingenuity pathway analysis (IPA) further showed several

canonical pathways related to HSC maintenance, including TGF-beta pathway, hematopoiesis related

physiological pathways, and cell death and survival related pathway was perturbed in Jak2 deficient LSK

cells (Figure 48 and Table 12). Microarray data revealed that total of 3223 down-regulated and 1668

upregulated genes in Jak2 deficient LSK cells (Figure 49A). Among those abnormally regulated genes, we

have identified several genes important for HSC maintenance and were confirmed by quantitative real-time

PCR for some genes identified as crucial player for HSC maintenance (Figure 49B-C). We were able to

achieve significant deletion of Jak2 mRNA level in FACS sorted LSK population further confirming our

model for studying the role of Jak2 in hematopoietic stem cells. Using knock-out mice model, several

genes have been already reported for their HSC functions (An et al., 2013; Ficara et al., 2008; Hock et al.,

2004; Rossi et al., 2012). The expression levels of previously identified HSC regulators were affected in

Jak2 deficient LSK cells. We observed Jak2 deficiency caused significant downregulation of c-Jun, Pim1,

Gfi-1, Mecom, and Pbx1 (Figure 49C).

In addition, microarray data also suggested that loss of Jak2 resulted in dysregulation of ROS related genes,

and two candidate genes, Foxo3 and Atm, were validated by quantitative real-time PCR (Figure 49C).

Abnormal ROS production is associated with HSCs failures (Ito et al., 2006). We observed significant

elevation of intracellular ROS and its downstream target activation of phospho-p38 in Jak2 deficient LSK

cells (Figure 50A and B). Ex vivo ROS scavenger, N-acetyl cysteine (NAC), treatment partially rescued

HSCs reconstitution in vivo (Figure 50C). Taken all together, our data strongly suggests that Jak2

deficiency caused irreversible HSC malfunction due to combination of loss of quiescence, abnormal ROS

production, compromised SCF/c-Kit and Tpo/Mpl signaling, and multiple canonical pathways such as

TGF-beta signaling. Thus the expression of Jak2 is critical in maintenance and function of adult

hematopoietic stem cells for proper hematopoiesis.
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2.3.5 Discussion

In this study, we comprehensively answer the role of Jak2 in adult hematopoietic stem cells which was left

behind for a long time. Park et al recently demonstrated that role of Jak2 in fetal and adult hematopoiesis

with germline Cre and Tamoxifen inducible Cre mcie (Park et al., 2013). Although their model provides

some insight how Jak2 regulates adult hematopoiesis, they may be failed to demonstrate efficient Jak2

deletion in hematopoietic stem cells in their model which mislead the interpretation of the role of Jak2 in

hematopoietic stem cells. Their model showed Jak2 mRNA level was restored at day 147 in bone marrow,

which may suggest incomplete Jak2 deletion in hematopoietic stem cells that eventually outcompete for

normal hematopoiesis. In order to fully understand the functional importance of Jak2 in adult hematopoietic

stem cells, we cross our mice with pI;pC inducible MxCre to generate Jak2 deficient mice. Our model

showed successful Jak2 deletion in both BM and FACS sorted HSC pools, resulting irreversible

hematopoietic defects with mean survival day of 36 (Figure 1B, 1E, and 5C). Incomplete Jak2 deletion by

giving less pI;pC in our mice model or heterozygous deletion of Jak2 in MxCre;Jak2flox/+ also resulted in

no death and normal hematopoiesis as previously suggested (data not shown) (Neubauer et al., 1998;

Parganas et al., 1998).

Our hematopoietic compartment analysis showed Jak2 deficiency caused marked reduction in

hematopoietic stem cells and progenitors starting at LTHSC (Figure 2A-C). Severe loss of LTHSC in Jak2

deficient mice was cell autonomous and contribution from Jak2 deficient microenvironment was

dispensable (Figure 2D-E). These severe HSC reductions seen in Jak2 deficient mice were due to

disruption of HSC quiescence causing cell cycle entry and induction of apoptosis in LSK cells (Figure 2A-

C). The proper maintenance of HSC quiescence is the primitive mechanism how HSCs regulate their

function. Disruption of HSC quiescence seen in Jak2 deficient mice strongly supports the critical role of

Jak2 in HSC maintenance. Our bone marrow transplantation analysis further supports irreversible HSC

defects by Jak2 deficiency. A failure of engrafting in primary recipient in limiting dilution BMT supports

the irreversible severe HSC defects in Jak2 deficient HSCs (Figure 4C). Two type of CRU assay showed

that Jak2 deficient BM failed multi-hematopoietic differentiation which led progressive decline of

hematopoietic progenitors in peripheral blood and HSC reconstitution in BM of recipient mice even at 12
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weeks after BMT (Figure 4D-E). Multiple HSC defects seen in Jak2 deficient mice suggest that the critical

role of Jak2 signaling in HSC functions. Activation of Jak2 downstream targets, Stat5, Mapk, and Akt

(both Akt1 and Akt2) with Tpo and SCF stimulation was perturbed in LSK cells (Figure 5). Disrupting

those signaling cascades explains HSC malfunction in Jak2 deficient mice as the role of Stat5, Mapk, and

Akt have been implicated in HSC maintenance (Hsu et al., 2007; Juntilla et al., 2010; Wang et al., 2009).

Consistent with our observation in Jak2 deficient mice, loss of Stat5 decreases quiescent HSC (Wang et al.,

2009). On the other hands, surprisingly, unlike Akt1/2 double deficient HSCs which were found to persist

in  G0 phase,  Jak2  deficient  HSC  pools  were  far  less  in  G0  phase,  suggesting  Stat5  signaling  may

predominate Akt1/2 signaling for maintaining HSC quiescence (Juntilla et al., 2010).

It has been reported that several genes are regulated multiple aspect of HSC functions (Rossi et al., 2012).

To further address the role of Jak2 in hematopoietic stem cells, we analyzed differential gene regulation in

FACS sorted Jak2 deficient HSCs by using unbiased microarray approach. Jak2 deficiency caused

downregulation of 3223 mrna_assignment (3144 Gene Symbol) genes in HSCs. GSEA and IPA analysis

showed that loss of Jak2 in HSCs compromised multiple pathways including Jak/STAT, mTOR, PI3K,

TGF-beta, and p53 signaling pathways (Figure 5A-B and Table S1). Our unbiased gene analysis strongly

support that loss of Jak2 form HSCs is too severe to reversible due to not only defective in Jak/STAT

pathway but it is also due to compromised HSC related multiple pathways. Additionally, we specifically

validated several genes already reported in HSC maintenance, and observed loss of Jak2 in HSCs caused

significant reduction in c-Jun, Gfi-1, Mecom, Pim1, and Pbx1 mRNA levels, further supporting that Jak2

maintains HSCs by regulating several HSC related genes (An et al., 2013; Ficara et al., 2008; Hock et al.,

2004; Liebermann et al., 1998; Zhang et al., 2011). Regulation of ROS is one of crucial mechanisms of

HSC maintenance (Ito et al., 2006; Zipori, 2007). Downregulation of negative regulator of ROS, such as

Atm or Foxo3, caused HSC impairment (Tothova et al., 2007). Jak2 deficiency in HSCs caused

dysregulation of ROS related genes including Foxo3 and Atm. Significant elevation of ROS due to

reduction of ROS negative regulators mRNA expression in Jak2 deficient HSCs might contribute abnormal

accumulation of ROS and caused high level of p-p38 to lead HSC malfunctions (Figure 7). Here again,

effect of Akt signaling defects might be masked by abnormal regulation of more predominant ROS

production, as Akt1/2 double deficient HSC had decreased ROS level (Juntilla et al., 2010).
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It is important to develop the therapeutic strategies to target CSCs to eradicate Jak2V617F positive MPNs.

Current Jak2 inhibitors may not target effectively quiescent CSCs, but it only targets cycling CSCs that

eventually causes remission once treatment is withdraw (Li and Bhatia, 2011). In addition, Jak2 inhibitor

has shown that it does not affect leukemic stem cells in spleen of Jak2V617F positive myelofibrosis

patients (Xiaoli Wang, 2012). This report further demonstrates targeting CSCs by other than Jak2 inhibitor

is necessary for Jak2V617F positive MPNs. Our current study provides the molecular mechanisms of how

Jak2 maintains HSCs. Along with our studies, further investigation of a unique downstream target of

Jak2V617F in HSCs allows us to develop better therapeutic strategies for Jak2V617F positive MPNs.
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2.3.6 Figures

Figure 37. Hematopoietic defects in Jak2 deficient mice

(A) Schematic diagram of experimental plan.

(B) The expression of Jak2 in WBM lysates from Jak2fl/fl (control), MxCre;Jak2fl/+, and MxCre;Jak2fl/fl
(Jak2 conditional KO) mouse were determined by immunoblotting. The expression of Shp2 is a loading
control.

(C) Histogram on the left shows the averaged body weight (±SEM) (n=5). Growth appearance is shown on
the right. The bar represents ±SEM and * indicates p<0.05.

(D) Histogram shows the averaged BM cellularity (i), spleen (ii), or thymus (iii) weight  (±SEM) (n=5).
The bar represents ±SEM and * indicates p<0.05.

(E) The percentage of survival after pI;pC injection. Mean survival of Jak2 deficient mice is 36 days after
1st pI;pC injection (n=22).

(F) Histologic analysis of BM sections by H&E staining demonstrates that hypocellular BM in Jak2
conditional KO mice compared with control mice.

(G) Complete blood counts (CBC) were performed 4 weeks after pI;pC injection. CBC analysis shows
homozygous Jak2 deletion causes severe pan-cytopenia, including WBC (i), NE (ii), MO (iii), RBC (iv),
HCT (v), and PLT (vi) (all n=5). The bar represents ±SEM and * indicates p<0.05.
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Figure 38. Jak2 deficient BM failed to generate myeloid progenitors

(A) Bone marrows from control or Jak2 conditional KO mice were stained with lineage specific surface
markers for FACS analysis. We used following markers for; Granulocyte or macrophage cells, Gr-1+ Mac-
1+; myeloid cells, Mac-1+; erythroid progenitors, Ter119+CD71+; megakaryocyte progenitor, CD61+CD41+;
B cells, B220+; T cells, Thy-1+; helper T cells, CD4+; and killer T cells, CD8+. The graph represents the
percentages of indicated cell populations in live cells. The bar represents ±SEM and * indicates p<0.05.

(B) BM cells were plated in methylcellulose or collagen based media with various cytokines to determine
the effect of Jak2 deficiency in the ability of producing CFUs. Colony-forming unit erythroid, CFU-E, was
scored in the presence of Epo; burst-forming unit erythroid, BFU-E, colony-forming unit granulocyte and
macrophage, CFU-GM, and colony-forming unit granulocyte erythrocyte macrophage megakaryocyte,
CFU-GEMM were scored in the presence of Epo, SCF, IL-3, and IL6 (i). Colony-forming unit
megakaryocyte, CFU-Mk, was scored in the collagen based media with IL-6, IL-11, and Tpo (ii). CFU
formations with stem cell factor(SCF), interleukin 3(IL-3), granulocyte macrophage colony stimulating
factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), macrophage colony stimulating factor
(M-CSF), and were also scored in methylcellulose based media (iii).
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Figure 39. Significant reduction in BM LSK cells, including LTHSC, ST-HSC, and MPP, and
myeloid progenitors in Jak2 deficient mice

(A) Flow cytometric analysis of HSC compartment (Lin-Sca1+c-kit+) and myeloid progenitors including
CMP (Lin-Sca1+c-kit+CD34+FcgRII/IIIlo), GMP (Lin-Sca1+c-kit+CD34+FcgRII/IIIhi), and MEP (Lin-Sca1+c-
kit+CD34-FcgRII/III-) in BM from control or induced MxCre;Jak2fl/fl mice 4 weeks after pI:pC (n = 5).
The  percentage  and  absolute  number  of  LSK,  CLP,  CMP,  GMP,  and  MEP  within  DAPI- population is
shown in histograms as mean ± SEM. * indicates p < 0.05.

(B) Flow cytometric analysis of LTHSC (Lin-Sca1+c-kit+CD34-CD135-), ST-HSC (Lin-Sca1+c-
kit+CD34+CD135-), and MPP (Lin-Sca1+c-kit+CD34+CD135+) in BM from control or induced
MxCre;Jak2fl/fl mice 4 weeks after pI:pC (n = 5). Representative contour plots are referred to LSK gate.
The percentage and absolute number of LTHSC, ST-HSC, and MPP within DAPI- population is shown in
histograms as mean ± SEM. * indicates p < 0.05.

(C) Flow cytometric analysis of LTHSC (Lin-Sca1+c-kit+CD150+CD41-CD48-) in BM from control or
induced MxCre;Jak2fl/fl mice 4 weeks after pI:pC (n = 5). Representative contour plots are referred to LSK
gate. The percentage and absolute number of LTHSC within DAPI- population is shown in histograms as
mean ± SEM. * indicates p < 0.05.
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Figure 40. Hematopoietic defects in Jak2 deficient mice are cell autonomous

(A) Cell autonomous BMT assay. BM cells from CD45.2 Jak2fl/fl or MxCre;Jak2fl/fl mice were
transplanted into lethally irradiated CD45.1 WT recipients prior to pI;pC induction. Then, deletion of Jak2
in donor derived cells was achieved by injecting pI;pC four weeks after BMT. Note that donor derived
LSKCD150+CD41-CD48- was reduced as the result of Jak2 deletion from hematopoietic cells.

(B) Microenvironmental BMT assay. BM cells from CD45.1 WT mice were transplanted into lethally
irradiated CD45.2 Jak2fl/fl or MxCre;Jak2fl/fl recipients prior to pI;pC induction. Then, Jak2 was deleted
from non-hematopoietic cells after BM reconstitution. Note that the frequency of donor derived
LSKCD150+CD41-CD48- did not reduce as the result of Jak2 deletion from non-hematopoietic cells.
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Figure 41. Cell cycle profile of Jak2 deficient LSK cells

(A) Representative contour plots of BrdU incorporation assay. The percentages of BrdU incorporation in
HSC was determined by injecting BrdU 3 hours prior to sacrifice control or conditional Jak2 KO BM (n =
5). Representative contour plots are referred to LSK gate. Histograms represent mean ± SEM. * indicates p
< 0.05.

(B) Flow cytometric analysis of HO and PY in LSK population from control or conditional Jak2 KO BM (n
= 5). Representative contour plots are referred to LSK gate. Histograms represent mean ± SEM. * indicates
p < 0.05.

(C) The percentages of apoptotic LSK from control or conditional Jak2 KO was determined by Annexin V
and DAPI staining (n = 5). Representative contour plots are referred to LSK gate. Histograms represent
mean ± SEM. * indicates p < 0.05.
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Figure 42. Cell cycle profile of Jak2 deficient LK cells

(A) Representative contour plots of BrdU incorporation assay. The percentages of BrdU incorporation in
myeloid progenitor population was determined by injecting BrdU 3 hours prior to sacrifice control or
conditional Jak2 KO BM (n = 5). Representative contour plots are referred to LK gate. Histograms
represent mean ± SEM. * indicates p < 0.05.

(B) Flow cytometric analysis of HO and PY in myeloid progenitor population from control or conditional
Jak2 KO BM (n = 5). Representative contour plots are referred to LK gate. Histograms represent mean ±
SEM. * indicates p < 0.05.

(C) The percentages of apoptotic myeloid progenitor population from control or conditional Jak2 KO was
determined by Annexin V and DAPI staining (n = 5). Representative contour plots are referred to LK gate.
Histograms represent mean ± SEM. * indicates p < 0.05.
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Figure 43. Complete loss of stem cell functions in Jak2 deficient LSK cells.

(A) Cobblestone area-forming cell (CAFC) was quantified by long term culture initiating cell (LTC-IC)
assay. BM from control or MxCre;Jak2fl/fl was cultured on irradiated WT stromal layers in 96 wells plate
at four different densities (7.5X103, 1.5X103, 3.0X104, and 6.0X104 cells/well). CAFC frequencies was
determined by L-Calc software (StemCell Technologies, Canada). The bar represents ±SEM and *
indicates p<0.05.

(B) FACS sorted LSK cells were plated in complete methylcellulose to determine the effect of Jak2
deficiency in the ability of producing CFUs.

(C) Different doses of BM from control (1X105-1X106 cells) or MxCre;Jak2fl/fl (1X105-2X106 cells) were
transplanted into lethally irradiated CD45.1 mice in absence of competition. Note that mean survival days
of all recipient mice with Jak2 deficient BM was13 days.
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Figure 44. CRU-BMT assay (Jak2 was deleted before BMT)

(A) BM from control or MxCre;Jak2fl/fl was transplanted into lethally irradiated CD45.1 mice in presence
of CD45.1 WT competitor BM. The percentage of donor derived (CD45.2+) myeloid cells (Gr-1+), B cells
(B220+), and T cells (TCRβ+) in peripheral blood were measured for every four weeks after transplantation.
The bar represents ±SEM and * indicates p<0.05.

(B) Representative contour plots of CD45.2 vs. CD45.1 within LSK gate are shown. The percentage of
donor derived (CD45.2+) LSK cells in BM were measured at 12 weeks after transplantation. Note that
donor derived Jak2 deficient LSK cells were significantly lower. The bar represents ±SEM and * indicates
p<0.05.
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Figure 45. CRU-BMT assay (Jak2 was deleted after BMT)

(A) BM from control or uninduced MxCre;Jak2fl/fl was transplanted into lethally irradiated CD45.1 mice
in presence of competition. Four weeks after BMT, all recipient mice was treated with 5 doses of pI;pC.
The percentage of donor derived (CD45.2+) myeloid  cells (Gr-1+), B cells (B220+), and T cells (TCRβ+) in
peripheral blood was measured for every four weeks after pI;pC injection. The bar represents ±SEM and *
indicates p<0.05.

(B) The percentage of donor derived LSK in BM was measured at the end of analysis. The bar represents
±SEM and * indicates p<0.05.

(C) Secondary BMT assay for self-renewing assessment. Control or Jak2 deficient BM from Figure 45A
recipient mice was FACS sorted based on CD45.2 expression and re-transplanted into lethally irradiated
mice. Note that all mice received CD45.2+ Jak2 deficient BM died within 2 weeks.
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Figure 46. Tpo and SCF mediated signaling defects in Jak2 deficient LSK cells

(A) A representative histogram of TpoR expression referred to LSK cells (left), and the averaged fold
change mean fluorescent intensity (MFI) from five independent experiments were shown in the percentage
of isotype control with ±SEM (right).

(B) Lin- BM cells from control or Jak2 conditional KO mice were MACS enriched and starved for 1 hour
in serum-free media at 37°C before they were either left untreated or stimulated with 50ng/ml Tpo for the
indicated time. Cells were fixed, permeabilized, and stained with LSK and Alexa488 conjugated phospho-
antibodies. Representative histogram is shown on left, and the averaged fold change mean fluorescent
intensity (MFI) of each phospho-proteins from three independent experiments were shown on right in the
percentage of control with ±SEM.

(C) Relative expression of c-Kit in Lin-Sca1+CD150+CD41-CD48- cells. The averaged fold change mean
fluorescent intensity (MFI) from five independent experiments were shown in the percentage of control
with ±SEM.proliferation and quiescence as previously reported that TpoR inhibitor, AMM2, treatment
resulted in disruption of HSC quiescence (Yoshihara et al., 2007).

(D) Lin- BM cells from control or Jak2 conditional KO mice were MACS enriched and starved for 1 hour
in serum-free media at 37°C before they were either left untreated or stimulated with 50ng/ml SCF for the
indicated time. Cells were fixed, permeabilized, and stained with LSK and Alexa488 conjugated phospho-
antibodies. Representative histogram is shown on left, and the averaged fold change mean fluorescent
intensity (MFI) of each phospho-proteins from three independent experiments were shown on right in the
percentage of control with ±SEM.
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Figure 47. Gene ontology and GSEA analysis of Jak2 deficient LSK cells

(A) Gene ontology analysis was performed with 997 up-regulated or 2680 down-regulated genes (±1.4 fold
differences) in Jak2 deficient LSK cells by PANTHER 8.1. (http://www.pantherdb.org/).

(B) Gene-set enrichment analyses (GSEAs) were performed with GSEA version 2.0 software available
from  the  Broad  Institute  (http://www.broad.mit.edu/gsea) with control vs. Jak2 deficient, a Signal2Noise
metric for ranking genes, and 1000 data permutations. Enrichment plots of selected gene sets from GSEA
analysis with normalized enrichment score (NES) and false discovery rate (FDR).

(C) Previously reported list of genes marked by H3Y41ph was used to compare between control and Jak2
deficient LSK cells. As expected, H3Y41ph target genes were highly down-regulated in Jak2 deficient LSK
cells.

http://www.pantherdb.org/
http://www.broad.mit.edu/gsea
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Figure 48. Ingenuity pathway analysis in Jak2 deficient LSK cells

The selected categories of down-regulated genes in Jak2 deficient LSK cells by Ingenuity pathway analysis
(IPA). Note that Jak2 deficiency in HSC pools causes perturbation of several HSC crucial signaling.
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Figure 49. Heatmaps with selected genes from microarray analysis of Jak2 deficient LSK cells.

(A) Heatmap of genes±1.4 fold differences between control and Jak2 deficient LSK cells with p<0.05.

(B) The selected list of genes shown as heatmap with Z-score scale.

(C) Relative expression of Jak2, c-Jun, Pim1, Gfi-1, Mecom, Pbx1, Foxo3, Atm, p21CIP1 mRNA was
determined by quantitative real-time PCR and normalized with 18S expression. Asterisks indicate
significant differences by Student t-test with p<0.05.
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Figure 50. Significant ROS and p-p38 elevation in Jak2 deficient LSK cells

(A) Intracellular ROS levels of control and Jak2 deficient LSK cells were determined by CM-H2DCFDA
staining. Representative histogram plots are referred to LSK gate. Histograms represent mean ± SEM. *
indicates p < 0.05.

(B)  MACS enriched Lin-  BM cells  from control  or  Jak2 conditional  KO mice  were  starved for  1  hour  in
serum-free media at 37°C. Cells were fixed, permeabilized, and stained with LSK and Alexa488 conjugated
phospho-p38. Representative histogram is shown on left, and the averaged fold change mean fluorescent
intensity (MFI) of phospho-p38 from three independent experiments were shown on right in the percentage
of control with ±SEM.

(C) Ex vivo NAC treatment partially recued in vivo engraftment of Jak2 deficient LSK.
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2.3.7 Tables

Sum Jak2fl/+ Jak2fl/fl MxCre;Jak2fl/+ MxCre;Jak2fl/fl Total
Observed 124 102 114 97 437
Expected 109.25 109.25 109.25 109.25
CHITEST 0.26

df 3 => X2=7.815
Calculated Chi square 4.053

Sum Jak2fl/+ Jak2fl/fl VavCre;Jak2fl/+ VavCre;Jak2fl/fl Total
Observed 24 22 18 0 64
Expected 16 16 16 16
CHITEST 5.13E-05

df 3 => X2=7.815
Calculated Chi square 22.5

Table 9. Mendelian calculation of Jak2 floxed mice with either MxCre or VavCre breeding set up

Jak2 floxed mice was crossed with either MxCre or VavCre to generate MxCre;Jak2fl/fl or VavCre;
Jak2fl/fl. Note that VavCre;Jak2fl/fl was never born, suggesting constitutive deletion of Jak2 from
hematopoietic organ causes embryonic lethal.
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Table 10. List of HSC related GSEA analysis between Jak2 deficient and WT LSK cells

MSigDB Gene Set NES NOM p-val FDR q-val

HSC related gene sets

Enriched in WT HSC

STEMCELL_HEMATOPOIETIC_UP 3.239 0.0000 0.00

IVANOVA_HEMATOPOIESIS_EARLY_PROGENITOR 2.886 0.0000 0.00

HSC_EARLYPROGENITORS_SHARED 2.861 0.0000 0.00

HSC_EARLYPROGENITORS_ADULT 2.846 0.0000 0.00

HSC_EARLYPROGENITORS_FETAL 2.834 0.0000 0.00

STEMCELL_COMMON_UP 2.682 0.0000 0.00

HSC_PROGENITORS_ADULT 2.443 0.0000 0.00

IVANOVA_HEMATOPOIESIS_STEM_CELL_AND_PROGENITOR 2.425 0.0000 0.00

PARK_HSC_MARKERS 2.403 0.0000 0.00

HSC_PROGENITORS_FETAL 2.401 0.0000 0.00

HSC_PROGENITORS_SHARED 2.380 0.0000 0.00

GEORGANTAS_HSC_MARKERS 2.321 0.0000 0.00

IVANOVA_HEMATOPOIESIS_INTERMEDIATE_PROGENITOR 2.181 0.0000 0.00

IVANOVA_HEMATOPOIESIS_LATE_PROGENITOR 2.181 0.0000 0.00

IVANOVA_HEMATOPOIESIS_STEM_CELL 2.116 0.0000 0.00

HSC_HSC_FETAL 2.101 0.0000 0.00

HSC_HSC_SHARED 2.082 0.0000 0.00

PARK_HSC_AND_MULTIPOTENT_PROGENITORS 2.065 0.0000 0.00

BYSTRYKH_HEMATOPOIESIS_STEM_CELL_QTL_TRANS 1.934 0.0000 0.00

JAATINEN_HEMATOPOIETIC_STEM_CELL_UP 1.872 0.0000 0.00

HSC_HSC_ADULT 1.817 0.0000 0.01

IVANOVA_HEMATOPOIESIS_MATURE_CELL 1.731 0.0000 0.01

HEMATOP_STEM_ALL_UP 1.723 0.0158 0.01

PARK_HSC_VS_MULTIPOTENT_PROGENITORS_UP 1.654 0.0293 0.02

LIANG_HEMATOPOIESIS_STEM_CELL_NUMBER_SMALL_VS_HUGE_DN 1.609 0.0167 0.03

KIEL_LTHSC_UP 1.536 0.0430 0.05

HSC_STHSC_FETAL 1.474 0.0500 0.07

HSC_STHSC_SHARED 1.462 0.0610 0.07

HSC_LTHSC_SHARED 1.457 0.0000 0.07

HSC_LTHSC_FETAL 1.430 0.0038 0.08

GRAHAM_CML_DIVIDING_VS_NORMAL_QUIESCENT_DN 1.426 0.0225 0.08

IVANOVA_HEMATOPOIESIS_STEM_CELL_SHORT_TERM 1.410 0.0688 0.09

GRAHAM_CML_QUIESCENT_VS_CML_DIVIDING_UP 1.409 0.0835 0.09

GRAHAM_NORMAL_QUIESCENT_VS_NORMAL_DIVIDING_DN 1.408 0.0396 0.09

HSC_STHSC_ADULT 1.398 0.0716 0.09

BAKER_HEMATOPOESIS_STAT1_TARGETS 1.326 0.1534 0.13

IVANOVA_HEMATOPOIESIS_STEM_CELL_LONG_TERM 1.318 0.0000 0.13

GRAHAM_NORMAL_QUIESCENT_VS_NORMAL_DIVIDING_UP 1.308 0.0697 0.13

HSC_LTHSC_ADULT 1.292 0.0276 0.14

BRUNO_HEMATOPOIESIS 1.288 0.0933 0.14

BAKER_HEMATOPOESIS_STAT5_TARGETS 1.268 0.1761 0.15
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Table 11. List of signaling or cell cycle related GSEA analysis between Jak2 deficient and WT LSK
cells

MSigDB Gene Set NES NOM p-val FDR q-val

Signaling related gene sets

Enriched in WT HSC

KEGG_MTOR_SIGNALING_PATHWAY 2.083 0.0000 0.00

KEGG_ERBB_SIGNALING_PATHWAY 2.056 0.0000 0.00

KEGG_NOTCH_SIGNALING_PATHWAY 1.969 0.0000 0.00

KEGG_PHOSPHATIDYLINOSITOL_SIGNALING_SYSTEM 1.913 0.0000 0.00

KEGG_RIG_I_LIKE_RECEPTOR_SIGNALING_PATHWAY 1.907 0.0027 0.00

KEGG_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY 1.871 0.0000 0.00

KEGG_MAPK_SIGNALING_PATHWAY 1.653 0.0000 0.02

KEGG_GNRH_SIGNALING_PATHWAY 1.500 0.0088 0.06

KEGG_VEGF_SIGNALING_PATHWAY 1.462 0.0299 0.08

KEGG_WNT_SIGNALING_PATHWAY 1.385 0.0111 0.11

KEGG_P53_SIGNALING_PATHWAY 1.381 0.0489 0.11

KEGG_CHEMOKINE_SIGNALING_PATHWAY 1.336 0.0200 0.14

KEGG_JAK_STAT_SIGNALING_PATHWAY 1.252 0.1103 0.11

Cell cycle related gene sets

Enriched in WT HSC

REACTOME_CELL_CYCLE_MITOTIC 3.036 0.0000 0.00

REACTOME_MITOTIC_M_M_G1_PHASES 2.853 0.0000 0.00

REACTOME_MITOTIC_PROMETAPHASE 2.745 0.0000 0.00

REACTOME_CELL_CYCLE_CHECKPOINTS 2.615 0.0000 0.00

REACTOME_G2_M_TRANSITION 2.538 0.0000 0.00

KEGG_CELL_CYCLE 2.519 0.0000 0.00

CELL_CYCLE_GO_0007049 2.455 0.0000 0.00

CELL_CYCLE_PROCESS 2.453 0.0000 0.00

REACTOME_G1_S_TRANSITION 2.405 0.0000 0.00

REACTOME_G2_M_CHECKPOINTS 2.389 0.0000 0.00

CELL_CYCLE_CHECKPOINT_GO_0000075 2.231 0.0000 0.00

REGULATION_OF_CELL_CYCLE 2.110 0.0000 0.00

REACTOME_CYCLIN_E_ASSOCIATED_EVENTS_DURING_G1_S_TRANSITION_ 2.078 0.0000 0.00

REACTOME_G1_PHASE 1.791 0.0069 0.00

BIOCARTA_CELLCYCLE_PATHWAY 1.607 0.0238 0.01

REACTOME_CYCLIN_A1_ASSOCIATED_EVENTS_DURING_G2_M_TRANSITION 1.439 0.0723 0.04

CELL_PROLIFERATION_GO_0008283 1.310 0.0067 0.08
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Table 12. List of canonical pathways significantly downregulated in Jak2 deficient LSK cells by
Ingenuity Canonical Pathway analysis

Ingenuity Canonical Pathways  -log(p-value) Ratio
Molecular Mechanisms of Cancer 1.55E01 3.19E-01

Glioma Signaling 1.14E01 4.26E-01
Chronic Myeloid Leukemia Signaling 1.03E01 4.18E-01

Prolactin Signaling 9.99E00 4.61E-01
Acute Myeloid Leukemia Signaling 9.17E00 4.55E-01

FLT3 Signaling in Hematopoietic Progenitor Cells 9.01E00 4.4E-01
HMGB1 Signaling 8.57E00 4.09E-01

Interferon Signaling 8.55E00 6.55E-01
IL-3 Signaling 8.54E00 4.51E-01

JAK/Stat Signaling 8.26E00 4.49E-01
Thrombopoietin Signaling 8.19E00 4.66E-01
B Cell Receptor Signaling 8.18E00 3.38E-01

Salvage Pathways of Pyrimidine Ribonucleotides 7.82E00 4.25E-01
Huntington's Disease Signaling 7.57E00 2.97E-01

Prostate Cancer Signaling 7.39E00 3.71E-01
Pyridoxal 5'-phosphate Salvage Pathway 7.24E00 4.52E-01

GM-CSF Signaling 7.24E00 4.31E-01
Glucocorticoid Receptor Signaling 7.16E00 2.74E-01

Erythropoietin Signaling 7.15E00 4.08E-01
Renin-Angiotensin Signaling 6.94E00 3.64E-01

Pancreatic Adenocarcinoma Signaling 6.94E00 3.51E-01
Cell Cycle: G1/S Checkpoint Regulation 6.88E00 4.19E-01

Estrogen-Dependent Breast Cancer Signaling 6.78E00 4.22E-01
Telomerase Signaling 6.46E00 3.61E-01

HGF Signaling 6.45E00 3.56E-01
Role of NFAT in Cardiac Hypertrophy 6.44E00 2.93E-01
Non-Small Cell Lung Cancer Signaling 6.27E00 3.86E-01

ATM Signaling 6.23E00 4.24E-01
PI3K Signaling in B Lymphocytes 6.14E00 3.28E-01

NGF Signaling 6.08E00 3.43E-01
Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 6.08E00 3.58E-01

p53 Signaling 5.95E00 3.67E-01
Neurotrophin/TRK Signaling 5.95E00 3.97E-01

Insulin Receptor Signaling 5.93E00 3.28E-01
RAR Activation 5.83E00 2.97E-01
EGF Signaling 5.79E00 4.21E-01
ErbB Signaling 5.71E00 3.65E-01
IL-2 Signaling 5.69E00 4.18E-01

Estrogen Receptor Signaling 5.68E00 3.23E-01
PPARα/RXRα Activation 5.62E00 2.87E-01

LPS-stimulated MAPK Signaling 5.62E00 3.68E-01
Breast Cancer Regulation by Stathmin1 5.62E00 2.92E-01

IL-15 Signaling 5.57E00 4.03E-01
Ceramide Signaling 5.47E00 3.72E-01

Natural Killer Cell Signaling 5.46E00 3.47E-01
IGF-1 Signaling 5.35E00 3.4E-01
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Ingenuity Canonical Pathways  -log(p-value) Ratio
CNTF Signaling 5.31E00 3.96E-01

Role of BRCA1 in DNA Damage Response 5.31E00 4E-01
Production of Nitric Oxide and Reactive Oxygen Species in Macrophages 5.29E00 2.86E-01

Renal Cell Carcinoma Signaling 5.24E00 3.77E-01
Mouse Embryonic Stem Cell Pluripotency 5.23E00 3.4E-01

Fc Epsilon RI Signaling 5.16E00 3.27E-01
GNRH Signaling 5.16E00 3E-01

Melanoma Signaling 5.12E00 4.42E-01
FGF Signaling 5.09E00 3.49E-01

PDGF Signaling 4.96E00 3.59E-01
IL-12 Signaling and Production in Macrophages 4.91E00 3.06E-01

p70S6K Signaling 4.91E00 3.08E-01
Myc Mediated Apoptosis Signaling 4.89E00 3.9E-01

TNFR1 Signaling 4.87E00 4.08E-01
Growth Hormone Signaling 4.85E00 3.62E-01

IL-17 Signaling 4.84E00 3.61E-01
Cyclins and Cell Cycle Regulation 4.84E00 3.33E-01

Rac Signaling 4.82E00 3.01E-01
Small Cell Lung Cancer Signaling 4.71E00 3.25E-01

P2Y Purigenic Receptor Signaling Pathway 4.69E00 3.05E-01
FcγRIIB Signaling in B Lymphocytes 4.66E00 3.67E-01

NRF2-mediated Oxidative Stress Response 4.59E00 2.64E-01
Role of CHK Proteins in Cell Cycle Checkpoint Control 4.51E00 3.96E-01

ErbB4 Signaling 4.49E00 3.61E-01
HER-2 Signaling in Breast Cancer 4.47E00 3.38E-01

Cholecystokinin/Gastrin-mediated Signaling 4.45E00 3.2E-01
Protein Ubiquitination Pathway 4.41E00 2.54E-01

Glioblastoma Multiforme Signaling 4.4E00 2.78E-01
Role of PI3K/AKT Signaling in the Pathogenesis of Influenza 4.4E00 3.64E-01

TR/RXR Activation 4.38E00 3.29E-01
CD40 Signaling 4.34E00 3.48E-01

Hereditary Breast Cancer Signaling 4.34E00 3.01E-01
PI3K/AKT Signaling 4.32E00 2.75E-01

AMPK Signaling 4.23E00 2.84E-01
ErbB2-ErbB3 Signaling 4.23E00 3.68E-01
ERK/MAPK Signaling 4.21E00 2.57E-01

IL-22 Signaling 4.18E00 5.22E-01
Melatonin Signaling 4.09E00 3.48E-01

ERK5 Signaling 4.09E00 3.49E-01
RANK Signaling in Osteoclasts 4.07E00 3.15E-01

14-3-3-mediated Signaling 3.99E00 2.93E-01
BMP signaling pathway 3.99E00 3.38E-01

Role of JAK1 and JAK3 in γc Cytokine Signaling 3.97E00 3.49E-01
FAK Signaling 3.97E00 2.95E-01

Role of NFAT in Regulation of the Immune Response 3.93E00 2.49E-01
Retinoic acid Mediated Apoptosis Signaling 3.9E00 3.54E-01

Telomere Extension by Telomerase 3.87E00 6E-01
IL-17A Signaling in Airway Cells 3.85E00 3.38E-01

Dendritic Cell Maturation 3.83E00 2.41E-01
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Ingenuity Canonical Pathways  -log(p-value) Ratio
IL-6 Signaling 3.82E00 2.88E-01

PEDF Signaling 3.76E00 3.24E-01
Ovarian Cancer Signaling 3.72E00 2.76E-01

Sphingosine-1-phosphate Signaling 3.7E00 2.84E-01
NF-κB Activation by Viruses 3.66E00 3.16E-01

Type II Diabetes Mellitus Signaling 3.62E00 2.64E-01
Melanocyte Development and Pigmentation Signaling 3.61E00 3.13E-01

TGF-β Signaling 3.61E00 3.1E-01
Amyloid Processing 3.59E00 3.6E-01

Endometrial Cancer Signaling 3.59E00 3.52E-01
CD28 Signaling in T Helper Cells 3.58E00 2.71E-01

CXCR4 Signaling 3.58E00 2.63E-01
Apoptosis Signaling 3.55E00 2.97E-01

IL-4 Signaling 3.53E00 3.24E-01
CTLA4 Signaling in Cytotoxic T Lymphocytes 3.52E00 2.89E-01

Docosahexaenoic Acid (DHA) Signaling 3.51E00 3.85E-01
IL-9 Signaling 3.4E00 4E-01

Regulation of IL-2 Expression in Activated and Anergic T Lymphocytes 3.36E00 2.93E-01
Colorectal Cancer Metastasis Signaling 3.34E00 2.36E-01

Activation of IRF by Cytosolic Pattern Recognition Receptors 3.34E00 3.4E-01
DNA Double-Strand Break Repair by Non-Homologous End Joining 3.29E00 5.71E-01

Cdc42 Signaling 3.27E00 2.32E-01
Estrogen-mediated S-phase Entry 3.25E00 4.23E-01

G Beta Gamma Signaling 3.25E00 2.71E-01
T Cell Receptor Signaling 3.25E00 2.83E-01

p38 MAPK Signaling 3.22E00 2.77E-01
Type I Diabetes Mellitus Signaling 3.21E00 2.66E-01

GDNF Family Ligand-Receptor Interactions 3.2E00 3.19E-01
NF-κB Signaling 3.19E00 2.47E-01

Myo-inositol Biosynthesis 3.18E00 1E00
ILK Signaling 3.15E00 2.47E-01
Gαq Signaling 3.15E00 2.52E-01

Thrombin Signaling 3.14E00 2.43E-01
VEGF Family Ligand-Receptor Interactions 3.14E00 3.07E-01

Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes 3.12E00 2.87E-01
Role of IL-17A in Arthritis 3.1E00 3.21E-01

Mechanisms of Viral Exit from Host Cells 3.1E00 3.68E-01
Role of PKR in Interferon Induction and Antiviral Response 3.09E00 3.49E-01
Role of JAK family kinases in IL-6-type Cytokine Signaling 3.06E00 4.23E-01

Role of Tissue Factor in Cancer 3.03E00 2.7E-01
Gap Junction Signaling 3.01E00 2.55E-01

Acute Phase Response Signaling 3E00 2.52E-01
SAPK/JNK Signaling 3E00 2.68E-01



                            2.4 Spleen serves as a major reservoir of cancer stem cells in Jak2V617F-mediated MPNs

125

2.4 Spleen serves as a major reservoir of cancer stem cells in
Jak2V617F-mediated MPNs.

Hajime Akada1, Yue Yang1, Saeko Akada1, Robert E. Hutchison2 and Golam Mohi1

1Department of Pharmacology, The State University of New York (SUNY) Upstate Medical University,
Syracuse;

2Department of Pathology, SUNY Upstate Medical University, Syracuse

Unpublished works

The study in this section is currently in preparation for submission

Statement regarding contributions of multiple authors

H.A. and Y.Y. designed the research, performed research, analyzed data and wrote the manuscript; S.A.

performed research; R.E.H performed histopathologic analysis; G.M. designed the research, analyzed data,

and will write the manuscript.

Highlight of this section

1. Jak2V617F expressing HSCs expand in BM first but their number declines as mice age.

2. MPN initiating HSCs are accumulated  in the spleen of Jak2V617F mice.

3. Jak2V617F splenic LTHSCs are more potent than BM LTHSCs to propagate MPNs.

4. Jak2V617F causes up-regulation of HSC and cell cycle related pathways in LTHSCs.

5. The origin of LTHSCs influences gene profile contributing the distinct characteristics seen in BM or
SPL derived Jak2V617F LTHSCs.

6. Jak2V617F expressing HSCs establish positive feedback loop with CD169+ macrophage progenitors
for their maintenance in spleen.
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2.4.1 Abstract

A somatic point mutation V617F in Jak2 has found in a majority of patients in myeloproliferative neoplasm

(MPNs) in 2005. Recent studies with Jak2V617F knock-in mice models elucidate that Jak2V617F

expression is sufficient to cause MPNs phenotypes by transforming HSCs into CSCs. However, the role of

Jak2V617F in HSCs is not carefully elucidated.

To assess the role of Jak2V617F in adult HSCs, we have utilized a conditional Jak2V617F knock-in mice

and an inducible MxCre line that can efficiently express Cre recombinase in adult HSC/progenitors after

injections with polyinosine-polycytosine (pI-pC). Analysis of the HSC compartments in both BM and SPL

at 12 weeks revealed that Jak2V617F causes marked increase in long-term HSCs due to the expansion of

activated HSCs but not dormant HSCs. However, the expansion seen in BM-HSC compartments at 12

weeks was declined by 24 weeks because of the reduction of activated HSCs. Interestingly, we observed a

continuous expansion of HSC compartments in the spleen of Jak2V617F knock-in mice. The expansion of

HSC compartment in spleen of Jak2V617F knock-in mice was due to accumulation of HSCs at all cell

cycle stages. Transplantation experiment revealed that Jak2V617F expressing LSK cells have a clonal

advantage over wildtype LSK cells. Furthermore, SPL-LSK cells possessed greater cell proliferative

advantage than BM-LSK cells, suggesting that functional Jak2V617F expressing CSCs are maintained in

spleen. We also observed that Jak2V617F CSCs in spleen depends on CD169+ macrophage progenitors for

their maintenance and MPNs development. Depletion of CD169+ macrophage progenitors from spleen by

clodronate liposomes decreased the number of Jak2V617F CSCs.

Gene expression analysis revealed significant up-regulation of HSC, cell cycle, and oncogenic signature

related gene sets in both Jak2V617F expressing BM and SPL LTHSCs compared to WT BM-LTHSCs.

Interestingly, we observed biased up-regulation of genes marked by H3Y41ph and cell cycle related genes

set in Jak2V617F expressing BM-LTHSCs compared to SPL-LTHSCs, suggesting SPL-LTHSCs acquired

a distinct gene regulation. Taken together, our data strongly suggest that Jak2V617F plays a critical role in

transforming HSCs into CSCs, and functional Jak2V617F expressing CSCs are maintained in spleen

instead of bone marrow for long-term MPN development.
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Figure 51. Graphical abstract of section 2.4

1. Jak2V617F mutation transforms hematopoietic stem cells into cancer stem cells and gives a
proliferative advantage to expand their number in BM first.

2. The total number of BM-CSCs declines with age.

3. BM-CSCs mobilize out and will be deposited in spleen as SPL-CSCs with altered intrinsic gene
expression.

4. Both BM and SPL-CSCs differentiate into hematopoietic committed progenitors. MPN-multi-
hematopoietic differentiation is mainly maintained in spleen.

5. Those progenitors secrete cytokines/chemokines or may transdifferentiate into leukemic niche, or they
themselves become supporting niche cells, such as CD169+ macrophage.

6-7. Secreted cytokines/chemokines or transdifferentiated leukemic niche provide a positive feedback loop
to support stemness in spleen.

8.  Together, Jak2V617F mutation is sufficient to cause myeloproliferative neoplasms, and spleen
becomes the critical extramedullary hematopoietic site for Jak2V617F positive MPN maintenance.
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2.4.2 Introduction

A somatic point mutation in Jak2 has been found in most patients with the myeloproliferative neoplasms

(MPNs). Almost all patients with polycythemia vera (PV) and half of patients with essential

thrombocythemia (ET) or primary myelofibrosis (PMF) carry this mutation. MPNs are clonal stem cell–

derived hematologic malignancies characterized by excessive production of one or more myeloerythroid

lineage cells (Baxter et al., 2005; James et al., 2005; Kralovics et al., 2005; Levine et al., 2005; Zhao et al.,

2005). Although it has been experimentally proved that Jak2V617F positive MPNs are derived from

hematopoietic stem cells (HSCs), the basis of HSCs expressing Jak2V617F in MPNs development remains

unclear (Akada et al., 2012b; Mullally et al., 2012).

JAK2, a member of the Janus family of nonreceptor tyrosine kinases, plays an important role in cytokine

mediated signaling controlling various aspects of hematopoiesis (Murray, 2007; Neubauer et al., 1998;

Parganas et al., 1998). A somatic point mutation, JAK2V617F, is a constitutively active form of Jak2,

which was found to transform factor-dependent hematopoietic cell lines into cytokine independence (James

et al., 2005; Levine et al., 2005). Expression of JAK2V617F results in a constitutive activation of Jak2

downstream signaling pathways, including the signal transducer and activator of transcription 5 (Stat5),

extracellular signal-regulated kinase (Erk), and phosphatidylinositol 3-kinase/Akt pathways (James et al.,

2005; Levine et al., 2005). Those downstream signaling pathways have been implicated in HSCs functions,

suggesting overactivation of those signalings by Jak2V617F may alter the HSCs functions (Chan et al.,

2013; Juntilla et al., 2010; Wang et al., 2009). These observations led to the speculation that JAK2V617F

play a role in HSCs for MPN development.

In 2010 four groups reported the phenotypes of conditional Jak2V617F knock-in mice models and provided

some insights into the role of JAK2V617F in the pathogenesis of MPNs. Subsequent follow-up studies

showed the mixed behavior of HSCs expressing Jak2V617F from four groups (Hasan et al., 2013; Kent et

al.,  2013; Li et al.,  2014; Marty et al.,  2013; Mullally et al.,  2013; Mullally et al.,  2012). Li et al reported

that Jak2V617F causes the reduction of HSC enriched population at 26 week, whereas Akada et al, Hasan

et al, and Mullally et al reported that the expression of Jak2V617F amplifies HSC enriched population at
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around 12 weeks (Akada et al., 2010; Hasan et al., 2013; Li et al., 2010; Mullally et al., 2012). In addition,

while this manuscript is prepared, Li et al recently reported that Jak2V617F homozygosity is insufficient

for clonal expansion (Li et al., 2014). Thus, the contribution of the JAK2V617F in HSCs remained unclear.

Furthermore, Wang et al demonstrated that HSCs expressing Jak2V617F may contribute MPNs

development from spleen where the functional characterization of Jak2V617F expressing HSCs has not

been reported (Wang et al., 2012b). To get better insight into the effects of JAK2V617F in HSCs, we

utilized our inducible Jak2V617F knock-in mouse, in which the expression of Jak2V617F is under control

of the endogenous Jak2 promoter (Akada et al., 2010). Using this conditional Jak2V617F knock-in allele,

we have characterized the effects of Jak2V617F expression in HSCs residing in both bone marrow and

spleen. Additionally, we also investigated whether the time length of Jak2V617F expression influences the

behavior of HSCs by analyzing HSC compartment at different age.

2.4.3 Materials and methods

2.4.3.1 Mice

Conditional Jak2V617F knock-in mice was generated as previously described and maintained as C57BL6/J

strain (Akada et al., 2010). MxCre expression was induced by intraperitoneal injection of 3 doses of 300 mg

of polyinosine-polycytosine (pI;pC, Amersham) and analysis was done either 12 or 24 weeks after pI;pC

induction. For BMT studies, congenic C57BL6/J (CD45.2), BL6.SJL-Ptprca Pep3b/BoyJ (CD45.1), and

C57BL/6-Tg(UBC-GFP)30Scha/J (GFP) were purchased from Jackson laboratory (Bar Harbor, NE). All

animal studies were approved by the Committee for the Humane Use of Animals of SUNY Upstate

Medical University.

2.4.3.2 Flow cytometry

Single cell-suspensions were prepared from BM, spleen, or peripheral blood, and red cells were lysed with

red cell lysis solution. For LTHSC/progenitor analysis, BM cells were stained for 1 hour on ice with

antibodies against c-Kit, Sca-1, CD34, CD16/32 (FcγR II/III), CD41, CD48, CD150, CD135, and

antibodies against lineage (Lin) markers including CD3, CD4, CD8α, CD19, B220, Gr-1, CD127, and

Ter119. For CD169+ macrophage analysis, BM or SPL cells were stained for 1hour on ice with antibodies

against Gr-1, F4/80, and CD169. Mean fluorescent intensity (MFI) of CD169 in Gr-1+/F4/80+ were
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determined by FloJo. For Hoechst 33342 (HO; Sigma-Aldrich) and Pyronin Y (PY; Sigma-Aldrich)

staining, BM cells were stained with LSK surface markers along with HO/PY in the presence of verapamil

(Sigma-Aldrich). All antibodies were purchased from BD Pharmingen, eBioscience or BioLegend. Flow

cytometry was performed with an LSRII analyzer (Beckton-Deckinson, San Diego, CA) and analyzed by

using FlowJo software (TreeStar, Ashland, OR).

2.4.3.3 ELISA

BM, peripheral blood, and spleen cell suspensions were centrifuged and supernatants were aliquoted and

frozen. ELISA assays for G-CSF and CXCL12/SDF-1α (R&D Systems, Minneapolis, MN, USA; MCS00

and MCX120, respectively) were performed.

2.4.3.4 BM transplantation assays

For LSK competitive repopulating unit BMT assay, FACS sorted BM derived-LSK from GFP-positive

control or pI;pC induced MxCre;V617F/+ was mixed in 1:1 ratio with GFP-negative competitor LSK cells

(CD45.1) and transplanted into lethally irradiated CD45.1 recipient by retro-orbital injection. Chimerism

was measured in peripheral blood in every 4 weeks and in BM after 12 weeks by GFP-positive expression.

For cell autonomous BMT assay, BM or SPL derived LSK from CD45.2 control or MxCre;V617F/+ were

transplanted into lethally irradiated CD45.1 recipient by retro-orbital injection. PV-disease progression was

determied in peripheral blood in every 4 weeks and in BM after 12 weeks by CD45.2 expression.

2.4.3.5 Microarray analysis and Quantitative real time PCR assay

Total RNA was extracted by using Quiagen RNeasy Mini kit from FACS sorted LTHSC from control BM,

MxCre;V617F/+ BM or MxCre;V617F/+ SPL. The quality and quantity of total RNA samples was

assessed by running an RNA 6000 Pico Chip on the Agilent Bioanalzyer. Total RNA samples were

processed using the Ovation Pico WTA System V2 (NuGEN Technologies), which generated amplified

cDNA. The cDNA was then fragmented and biotin labeled with the Encore Biotin Module (NuGEN

Technologies). The labeled cDNA was added to a hybridization cocktail, which was injected into a

GeneChip Mouse Gene 2.0ST Array (Affymetrix). The arrays were incubated at 45oC with rotation in an

Affymetrix GeneChip Hybridization Oven 645.  After 18 hours of incubation, the arrays were washed and

stained on an Affymetrix Fluidics Station 450 using fluidics protocol FS450_0007, with reagents from the
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Affymetrix Wash and Stain Kit. The arrays were then scanned with the Affymetrix GeneChip Scanner 7G

Plus. Initial QC data analysis was performed with Affymetrix Gene Expression Console Software. Gene

ontology (GO) analysis was performed based on 1-way ANOVA (random effects) analyses by Partek

Discovery Suite software (Partek, St. Louis, MO). Criteria for genes considering differently expressed was

1.4 fold differences with p<0.05. Heatmap was generated by using MultiExperiment Viewer (MeV)

software available from (http://www.tm4.org/mev.html). For pathway analysis, gene set enrichment

analysis (Subramanian et al., 2005) was performed with GSEA v2.08 software available from the Broad

Institute (http://www.broad.mit.edu/gsea). We performed GSEA with signal-to-noise ratio with 1000

permutations by gene sets for statistical quantification in following comparison: control BM LTHSCs vs.

MxCre;Jak2V617F/+ BM LTHSCs, control BM LTHSCs vs. MxCre;Jak2V617F/+ SPL LTHSCs, or

MxCre;Jak2V617F/+  BM LTHSCs vs. MxCre;Jak2V617F/+ SPL LTHSCs.

Total RNA will be extracted from sorted LTHSCs by RNeasy Mini Kit (Qiagen) and reverse transcribed by

using QuantiTect Reverse Transcription kit (Qiagen). Quantitative real-time PCR will be performed by

using  SYBR  Green  PCR  master  mix  (Applied  Biosystems)  and  the  results  will  be  analyzed  by  delta  CT

method compared to control LSK.

2.4.3.6 Chrodronate liposome treatment

To determine the effects of chrodronate liposome on Jak2V617F allele burden, BM from pI:pC-induced

Jak2V617F knock-in mice (CD45.2+) were mixed with the BM from wild-type (WT; CD45.1+)  mice  at  a

ratio of 3 to 1 (75% V617F vs 25% WT) and injected into lethally irradiated CD45.1+ recipient animals.

Four weeks after transplantation, peripheral blood counts were measured to confirm the establishment of

PV disease. Mice were treated with either placebo or chrodronate liposome (100 μl) once a week for 4

weeks.  The  ratio  of  V617F  to  WT  progenitors  was  measured  in  the  peripheral  blood  and  the  BM  of  the

recipient animals by determining the percentage of CD45.2+ (calculated as CD45.2+/CD45.1+ plus

CD45.2+) cells in the myeloid (Gr-1+) populations.

2.4.3.7 Statistical Analysis

Results are expressed as mean ± SEM, and data were analyzed by the 2-tailed Student t test. A value of P

less than .05 was considered to be statistically significant.

http://www.tm4.org/mev.html
http://www.broad.mit.edu/gsea
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2.4.4 Results

2.4.4.1 Jak2V617F expressing HSCs expands in BM first, and are kept accumulating in SPL

Previously, we have reported that the expression of heterozygous Jak2V617F causes expansion of  disease

initiating HSC pools, determined by Lineage-c-Kit+Sca-1+ (LSK) population, in both BM and SPL in our

knock-in mouse model (Akada et al., 2010). However, other groups reported Jak2V617F expression

resulted in either no change or rather declines HSC pools (Li et al., 2014; Li et al., 2010; Marty et al., 2010;

Mullally et al., 2010). Although we and other have reported Jak2V617F transforms HSC into CSC for

MPN disease, the question of how disease initiating stem cells are maintained and causing prolonged

MPNs are still unknown (Akada et al., 2012b; Mullally et al., 2012). To address conflicting reports

regarding Jak2V617F expressing HSC behavior and provide comprehensive understanding in the molecular

pathogenesis of Jak2V617F mutation in HSCs, we have carefully analyzed HSC pools and their

subpopulations in both BM and SPL of our Jak2V617F knock-in mice at different time points, 12 weeks

and 24 weeks after induction of heterozygous Jak2V617F expression. As we reported previously that

Jak2V617F expression caused reduction of BM cellularity, we observed more prominent reduction of BM

cellularity in aged mice (Figure 52A). On the other hands, spleen size continuously enlarged as mice aged

(Figure 52A).

BM-HSCs analysis with CD150 and CD41/CD48 surface markers showed that Jak2V617F expression

caused marked increase in long-term HSCs (LTHSCs), the earliest stage of hematopoiesis, suggesting that

the expansion of disease initiating cells in Jak2V617F mice was predominantly originated from an

expansion of LTHSCs at first (Figure 52B). However, the expansion of LTHSCs in BM was declined by 24

weeks (Figure 52B). Surprisingly, SPL-HSCs analysis showed that Jak2V617F expression caused

progressive expansion of LTHSCs as mice aged, suggesting that Jak2V617F expressing HSCs are capable

of maintaining HSC status in spleen without proper BM niche (Figure 52B). Additionally, CD34 and

CD135 based HSC subpopulation analysis further confirms that BM-HSCs pools, including LTHSCs, ST-

HSCs, and MPP expands at 12 weeks, but their expansions decline by 24 weeks in Jak2V617F knock-in

mice (Figure 53). As it is seen in CD150 and CD41/CD48 based analysis, we again observed that there is a

continuous expansion of HSCs pools in SPL (Figure 54).
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Overall, the total number of disease initiating cells, the combination of BM plus SPL and in peripheral

blood, is much increased in Jak2V617F expressing mice compared to age matched control mice (Figure

55A and B). Our data suggest that the expression of Jak2V617F definitely results in an expansion of

disease initiating HSCs, but it does not follow typical HSC maintenance where normally occurs in BM

niche. Major HSC expansion is happened at spleen. More importantly, the number of BM-HSCs pools

alters depending on the length of Jak2V617F induction and there is the shift of HSC expanding site from

BM to SPL.

2.4.4.2 Dormant Jak2V617F BM HSCs are maintained, while cycling BM HSCs is significantly
reduced at 24 weeks

In order to investigate the dynamic change in HSCs pools, we have analyzed the status of HSCs cell cycle

in both BM and SPL of Jak2V617F mice. We have observed significant decrease in the frequency of

Jak2V617F expressing dormant (G0) BM-LSK cells and significant increase in activated (G1 and SG2M)

BM-LSK cells compared to control at 12 weeks (Figure 56A). However, we did not see any significant

differences in the frequency of BM-LSK cell cycle status at 24 weeks (Figure 56A). With our surprise, the

absolute number of Jak2V617F expressing BM-LSK cells in all cell cycle stages was marked increased

compared to control at 12 weeks, but those increased LSK pools were declined by 24 weeks (Figure 56B).

More importantly, there was not significant change in the number of G0 LSK pools between 12 weeks and

24 weeks, suggesting that decline of Jak2V617F MPN initiating cells in BM at 24 weeks was due to the

reduction in the number of activated (G1 and SG2M) LSK pools but not in dormant (G0) LSK pools. This

suggests that dormant HSC pools is maintained regardless of mice age (Figure 56C and Figure 58A).

2.4.4.3 Progressive expansion of HSCs at all cell cycle stages in Jak2V617F SPL

We have also analyzed cell cycle status in Jak2V617F expressing SPL-LSK cells to determine whether

splenic environment influences their cell cycle status. As we saw in BM, we also observed significant

decrease in the frequency of Jak2V617F expressing dormant (G0) SPL-LSK cells and significant increase

in activated (G1 and  SG2M) SPL-LSK cells compared to control at 12 weeks (Figure 57A). Unlike BM-

LSK cells, the frequency of Jak2V617F expressing SPL-LSK cells in SG2M stage remains still significantly

increased even at 24 weeks (Figure 57A). Similar to what is seen in BM-LSK cells, the total number of

Jak2V617F expressing SPL-LSK cells at all cell cycle stages were marked increased compared to control at
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12 weeks (Figure 57B). Surprisingly, we observed significant increase in the total number of Jak2V617F

expressing SPL-LSK cells at all cell cycle stages even at 24 weeks (Figure 57B). Unlike BM-LSK cells, the

number of activated (G1 and SG2M) Jak2V617F expressing SPL-LSK cells were marked increased at 24

weeks (Figure 58B).

Our cell cycle analysis within LSK cells, HSC enriched population, clearly support the dynamic change in

total number of Jak2V617F expressing LSK cells due to the change in their cell cycle status. Jak2V617F

expressing LSK cells expand in BM at first by increasing both dormant (G0) and activated stem cells (G1

and SG2M). However, such expansions were decline by 24 weeks due to decrease in the number of

activated stem cells. In addition, Jak2V617F expressing SPL-LSK cells are maintained as dormant and

activated HSCs, and they have a trend of expanding further at 24 weeks. Our finding suggests that

Jak2V617F mutation makes HSCs expand in spleen, where there is no microenvironment supporting HSCs

maintenance reported unlike well-known bone marrow microenvironment.

2.4.4.4 Jak2V617F expression causes an accumulation of c-Kitlo LTHSCs in SPL

In order to further investigate the difference in BM or SPL derived Jak2V617F HSCs, we analyzed the

level of c-Kit expression among LTHSCs. The expression of c-Kit (CD117) has been widely used as a

marker to define hematopoietic stem cells. Recently, two independent groups demonstrated that LTHSCs

can be further distinguished into two functionally distinct populations based on the level of c-Kit

expression. Both groups demonstrated that c-Kitlo LTHSCs exhibited enhanced self-renewal and long-term

reconstitution than c-Kitint or hi LTHSCs (Grinenko et al., 2014; Shin et al., 2014). In addition, Shin et al

demonstrated a hierarchical organization of those populations that c-Kithi arising from c-Kitlo population

(Shin et al., 2014).

We evaluated the level of c-Kit expression within both BM and SPL LSKCD34-CD135- population. We

observed that the ratio of c-Kitlo to c-Kithi LTHSCs in control BM was approximately 1:1 at both 12 and 24

weeks, while their ratio in control SPL was 3:1, respectively. Interestingly, Jak2V617F expression causes a

biased expansion of c-Kithi LTHSCs population in BM at both 12 and 24 weeks, and the ratio of c-Kitlo to

c-Kithi was 1:3 (Figure 59A). As a result, there were significant decrease in c-Kitlo and increase in c-Kithi

populations in Jak2V617F BM LTHSCs (Figure 59B). On the other hands, Jak2V617F expression does not
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change the expression pattern of c-Kit in splenic LTHSCs compared to control, and the percentages of both

c-Kitlo and c-Kithi were comparable with control SPL LTHSCs (Figure 59B). In both BM and SPL, the age

does not influence the proportion of c-Kit expression within LTHSCs. The ratio of c-Kitlo to c-Kithi remains

the same. Thus, the number of c-Kitlo LTHSCs was decreased in Jak2V617F BM but increased in SPL at

24 weeks (Figure 59C). Taken together, our data demonstrated that Jak2V617F expression causes

preferential expansion of c-Kithi LTHSCs in BM, while Jak2V617F expression does not influence level of

c-Kit expression in SPL-LTHSCs. We observed significant decrease in greater self-renewing c-Kitlo

population in BM at 24 weeks. However, the absolute number of c-Kitlo LTHSCs, which was reported to

have greater self-renewal and long-term reconstitution ability, was marked increased in the spleen of

Jak2V617F mice, suggesting that SPL derived LTHSCs may contribute long-term Jak2V617F positive

MPN development more than BM derived LTHSCs. This data suggest potential intrinsic differences

between BM and SPL Jak2V617F LTHSCs that make SPL Jak2V617F LTHSCs to expand even at 24

weeks in primary mice.

2.4.4.5 Both young (12 wks) and old (24 wks) Jak2V617F expressing BM-LSK cells have a
similar disease initiating ability

The major site of HSCs maintenance is in BM niche (Wilson and Trumpp, 2006). As we used MxCre,

which induces Jak2V617F in whole body, it cannot rule out the possibilities of non-hematopoietic

contribution of Jak2V617F expression in what we observed in HSCs phenotypes. To eliminate the non-

hematopoietic contribution in HSCs phenotype resulting from MxCre mediated Jak2V617F expression, we

have transplanted FACS sorted BM-LSK cells from 12 weeks WT or MxCre;V617F/+ mice into lethally

irradiated WT recipient mice (Figure 60A). We have observed that PV-like phenotypes, including increased

in hematocrit, red blood cells, hemoglobin, and splenomegaly, in recipient mice, suggesting HSCs

phenotype seen in primary mice was cell-autonomous (Figure 60B and C). In addition, we have also

observed the expansion of LSK cells at 12 weeks and reduction at 24 weeks after BMT, suggesting that

reduction of LSK cells at 24 weeks in primary mice was also cell-autonomous (Figure 60D).

Our data so far indicate age-associated decline in the number of BM HSCs. Aging of HSCs has been

implicated in impairment of HSC functions (Beerman et al., 2010; Snoeck, 2013). However, it is still not

known whether the functionalities of aged BM-HSCs expressing Jak2V617F are also reduced. In order to
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address whether the age of Jak2V617F expressing BM-LSK cells influences their leukemic initiating ability,

we also compared PV phenotypes in the group of recipient mice transplanted with FACS sorted BM-LSK

cells from either 12 weeks (LSK cells expanding phase) or 24 weeks (LSK cells decline phase) mice. Both

groups of recipient mice showed comparable PV phenotypes, suggesting that aged BM-LSK cells possess a

similar potency of MPN development as young BM-LSK cells (Figure 60B-D). In addition, as FASC sorted

24 weeks old BM-LSK cells can expand their numbers in WT recipient mice, the decline of BM-LSK cells

seen in 24 weeks primary mice is not due to loss of intrinsic leukemic initiating or expanding ability in

BM-LSK cells. It may be due to the distortion of BM microenvironment that no longer capable to maintain

LSK cells in BM niche, as the decline of LSK cells is also seen in recipient mice at 24 weeks after BMT.

This suggests that Jak2V617F expressing HSCs derived factors may influence the niche.

2.4.4.6 Jak2V617F expressing SPL-LSK cells have greater proliferative potential and the same
disease initiating ability as BM-LSK cells

We have shown that Jak2V617F expressing LSK cells are kept accumulating in spleen of primary mice.

Although FACS immuno-phenotypes of SPL-LSK cells are the same as BM-LSK cells, their disease

initiating ability may be distinct as our own analysis of c-Kit expression suggest SPL-LSK cells may self-

renew better than BM-LSK cells, and also previous studies showed splenic LSK cells are more potent than

BM-LSK in CML mouse model (Schemionek et al., 2012). To assess whether Jak2V617F expressing SPL-

LSK cells possess a distinct disease initiating ability from BM-LSK cells, we transplanted FACS sorted

BM or SPL-LSK cells from 24 weeks MxCre;V617F/+ mice into lethally irradiated WT recipient mice.

Both BM and SPL-LSK cells transplanted mice showed similar PV phenotypes, including increased in

hematocrit, red blood cells, hemoglobin, and splenomegaly (Figure 61A-C). Surprisingly, although the

expansion of LSK cells in BM of recipient mice was comparable in both BM and SPL-LSK transplanted

mice, we observed that LSK expansion in the spleen of recipient mice was much greater in SPL-LSK

transplanted mice than BM-LSK transplanted mice (Figure 61D and E). Morita et al demonstrated that both

BM  and  SPL  derived  normal  HSCs  are  functionally  similar  in  wild  type  mice  (Morita  et  al.,  2011).  Our

data suggest that Jak2V617F expression makes SPL-LSK cells a greater proliferative advantage than BM-

LSK cells, and further supporting our finding that functional Jak2V617F expressing cancer stem cells are

maintained for long-term MPN development in spleen.
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2.4.4.7 Abnormal levels of G-CSF and SDF-α support an accumulation of CSCs in the spleen of
Jak2V617F knock-in mice

Impacts of cytokines and chemokines in the HSC maintenance have been well studied that they plays a

crucial role in adult hematopoiesis. Multiple cytokines and chemokines are also reported to involve in the

key aspects of leukemic development as leukemic microenvironment (Zhang et al., 2012). Patient studies

indicate the contribution of abnormal circulating cytokine/chemokines in MPNs disease progression

(Tefferi et al., 2011; Vaidya et al., 2012). We observed that Jak2V617F mutation causes continuous

expansion of HSCs in spleen. However, the mechanisms behind this change remain elusive. We

hypothesized that Jak2V617F expression causes abnormal level of cytokines and chemokines responsible

for HSC migration, so we measured the level of G-CSF and SDF-1α, which are well-known cytokines and

chemokines involving HSC mobilization, in our Jak2V617F knock-in mice (Cheng and Qin, 2012; Dar et

al., 2005; Itkin and Lapidot, 2011; Petit et al., 2002; Tzeng et al., 2011).

We observed marked elevation of G-CSF, one of the potent HSC mobilizing cytokines, in serum of

Jak2V617F knock-in mice (Figure 62A). High level of serum G-CSF causes reduction of SDF-1α, which

positively maintains HSCs in BM niche. As expected, we observed marked reduction of SDF-1α in BM of

Jak2V617F mice (Figure 62B). In addition, serum SDF-1α in Jak2V617F knock-in mice was significantly

higher than control mice, which results in SDF-1α gradient across BM niche to perivascular niche (Figure

62B). Together, abnormal levels of G-CSF and SDF-1α in Jak2V617F mice correlate our finding of HSCs

accumulation in the spleen of Jak2V617F mice. Change in levels of those two mobilizing agents contribute

BM-LSK cells to forcefully egress out from BM niche at HSC decline phase in Jak2V617F mice.

2.4.4.8 Problem of using conventional CD45 based BM-CRU assay to assess clonal dominance
in Jak2V617F mediated MPN

Clonal dominance is a key feature of CSCs to propagate disease. However, whether Jak2V617F expression

by itself gives a clonal advantage in CSCs remains controversy. Previous studies with Jak2V617F knock-in

mouse models reported conflicting results in terms of clonal dominance. Li et al showed Jak2V617F

expressing BM does not have a clonal advantage over WT BM rather it declines by tracking global CD45.2

positive cells from conventional CD45.1 (WT) vs. CD45.2 (Jak2V617F) BM CRU experiment (Li et al.,

2010). On the other hands, Mullally et al demonstrated that Jak2V617F expression gives a clonal advantage
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in myeloid cells by using CRU assay with FACS sorted CD45.2 positive LSK population (Mullally et al.,

2012). In order to investigate whether Jak2V617F mutation gives a clonal advantage, we also performed

CRU experiment with FACS sorted LSK population as previously described (Figure 63A) (Mullally et al.,

2012). We observed that FACS sorted LSK cells CRU transplantation resulted in PV-like phenotypes in

recipient mice (Figure 63B). Analysis of chimerism in recipient mice showed that Jak2V617F derived

CD45.2+ LSK cells cannot compete against CD45.1+ WT LSK cells. The percentage of CD45.2+, donor

derived cells, in CD45.2WT:CD45.1WT or CD45.2Jak2V617F:CD45.1WT recipient mice were 54.94%

and 28.43% respectively (Figure 63C). However, we also noticed a tremendous expansion of double

negative population (CD45.2-CD45.1-) in peripheral blood of CD45.2Jak2V617F:CD45.1WT recipient

mice (Figure 63C).

To investigate what type of hematopoietic cells reside in double negative population, we analyzed the

expression of CD45 in granulocyte (Gr-1+Mac-1+), erythrocyte (Ter119+CD71+), megakaryocyte

(CD61+CD41+), B cells (B220+), and T cells (Thy-1+) (Figure 64A). Erythrocyte progenitors

(Ter119+CD71+) does not express CD45 marker. Jak2V617F expression results in an expansion of

erythrocyte progenitors, so using CD45 as a marker for determining clonal dominance is inappropriate and

misleading. To circumvent this issue and track an expansion of erythroid progenitors in recipient mice after

BMT, we crossed our Jak2V617F knock-in mice with transgenic GFP mice (C57BL/6-Tg(UBC-

GFP)30Scha/J mice), which allows us to measure all donor derived cells including, erythrocyte progenitors,

based on GFP expression (Figure 64B) (Schaefer et al., 2001). Using CD45 expression as a marker to

determine donor derived cells in CRU experiment misleads the study of Jak2V617F mutation due to the

nature of Jak2V617F mediated erythroid expansion (Figure 63C). Expansion of erythroid progenitors by

Jak2V617F proportionally reduces the frequency of donor derived CD45.2 positive cells in recipient mouse.

2.4.4.9 Jak2V617F expression gives a competitive advantage in LSK population

We have sorted LSK cells from GFP-positive Jak2V617F knock-in mice and transplanted into lethally

irradiated mice with GFP-negative WT competitor in 1:1 ratio (Figure 65A). Recipient mice receiving

GFP-positive Jak2V617F LSK cells exhibited PV phenotypes including increase in hematocrit, hemoglobin,

and red blood cells (Figure 65B). As we expected, unlike conventional CD45.2 based CRU experiment, we



                            2.4 Spleen serves as a major reservoir of cancer stem cells in Jak2V617F-mediated MPNs

139

observed an expansion of donor derived GFP positive Jak2V617F cells in peripheral blood (Figure 65C). In

addition, GFP positive Jak2V617F LSK cells are also outcompete against WT LSK in both BM and SPL of

recipient  mice  (Figure  66A  and  B).  Both  frequency  and  absolute  number  of  BM  and  SPL  GFP  positive

LSK cells were significantly increased in the recipient mice transplanted with GFP positive Jak2V617F

LSK cells (Figure 66C and D).

To investigate self-renewing ability in Jak2V617F expressing cells, we again sorted GFP positive BM from

primary recipient mice in Figure 66A, and transplanted in lethally irradiated mice with non-GFP competitor

BM, which was sorted at the same time, in 1:1 ratio (Figure 67A). The secondary recipient mice

transplanted with GFP positive Jak2V617F BM still exhibited PV-like phenotypes (Figure 67B). Together,

our GFP expression based CRU experiment demonstrated that Jak2V617F expression gives a competitive

advantage in HSCs to maintain MPNs.

2.4.4.10  Spleen is remodeled as the major leukemogenesis site of Jak2V617F mediated MPNs

We previously reported the characterization of our conditional Jak2V617F knock-in mice, which exhibits

PV-like phenotypes with significant increase in the frequency of myeloid progenitors within both BM and

SPL (Akada et al., 2010). Based on the dramatic change in the absolute number of HSCs in both BM and

SPL, we reevaluate the absolute number of hematopoietic progenitors in our Jak2V617F mice. We found

the absolute numbers of erythrocyte (Ter119+CD71+ or Ter119+) and megakaryocyte (CD61+CD41+)

progenitors were significantly increased in both BM and SPL (Figure 68A and B).

Granulocyte/macrophage (Gr-1+Mac-1+) progenitors were expanded only in SPL (Figure 68B). As a result,

BM and SPL combined absolute number of myeloid progenitors, including granulocyte/macrophage,

erythrocyte, and megakaryocyte progenitors, were remarkably higher in Jak2V617F mice (Figure 68C).

Although we previously reported the frequency of lymphocyte progenitors, B220+ or Thy-1+ cells, in both

BM and SPL of Jak2V617F mice were decreased, their absolute numbers were actually comparable with

control mice (Figure 68).

The frequencies of myeloid progenitors, including Gr-1+Mac-1+, Ter119+CD71+, Ter119+, and

CD61+CD41+, were higher in Jak2V617F BM compared to control BM, 88% and 78% respectively (Figure

69A). With our surprise, the difference in the frequency of those myeloid progenitors between Jak2V617F
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and control mice was greater in spleen, 62% and 14% respectively (Figure 69A). The total number of

myeloid progenitors in the spleen was remarkably higher than in the bone marrow of Jak2V617F mice

(Figure 69C). Taken together, our data suggest that spleen becomes the primary leukemogenesis site to

generate myeloid progenitors in Jak2V617F mediated MPNs.

2.4.4.11  Contribution of CD169+ macrophage in SPL as a potential positive regulator of
Jak2V617F expressing CSCs

We observed that  spleen  may contribute  as  the  primary  site  of  potent  MPN initiating  HSCs and myeloid

progenitors’ expansion in Jak2V617F mice. However, unlike BM niche, the splenic niche for HSC

maintenance is not well known, because there is almost no HSCs residing in spleen. To address the

mechanisms how spleen can be the site of HSC maintenance in Jak2V617F mice, we first investigated

whether any cells known as BM niche, including osteoblast, mesenchymal stem cells, spindle-shaped N-

cadherin(+) CD45(-) osteoblastic cells (SNO cells), exist in the spleen of Jak2V617F mice by FACS.

However, we could not identify any of those cells in the spleen of Jak2V617F mice (data not shown). Thus,

we hypothesized that differentiated hematopoietic progenitors serve as a positive regulator of Jak2V617F

expressing HSCs in spleen. The role of CD169+ macrophage progenitors in HSC maintenance has been

studied that they promote a retention of HSCs in BM niche and the depletion of those progenitors mobilizes

HSCs from BM niche (Chow et al., 2011; Winkler et al., 2010) More recently, two independent studies

demonstrated that the depletion of CD169+ macrophage progenitors by clodronate liposomes treatment

attenuates Jak2V617F mediated erythropoiesis in mouse models, which was probably due to the disruption

of macrophages adherence in erythroblastic islands, known for erythropoietin independent erythrocyte

production (Chow et al., 2013; Ramos et al., 2013; Rhodes et al., 2008). As we observed a marked

expansion of both HSCs and granulocyte/macrophage progenitors in the spleen of Jak2V617F knock-in

mice, we assessed whether those granulocyte/macrophage progenitors positively contribute not only

erythropoiesis but also the maintenance of Jak2V617F expressing HSCs in spleen (Figure 54 and Figure

68B).

We first examined the number of CD169+ macrophage progenitors in both BM and SPL of our Jak2V617F

mice. The number of CD169+ macrophage progenitors, determined by Gr-1+F4/80+CD169+, was

significantly reduced in the bone marrow of Jak2V617F mice (Figure 70A). However, we observed a
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marked expansion of CD169+ macrophage progenitors in the spleen of Jak2V617F mice (Figure 70B).

BMT models showed the expansion of CD169+ macrophage progenitors in spleen was cell autonomous.

Together, our data suggests that Jak2V617F expression results in the expansion of one of the positive

regulators known for HSC maintenance in spleen, and reduction of those progenitors from bone marrow

may contribute reduction of HSC number in the bone marrow of Jak2V617F mice (Figure 70C and D).

2.4.4.12  Depletion of CD169+ macrophage by clodronate liposome attenuates Jak2V617F
expressing LSK expansion and PV-phenotypes

To investigate whether Jak2V617F expressing HSCs relies on CD169+ macrophage progenitors for their

maintenance, we treated our Jak2V617F mice with well-known CD169+ macrophage progenitor depleting

agent, clodronate liposomes (Figure 71A). As previously reported, clodronate liposomes treatment

attenuated Jak2V617F mediated erythropoiesis, Jak2V617F allele burden, and splenomegaly (Figure 71B

and C) (Chow et al., 2013; Ramos et al., 2013). Furthermore, we observed a successful reduction in the

number of CD169+ macrophage progenitors in spleen (Figure 72A). More importantly, clodronate

liposomes treatment results in the reduction of both frequency and total number of Jak2V617F HSCs from

both bone marrow and spleen without significant reduction in WT LSK cells in BM (Figure 72B and C).

Taken together, the expression of Jak2V617F in HSCs establish a positive feedback loop between HSCs

and CD169+ macrophage progenitors in spleen, and depletion of CD169+ macrophage progenitors may be

potential therapeutic strategy for Jak2V617F positive MPN treatment (Figure 73).

2.4.4.13  Jak2V617F causes a marked up-regulation of HSC, cell cycle, and oncogenic signature
related genes in both BM and SPL LTHSCs compared to control BM LTHSCs

After the discovery of Jak2V617F mutation in MPNs, several studies with both mouse and patient samples

have been performed to investigate a potential therapeutic target gene regulated by Jak2V617F (Catani et

al., 2009; Guglielmelli et al., 2007; Mullally et al., 2013; Mullally et al., 2010; Puigdecanet et al., 2008;

Vannucchi et al., 2013). However, due to the variability of patient samples, such as additional mutation,

genetic background, and length of mutation, investigating a therapeutic target gene unique to Jak2V617F

positive cells is limited. Mullally et al demonstrated gene profiling in LSK cells from their Jak2V617F

knock-in mouse model in their first report, however, they found a robust up-regulation only in myeloid

differentiation signature genes at that time, probably because their mouse did not start to have HSC
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expansion (Mullally et al., 2010). Therefore, the understanding of genes regulated by Jak2V617F in mouse

model is also limited. To investigate the genes regulated by Jak2V617F in HSCs, we assessed gene

expression signatures by microarray comparing between FACS sorted WT BM LTHSCs and either

Jak2V617F BM or SPL LTHSCs from 12 weeks old mice. We observed that there were multiple genes

expressing different levels between WT BM LTHSCs and Jak2V617F BM or SPL LTHSCs (Figure 74).

GSEA analysis showed several HSC related genes sets were up-regulated in both BM and SPL Jak2V617F

LTHSCs compared to WT BM LTHSCs, which further supports a remarkable expansion of LTHSCs in

both BM and SPL of Jak2V617F mice (Figure 75B and Table 13). GSEA analysis with cell cycle related

gene set demonstrated that significant up-regulation in Jak2V617F BM and SPL LTHSCs compared to WT

BM LTHSCs (Figure 75B and Table 14). Several oncogenic signature gene sets were also strongly

correlated to both BM and SPL Jak2V617F LTHSCs compared to WT BM LTHSCs (Figure 75C).  This

data clearly demonstrated that Jak2V617F expression is not simply a constitutive activation of Jak-Stat

pathway, but it also dramatically altered gene expression in LTHSCs resulting in CSC transformation.

2.4.4.14  Distinct gene expression in SPL-LTHSCs compared to BM-LTHSCs in Jak2V617F
knock-in mice

We have observed the unique splenic niche contribution by a positive feedback loop from CD169+

macrophage progenitors in the maintenance of Jak2V617F HSCs in spleen. Furthermore, our SPL-LSK

cells transplantation assay demonstrated that SPL-LSK cells had a greater proliferative advantage

compared to BM-LSK cells. Together, our data so far suggests that SPL Jak2V617F LTHSCs may have a

distinct gene expression prolife from BM Jak2V617F LTHSCs due to both intrinsic and extrinsic

influences. Heatmap clearly demonstrated that there are distinct gene expression between Jak2V617F BM

and SPL LTHSCs (Figure 74). In order to investigate whether Jak2V617F SPL HSCs acquired uniqueness

in specific sets of genes, we also compared sets of gene expression profiles between FACS sorted

Jak2V617F LTHSCs from BM and SPL by GSEA analysis. We observed that there are distinct enrichment

profiles in HSC related GSEA analysis between BM and SPL Jak2V617F LTHSCs (Figure 76A and Table

17). Especially, the gene set, JAATINEN_HEMATOPOIETIC_STEM_CELL_DN, which is the list of

down-regulated genes in human cord blood CD133+ cells, known as human HSCs, was uniquely up-

regulated in SPL Jak2V617F LTHSCs compared to BM Jak2V617F LTHSCs. On the other hands, we
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observed significant up-regulation of cell cycle related gene sets only in BM Jak2V617F LTHSCs but not

in SPL Jak2V617F LTHSCs when comparing each others, which is probably due to the difference in their

HSC cell cycle status (Figure 56, Figure 57, Figure 76B and Table 18).

GSEA analysis with KEGG gene sets also showed the uniqueness between BM and SPL Jak2V617F

LTHSCs. We observed the strong correlation of KEGG_JAK_STAT_SIGNALING in BM Jak2V617F

LTHSCs compared to SPL Jak2V617F LTHSCs, NES: 1.49 with FDR: 0.09, suggesting imbalanced Jak-

Stat pathway gene regulation depending on the origin of LTHSCs. In addition, the strong correlation of

KEGG_HEDGEHOG_SIGNALING_PATHWAY, NES: -1.51 with FDR: 0.18, was seen in SPL

Jak2V617F LTHSCs (Figure 76C and Table 19). Although Hedgehog signaling pathway was reported to be

dispensable in normal hematopoietic stem cell functions, it was also reported to be correlated in relapse of

Bcr-able positive CML as well as suggested to be a potential therapeutic target for hematopoietic

malignancies (Cea et al., 2013; Gao et al., 2009; Hofmann et al., 2009; Irvine and Copland, 2012). Strong

correlation in hedgehog signaling seen in Jak2V617F SPL LTHSCs may be the one of the mechanisms of

stemness maintenance. GSEA with oncogenic signature gene sets showed that BM Jak2V617F LTHSCs

had the strong correlation in the diverse kind of oncogenic related gene sets, while SPL Jak2V617F

LTHSCs had the strong correlation in several Kras related oncogenic gene sets compared to BM

Jak2V617F LTHSCs (Figure 76C and Table 20). Oncogenic Kras has been reported to induce

leukemogenesis, so the significant up-regulation in Kras related oncogenic genes might contribute as the

one of the mechanisms that allowing Jak2V617F LTHSCs to expand in spleen (Braun et al., 2004; Diaz-

Flores et al., 2013; Sabnis et al., 2009; Zhang et al., 2009).

2.4.4.15  The origin of LTHSCs determines distinct expression patterns of genes marked by
H3Y41ph in Jak2V617F mice

Although  Jak2  is  a  well  known  as  a  cytoplasmic  protein  that  bound  to  a  cytokine  receptor  to  initiate  a

corresponding signaling pathway, small percentage of Jak2 has been reported to be found in nucleus by

sumoylation mediated translocation and causing histone post-translational modification (Dawson et al.,

2009; Dawson et al., 2012; Sedek and Strous, 2013). Rinaldi et al reported that Jak2V617F protein is

preferentially accumulated in nucleus compared to wildtype Jak2 in CD34+ cells but not other

hematopoietic progenitors, suggesting Jak2V617F may regulate its nuclear function differently between
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HSCs and hematopoietic progenitors (Rinaldi et al., 2010). Jak2V617F constitutively phosphorylate

tyrosine 41 reside in histone H3 (H3Y41ph) and results in the release of the transcriptional repressor

heterochromatin protein 1α (HP-1α), which eventually causes the disruption of chromatin silencing

(Dawson et al., 2009; Dawson et al., 2012). Dawson et al identified the tissue specific sets of genes marked

by H3Y41ph (Dawson et al., 2012). Using previously reported gene list by Dawson et al, we performed

GSEA analysis to determine if the origin of LTHSCs changes expression pattern of genes marked by

H3Y41ph. Both BM and SPL Jak2V617F LTHSCs strongly correlated with genes marked by H3Y41ph

compared to WT BM LTHSCs as expected (Figure 77). Interestingly, there was biased up-regulation in

several genes marked by H3Y41ph in Jak2V617F BM LTHSCs compared to Jak2V617F SPL LTHSCs

(Figure 77 Figure 78). This data also supports that the origin of LTHSCs influences the gene expression

regulated by the same epigenetic markers.

2.4.4.16  Differential expression pattern in aging associated genes between Jak2V617F BM and
SPL LTHSCs

We have observed age-associated distinct behaviors, expansion or decline, in Jak2V617F expressing HSCs.

The Jak-Stat signaling pathway has been implicated in telomerase regulation, which associated with aging

process (Jaskelioff et al., 2011; Stewart and Weinberg, 2006; Yamada and Kawauchi, 2013). A severe

shortening of the telomere length, which correlated the aging process, in MPN patients has been reported

(Bernard et al., 2009). Our data indicate that Jak2V617F expressing HSCs undergo frequent cell cycle

entry/division which may cause faster progression of aging. Moreover, the role of EZH2 has been

implicated in aging of HSCs, suggesting that Jak2V617F mediated EZH2 degradation may contribute faster

aging in HSCs (De Haan and Gerrits, 2007; Sahasrabuddhe et al., 2014). Furthermore, inhibition of

Akt/mTOR pathway attenuates age-related functional decline in mesenchymal stem cell, suggesting that

hyper-activation of that pathway by Jak2V617F may induce faster aging process (Gharibi et al., 2014).

Thus, we hypothesized that particular sets of aging associated genes may have been already altered by

Jak2V617F mutation that also contributes the uniqueness between BM and SPL Jak2V617F LTHSCs.

Beerman et al reported that age associated decline of HSC is related to proliferation dependent alteration of

DNA methylation patterns (Beerman et al., 2013). They reported the list of gene expression in

hematopoietic cells with differential DNA methylation during ontogeny (Gain or loss of DNA methylation
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from Young HSCs to Old HSCs) and the list of highly expressing genes in old HSCs compared to young

HSCs. Our analysis demonstrated that Jak2V617F mutation causes significant up-regulation in set of genes

that gains methylation from young HSCs to old HSCs in both BM and SPL LTHSCs compared to WT BM

LTHSCs (Figure 79A). Such genes were further up-regulated in BM than SPL Jak2V617F LTHSCs. We

also observed up-regulation of genes losing methylation as HSCs aged in SPL Jak2V617F LTHSCs, but

not BM LTHSCs, compared to WT BM LTHSCs (Figure 79B).

Furthermore, GSEA analysis with set of genes highly expressed in old HSCs compared to young HSCs

showed BM Jak2V617F LTHSCs had a strong correlation with such genes compared to WT BMLTHSCs

and SPL Jak2V617F LTHSCs (Figure 79C). This data suggests that Jak2V617F mutation may result in

gene expression as the same as old HSCs compared to age-matched WT HSCs that causing faster

physiological aging in BM, but the gene expression of Jak2V617F HSCs can be rejuvenated in spleen and

maintained their status as relatively younger HSCs. This gene expression differences may contribute the

greater cell proliferation in SPL than BM Jak2V617F LTHSCs seen in BMT model as aging of HSCs

reduces stem cells functions (Figure 61) (Signer and Morrison, 2013). Since niche contribution in aging of

HSCs has been suggested, being at the different niche may influence aging process of stem cells that

changes functionality of Jak2V617F LTHSCs depending on where they are originated (Morrison and

Spradling, 2008).

Together, although both BM and SPL Jak2V617F HSCs have a similar MPNs initiating ability, our gene

profiling analysis also support the distinction in both gene expression and possibly epigenetic regulation,

whether directly or indirectly, between BM and SPL Jak2V617F LTHSCs. Those different gene regulations

are probably one of contributors allowing SPL LTHSCs to have greater cell proliferation and independent

stemness without BM niche for long-term MPN development in spleen. Our data clearly provided the

evidence of distinct gene profiles in disease initiating cells by the same mutation depending on their origins.

These phenomena could be the one of difficulties behind developing a novel therapeutic approach by a

particular inhibitor.
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2.4.5 Discussion

After the discovery of Jak2V617F mutation in MPNs, the molecular function of this constitutive active

form of Jak2 has been studied in various aspects. The HSCs phenotypes observed in these Jak2V617F

knock-in mice were variable (Akada et al., 2010; Li et al., 2010; Marty et al., 2010; Mullally et al., 2010).

The contradictory results from different groups in terms of HSC functions make us difficult to understand

the molecular pathogenesis of Jak2V617F positive MPNs (Hasan et al., 2013; Kent et al., 2013; Marty et al.,

2013; Mullally et al., 2013; Mullally et al., 2012). In this study, we comprehensively addressed the role of

oncogenic Jak2 in adult hematopoietic stem cells for Jak2V617F positive MPN development.

As adult hematopoiesis occurs and is maintained in the bone marrow, almost all MPN studies so far have

focused on effect of oncogenic mutation in BM or peripheral blood derived stem cells for MPN

development. Extramedullary hematopoiesis associated with MPNs has been considered as the one of the

consequences but not as a primary source of MPN development. Characterization of Jak2V617F expressing

LTHSCs in the bone marrow as well as in the spleen of our conditional knock-in mouse model revealed

that spleen becomes the primary site of Jak2V617F positive MPN maintenance. We observed a progressive

decline  of  CSCs  from  the  bone  marrow,  which  is  consistent  with  what  is  found  in  MPN  patients,  and  a

continuous expansion of CSCs in the spleen of our Jak2V617F knock-in mouse model. The cell cycle

analysis of HSCs demonstrated that spleen acquired the ability to maintain HSCs quiescence in Jak2V617F

knock-in mice. Hematopoietic progenitor compartment reevaluation in our mice suggests the spleen as the

critical site for Jak2V617F positive MPN development rather than simple consequence of extramedullary

hematopoiesis.

We demonstrated that Jak2V617F expressing HSCs are capable for clonal expansion by HSC-HSC CRU

BMT assay (Figure 65-Figure 67). Our data contradict with what is reported by Li et al that they observed

defect in Jak2V617F expressing cells for clonal expansion (Li et al., 2014; Li et al., 2010). Part of this

conflict was also explained in this study as the issue of CD45 marker in tracking Jak2V617F mouse model.

As Jak2V617F expression by itself induces a marked expansion of erythroid progenitors, which cannot be

tracked by conventional CD45 marker, the experimental design used by Li et al is not appropriate to assess

the clonal dominance in Jak2V617F model (Figure 63). In addition, Li et al used only CRU BMT approach
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with competition between BM, instead of purified population, to assess the clonal dominance by

Jak2V617F in their both previous and recent reports (Li et al., 2014; Li et al., 2010). This also misleads the

interpretation of outcome as Jak2V617F expressing BM includes different hematopoietic compartments

compared to wildtype BM.  Their experimental designs were not fair competition between mutant and

wild-type cells (Li et al., 2014; Li et al., 2010). The reason behind the different observation in their mouse

model compared to other three mouse model is still not known (Akada et al., 2010; Gautier et al., 2012;

Hasan et al., 2013; Kent et al., 2013; Li et al., 2014; Li et al., 2010; Marty et al., 2013; Marty et al., 2010;

Mullally et al., 2013; Mullally et al., 2010; Mullally et al., 2012). One of the explanations is that their

targeting strategy of generating knock-in mouse is with human Jak2V617F under mouse promoter. The

activity of human Jak2V617F under mouse promoter may not be sufficient to initiate a proper signaling.

Additionally, there is not known whether human Jak2V617F have comparable activity as mouse Jak2 in

terms of histone regulation, as the nuclear role of Jak2, H3Y41ph, has been reported (Dawson et al., 2009;

Dawson et al., 2012; He and Zhang, 2010; Qian et al., 2011). In addition, Li et al reported that they did not

observe the splenomegaly in their ET mouse model, suggesting the potential problem of human Jak2V617F

in an enlargement of spleen, which we addressed as the crucial contributor of Jak2V617F expressing HSCs

maintenance in this manuscript (Li et al., 2010).

The limited number of studies has done how HSCs are maintained in spleen as there are almost no HSCs

residing in spleen normally. In order to investigate the mechanisms of Jak2V617F expressing HSCs

maintenance in spleen, we hypothesized that Jak2V617F expressing hematopoietic progenitors alter

microenvironment and also serve as niche cells. We observed disorganized levels of cytokine/chemokine

responsible in HSC mobilization in the bone marrow, serum, and spleen of Jak2V617F knock-in mice.

Multi-cytokine array also showed marked up-regulation in several cytokines correlated in patient studies

(data not shown). Altered microenvironment cytokine/chemokine levels partially explained the dynamic

CSCs decline in the bone marrow and expansion in the spleen of Jak2V617F knock-in mice.

LTHSCs residing in BM niche are well-protected by multiple factors to maintain their quiescence.

Quiescent stage is a protective mechanism to avoid DNA damage by cell division as well as drug intake.

CSCs at quiescent in BM niche is difficult to be targeted by a current inhibitor. Our data showed that
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Jak2V617F expressing HSCs in spleen acquired to be in quiescent stage where no HSCs quiescent

supporting BM niche like cells reported. It has been reported that MPN influences HSCs microenvironment

in CML mouse model (Schepers et al., 2013). It has been also implicated that a vascular niche, such as

endothelial cells, contributes stem cell dormancy and self renewal (Ding et al., 2012; Moore, 2012; Winkler

et al., 2012). More recent works showed that MPN patients harbor Jak2V617F mutation in endothelial cells,

suggesting that Jak2V617F mutation is not restricted to hematopoietic progenitors (Rosti et al., 2013).

Etheridge et al demonstrated that the expression of Jak2V617F in endothelial cells themselves contribute

abnormal clotting in mouse model, suggesting that Jak2V617F in splenic niche cells may have a potential

role for stem cell maintenance distinct from what is known as BM niche (Etheridge et al., 2014). Therefore,

to investigate the mechanism of HSC quiescence in the spleen of Jak2V617F mice, we also assessed

whether Jak2V617F expression produces non-hematopoietic BM niche cell like cells in spleen. However,

we could not identify such non-hematopoietic cells known for BM niche in the spleen of Jak2V617F mice

(data not shown). Of course, because we only analyzed few candidate BM niche cells in spleen, whether

spleen does not have any non-hematopoietic BM niche cells like cells is still open-question.

As we observed dramatic expansion in hematopoietic progenitor compartments in the spleen of Jak2V617F

mice, such hematopoietic progenitors may remodel the vascular niche in spleen to support the quiescence

of HSCs. BM or SPL derived LSK cells transplantation experiment showed that Jak2V617F expressing

LSK cells are sufficient to induce PV as well as cause an expansion of LSK cells in normal

microenvironment in control recipient mice. Therefore, we hypothesized hematopoietic progenitor

differentiated form Jak2V617F expressing LSK cells serve as a niche cell to support MPN progression in

spleen. We observed significant expansion of the one of hematopoietic progenitors known for their

contribution in BM niche, CD169+ macrophage progenitors, in the spleen of our Jak2V617F mouse.

Depletion of those progenitors by clodronate liposome attenuated MPN disease and reduced the number of

expanded splenic CSCs in Jak2V617F mice. This data provide the evidence that spleen was remodeled to

serve as a MPN leukemic niche for CSCs maintenance. Jak2V617F splenic CSCs depend on the unique

positive feedback loop with one of differentiated hematopoietic progenitors for their stemness established

in spleen. CD169+ macrophage progenitors may serve as a tumor associated macrophage (TAM), known

for its pro-tumor activities in both solid tumor and leukemia, in Jak2V617F positive MPNs (Galdiero et al.,
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2013). Role of c-myc or IL-6 mediated signaling, which are downstream targets of Jak2, has been

implicated in TAM activation and differentiation, so the constitutive activation of Jak2 with V617F somatic

mutation may contribute overproduction of CD169+ macrophage progenitors through those pathways

(Duluc et al., 2007; Pello et al., 2012). Further investigation is needed to address the mechanism of

Jak2V617F expressing CSCs dependency to CD169+ macrophage progenitors. As our experiment

demonstrated that Jak2V617F expressing CSCs may be more depended on CD169+ macrophage

progenitors than normal HSCs, the depletion of CD169+ macrophage progenitors or disruption of their cell-

cell interaction could be a useful therapeutic strategy to eliminate CSCs without directly targeting

hematopoietic stem cells.

With our surprise, Jak2V617F splenic HSCs possess a greater proliferative advantage than BM HSCs to

propagate MPNs, suggesting potential intrinsic differences among BM and SPL HSCs. The gene

expression profile unique in stem cells has been implicated in human leukemia (Eppert et al., 2011). To

investigate whether the origin of HSCs alters gene expression, we performed microarray analysis in FACS

sorted LTHSCs from BM or SPL. Gene profiling among BM or SPL derived LTHSCs from Jak2V617F

mice clearly demonstrated that the origin of LTHSCs influences distinct gene regulations and possible

epigenetic regulations that would also contribute as a resistance against particular anti-cancer treatment.

Age associated genes were up-regulated in Jak2V617F BM derived LTHSCs compared to control or

Jak2V617F SPL derived LTHSCs. This could be due to a progressive cell cycle entry in Jak2V617F BM

LTHSCs than SPL LTHSCs as seen in our cell cycle analysis. Interestingly, we observed a progressive

expansion of HSCs in all cell cycle stages in spleen. In other word, spleen restricts aging process of CSCs,

maintains their status as young potent CSCs, and expands myeloproliferative CSCs at the same time. That

also explains why we observed a greater cell proliferative advantage in spleen derived LSK cells compared

to BM derived LSK cells in transplantation experiment. Ph- MPNs may follow a similar biology in terms of

splenic CSCs as it seen in Ph positive CML model (Schemionek et al., 2012). This supports the beneficial

results of splenectomy in MPN patients that simple removal of spleen attenuates MPN diseases, although it

often associated with increased mortality (Mishchenko and Tefferi, 2010; Santos et al., 2014).
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Together, our data suggest that disease initiating cells are deposited in the spleen, where there is not clear

understanding on the mechanism of HSC maintenance, for long-term Jak2V617F positive MPN

development. We provided the experimental evidence that spleen became the primary site of MPN

development. In addition, along with our finding in mouse model, more recent works in Jak2V617F

positive MPNs patients supported that spleen contains MPN disease initiating cells (Wang et al., 2012b).

Further investigation of the way to efficiently target Jak2V617F positive splenic MPN disease initiating

cells should be a next goal, including patients study with clodronate liposomes.
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2.4.6 Figures

Figure 52. Jak2V617F SLAM-HSCs expansion take place in spleen as mice aged

(A) BM cellularity and SPL size at 12 weeks or 24 weeks are shown (n=5). The bar represents ±SEM and *
indicates p<0.05.

(B) Flow cytometric analysis of LTHSC (Lin-Sca1+c-kit+CD150+CD41-CD48-) in BM and SPL from
control  or  MxCre;VF/+  mice  at  12  or  24  weeks  after  pI:pC  (n  =  5).  Representative  contour  plots  are
referred to LSK gate. The percentage and absolute number of LTHSC within DAPI- population is shown in
histograms as mean ± SEM. * indicates p < 0.05.
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Figure 53. The expansion of Jak2V617F LTHSC, ST-HSC, and MPP seen at 12 weeks in BM declines
as mice aged

(A) Flow cytometric analysis of LTHSC (Lin-Sca1+c-kit+CD34-CD135-), ST-HSC (Lin-Sca1+c-
kit+CD34+CD135-), and MPP (Lin-Sca1+c-kit+CD34+CD135+) in BM from control or MxCre;VF/+ mice at
12 or 24 weeks after pI:pC (n = 5).Representative contour plots are referred to LSK gate.

(B)  The percentage  and absolute  number  of  BM LTHSC,  ST-HSC,  and MPP within  DAPI- population is
shown in histograms as mean ± SEM (n=5). * indicates p < 0.05.
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Figure 54. The expansion of Jak2V617F LTHSC, ST-HSC, and MPP in SPL sustained even mice
aged

(A) Flow cytometric analysis of LTHSC (Lin-Sca1+c-kit+CD34-CD135-), ST-HSC (Lin-Sca1+c-
kit+CD34+CD135-), and MPP (Lin-Sca1+c-kit+CD34+CD135+) in SPL from control or MxCre;VF/+ mice at
12 or 24 weeks after pI:pC (n = 5).Representative contour plots are referred to LSK gate.

(B) The percentage and absolute number of SPL LTHSC, ST-HSC, and MPP within DAPI- population is
shown in histograms as mean ± SEM (n=5). * indicates p < 0.05.
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Figure 55. Jak2V617F knock-in mice exhibit marked expansion of LSK cells in peripheral blood and
hematopoietic organ

(A) Representative contour plots of LSK cells in peripheral blood are shown. The percentage of LSK cells
within DAPI- population is shown in histograms as mean ± SEM (n=5). * indicates p < 0.05.

(B) BM plus SPL combined absolute number of LSK, LTHSC, STHSC, and MPP are shown in histograms
as mean ± SEM (n=5). * indicates p < 0.05.



                            2.4 Spleen serves as a major reservoir of cancer stem cells in Jak2V617F-mediated MPNs

155

Figure 56. The number of Jak2V617F BM-HSCs at all cell cycle stages were significantly increased at
12 weeks but not at 24 weeks

(A) Hoechst 33342 and Pyronin Y based BM LSK cell cycle analysis. Representative contour plots
referring LSK gate are shown. The percentage of G0, G1, SG2M within BM LSK population at 12 weeks or
24 weeks is shown in histograms as mean ± SEM (n=5). * indicates p < 0.05.

(B) The absolute number of G0, G1, SG2M within BM LSK population at 12 weeks or 24 weeks is shown in
histograms as mean ± SEM (n=5). * indicates p < 0.05.

(C) The stacked bar graphs of the absolute number of G0, G1, SG2M within BM LSK population are shown
in histograms. Note that total number of LSK population declined at 24 weeks of MxCre;VF+ mice due to
loss of G1 and SG2M population but not G0 population in BM (n=5).
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Figure 57. The number of Jak2V617F SPL-HSCs at all cell cycle stages were significantly increased
at both 12 and 24 weeks

(A) Hoechst 33342 and Pyronin Y based SPL LSK cell cycle analysis. Representative contour plots
referring LSK gate are shown. The percentage of G0, G1, SG2M within SPL LSK population at 12 weeks or
24 weeks is shown in histograms as mean ± SEM (n=3). * indicates p < 0.05.

(B) The absolute number of G0, G1, SG2M within SPL LSK population at 12 weeks or 24 weeks is shown
in histograms as mean ± SEM (n=3). * indicates p < 0.05.

(C) The stacked bar graphs of the absolute number of G0, G1, SG2M within SPL LSK population are shown
in histograms. Note that total number of LSK population continuously expand at 24 weeks of MxCre;VF+
mice due to increase in both G1 and SG2M population and slight increase in G0 population in SPL (n=3).



                            2.4 Spleen serves as a major reservoir of cancer stem cells in Jak2V617F-mediated MPNs

157

Figure 58. Significant reduction of both G1 and SG2M but not G0 stages of HSCs in Jak2V617F BM
at 24 weeks

(A) The absolute number of G0, G1, SG2M within BM LSK population at both 12 and 24 weeks is shown in
histograms as mean ± SEM. * indicates p < 0.05. Note that there is no change in cell cycle status in control
BM LSK cells, whereas, there is significant reduction of G1 and SG2M but not G0 stage in Jak2V617F BM
LSK cells at 24 weeks (n=5).

(B) The absolute number of G0, G1, SG2M within SPL LSK population at both 12 and 24 weeks is shown in
histograms as mean ± SEM. * indicates p < 0.05. Note that there is no change in cell cycle status in both
control and Jak2V617F SPL LSK cells between 12 and 24 weeks (n=3).
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Figure 59. Jak2V617F causes higher c-Kit expression in BM LTHSCs but not in SPL LTHSCs

(A) The contour plots representing c-Kit expression within LSKCD135-CD34- gated population. The
number represents the percentage of either c-Kitlo or c-Kithigh expression.

(B) The liner graphs with ± SEM representing the averaged percentage of c-Kitlo (triangle) or c-Kithi

(square) populations in either control (black) or Jak2V617F (red) LTHSCs in BM or SPL. * indicates p <
0.05. Note that high number of BM Jak2V617F LTHSCs resides in c-Kithi population compared to control
LTHSCs (n=5).

(C) The stacked bars representing the total number of either c-Kitlo or c-Kithi population among BM or SPL
LTHSCs (n=5).
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Figure 60. Age of BM LSK cells is dispensable in MPN development.

(A)  Schematic  design  of  age  comparing  BM  LSK  BMT  experiment.  LSK  cells  from  12  or  24  wks  mice
were FACS sorted and transplanted into lethally irradiated recipient mice.

(B) CBC analysis of hematocrit, red blood cells, and hemoglobin for every 4 weeks after BMT. The bar
represents ±SEM and * indicates p<0.05 (n=5).

(C) Spleen size of recipient mice 12 weeks after transplanted with 12 or 24 wks Jak2V617F BM LSK cells.

(D) Frequency of LSK cells in BM at 12 weeks after transplantation of 12 or 24wks Jak2V617F BM LSK
cells. The bar represents ±SEM and * indicates p<0.05 (n=5).

(E) Frequency of LSK cells in BM at 12 or 24 weeks after transplantation of 12 wks Jak2V617F BM LSK
cells. The bar represents ±SEM and * indicates p<0.05 (n=5).
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Figure 61. Jak2V617F splenic LSK cells have a greater cell proliferative advantage than BM LSK
cells.

(A)  Schematic  design  of  age  comparing  LSK BMT experiment.  LSK cells  from BM or  SPL were  FACS
sorted and transplanted into lethally irradiated recipient mice.

(B) Spleen size of recipient mice 12 weeks after transplanted with BM or SPL Jak2V617F LSK cells (n=5).

(C) CBC analysis of hematocrit, red blood cells, and hemoglobin for every 4 weeks after BMT. The bar
represents ±SEM and * indicates p<0.05 (n=5).

(D) Frequency and the absolute number of LSK cells in BM or SPL at 12weeks after transplantation. The
bar represents ±SEM and * indicates p<0.05 (n=5).

(E) The stacked bar of BM and SPL combined total number of LSK cells in recipient mice. The bar
represents ±SEM and * indicates p<0.05 (n=5).
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Figure 62. Abnormal levels of HSC mobilizing cytokine and chemokine in Jak2V617F knock-in mice

(A) Serum level of G-CSF in Jak2V617F mice. The bar represents ±SEM and * indicates p<0.05 (n=4).

(B) BM soup, SPL soup, or serum level of SDF-1α in Jak2V617F mice. The bar represents ±SEM and *
indicates p<0.05 (n=4).
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Figure 63. Problem of using conventional CD45.2 based BM-CRU assay in Jak2V617F knock-in mice

(A) Schematic design of CD45.2 based FACS sorted LSK CRU experiment.

(B) CBC analysis of hematocrit, red blood cells, and hemoglobin for every 4 weeks after BMT. The bar
represents ±SEM and * indicates p<0.05 (n=5).

(C) Analysis of CD45.2 (donor) vs. CD45.1(competitor) repopulation in peripheral blood at 12 weeks after
BMT. Note that CD45.2 population is significantly lower in recipient mice with CD45.2
MxCreJak2V617F/+. Also, there is a tremendous expansion of double negative population in CD45.2
MxCre; Jak2V617F/+ donor BM (n=5).
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Figure 64. Schematic diagram of normal and Jak2V617F+ hematopoiesis with CD45 and GFP
expression pattern

(A) Representative histogram of CD45.2 expression in granulocyte (Gr-1+Mac-1+), erythrocyte
(Ter119+CD71+), megakaryocyte (CD61+CD41+), B cells (B220+), and T cells (Thy-1+)  in  BM  from
CD45.2 mouse. Note that erythroid progenitors (Ter119+CD71+) do not express CD45.2

(B) Representative histogram of GFP expression in granulocyte (Gr-1+Mac-1+), erythrocyte
(Ter119+CD71+), megakaryocyte (CD61+CD41+), B cells (B220+), and T cells (Thy-1+) in BM from GFP
transgenic mouse. Note that all hematopoietic progenitors express GFP.

(C) Jak2V617F expression causes an expansion of CD45 negative population (erythroid progenitors) which
proportionally decreases the frequency of other hematopoietic progenitors and misleads the idea of clonal
dominance by Jak2V617F mutation.



                            2.4 Spleen serves as a major reservoir of cancer stem cells in Jak2V617F-mediated MPNs

164

Figure 65. Jak2V617F expressing LSK cells have a clonal advantage over wild type LSK cells

(A) Schematic design of GFP based FACS sorted LSK CRU experiment.

(B) CBC analysis of hematocrit, red blood cells, and hemoglobin for every 4 weeks after BMT. The bar
represents ±SEM and * indicates p<0.05 (n=4).

(C) Chimerism analysis of GFP positive donor derived cells for every 4 weeks after BMT in peripheral
blood. The bar represents ±SEM and * indicates p<0.05 (n=4).
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Figure  66.  Jak2V617F  LSK  cells  expand  in  both  BM  and  SPL  of  recipient  mice  in  the  presence  of
wild-type LSK competitor cells.

(A-B) GFP positivity in LSK gated population in BM (A) or SPL (B) 12 weeks after transplantation. The
pie charts represent the percentages of GFP+ and GFP- population within LSK population (n=4).

(C-D) Frequency and absolute number of GFP positive LSK in BM (C) or SPL (D) 12 weeks after
transplantation. The bar represents ±SEM and * indicates p<0.05 (n=4).
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Figure 67. Jak2V617F expressing cells can self-renew to propagate MPN disease in secondary
recipient mice in the presence of wild-type competitor.

(A) Schematic diagram of secondary GFP based LSK CRU BMT assay

(B) CBC analysis of hematocrit, red blood cells, and hemoglobin for every 4 weeks after secondary BMT.
Note that Jak2V617F BM recipients exhibited PV phenotypes, suggesting Jak2V617F expressing BM has
self-renewing ability to propagate disease. The bar represents ±SEM and * indicates p<0.05 (n=5).
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Figure 68. Expansion of myeloid progenitors in both BM and SPL of Jak2V617F knock-in mice

(A) Hematopoietic progenitors, including granulocyte/macrophage (Gr-1+Mac-1+), erythrocyte
(Ter119+CD71+ or Ter119+), megakaryocyte (CD61+CD41+), B (B220+), or T (Thy-1+)  cells  in  BM were
analyzed by FACS. The bar with absolute number represents ±SEM and * indicates p<0.05 (n=5).

(B) Hematopoietic progenitors, including granulocyte/macrophage (Gr-1+Mac-1+), erythrocyte
(Ter119+CD71+ or Ter119+), megakaryocyte (CD61+CD41+), B (B220+), or T (Thy-1+) cells in SPL were
analyzed by FACS. The bar with absolute number represents ±SEM and * indicates p<0.05 (n=5).

(C) The stacked bar graphs representing the both BM and SPL combined absolute number of each
hematopoietic progenitor. The bar represents ±SEM and * indicates p<0.05. Note that Jak2V617F
expression causes significant expansion of granulocyte, erythrocyte, and megakaryocyte progenitors but not
B and T cells (n=5).
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Figure 69. Spleen contribute as the primary leukemogenesis site of Jak2V617F mediated MPNs

(A) The pie charts represent the overall percentages of each hematopoietic progenitor in either BM or SPL.
Note that there are remarkable changes in the percentages of granulocyte, erythrocyte, and megakaryocyte
progenitors in SPL than BM compared to control (n=5).

(B) The stacked bar graphs represent the absolute number of each hematopoietic progenitor in either BM or
SPL. Note that Jak2V617F mediated MPN is maintained by SPL leukemogenesis (n=5).
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Figure 70. Significant expansion of CD169+ macrophage in SPL of Jak2V617F knock-in mice

(A) Frequency and absolute number of Gr-1+F4/80+ macrophage and its CD169 expression in BM at 12 and
24 weeks. The bar represents ±SEM and * indicates p<0.05 (n=3).

(B) Frequency and absolute number of Gr-1+F4/80+ macrophage and its CD169 expression in SPL at 12
and 24 weeks. The bar represents ±SEM and * indicates p<0.05 (n=3).

(C) Schematic design of GFP based FACS sorted LSK CRU experiment (the same as Figure 66A.

(D) Frequency and absolute number of Gr-1+F4/80+CD169+ macrophage in SPL at 12 weeks after
transplantation. The bar represents ±SEM and * indicates p<0.05 (n=3).
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Figure 71. Clodronate liposomes treatment attenuates Jak2V617F mediated erythropoiesis

(A) Schematic diagram of clodronate liposomes treatment.

(B) Complete blood counts and the frequency of CD45.2+ Gr-1 population after clodronate liposomes
treatment. Note that erythroid parameters including RBC, Hb, and HCT, were significantly decreased after
clodronate liposome treatment (n=6).

(C) Reduction of splenomegaly after clodronate liposome treatment. Representative picture of spleen after
clodronate liposome treatment was shown and the mean size of spleen is represented as the bar graph (n=6).
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Figure 72. Clodronate liposomes treatment significantly decreases CD169+ macrophage and
Jak2V617F+ LSK population from BM and SPL

(A) Frequency and absolute number of Gr-1+F4/80+CD169+ macrophage in SPL after clodronate liposomes
treatment in Figure 71A. The bar represents ±SEM and * indicates p<0.05  (n=6).

(B) Frequency and absolute number of CD45.2+ LSK population (Jak2V617F) in both BM and SPL after
clodronate liposomes treatment in Figure 71A. Note that clodronate liposomes treatment significantly
reduced the number of CSCs from both BM and SPL  (n=6).

(C) Frequency and absolute number of CD45.1+ LSK population (WT) in BM after clodronate liposomes
treatment in Figure 71A. Note that clodronate liposome treatment did not reduce the number of wildtype
HSC enriched population  (n=6).
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Figure 73. Potential mechanisms that maintaining Jak2V617F HSCs in SPL by CD169+ macrophage
progenitors

1. Jak2V617F transform HSCs into CSCs.

2. Jak2V617F expressing CSCs produce an excessive number of RBC and CD169+Mφ.

3. CD169+Mφ support erythropoiesis and HSC maintenance.

4. Ramos P et al and Chow A et al demonstrated that depletion of CD169+Mφ by clodronate liposomes
attenuated Jak2V617F mediated erythropoiesis

5. My data suggest Jak2V617F CSCs are depended on CD169+Mφ for their maintenance more than WT
HSCs, thus clodronate liposome depletion of CD169+ Mφ also reduced the number of Jak2V617F
CSCs with no influence in the number of WT HSCs.
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Figure 74. Heatmap representing a differential expression of significantly up or down-regulated
genes in either or both Jak2V617F BM and SPL LTHSCs

Heatmap representing the up or down regulated genes with p<0.05 in either or both Jak2V617F BM and
SPL LTHSCs compared with control BM LTHSCs with scale of Z-score (total 6663 genes). Heatmap was
generated by Multiple array viewer (MeV) with following hierarchical clustering options including,
average linkage method, Euclidean distance, and both sample and gene leaf order optimization.
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Figure 75. Significant up-regulation in HSC, cell cycle, and oncogenic signature genes in Jak2V617F
BM or SPL LTHSCs compared to WT BM LTHSCs by GSEA analysis

(A) Graphical representation of microarray data comparison in Figure 75

(B) Selected HSC related GSEA analysis. NES below zero with FDR less than 0.25 indicated GSEA up-
regulated in Jak2V617F BM or SPL LTHSCs.

(C) Selected cell cycle related genes set GSEA analysis. NES less than zero with FDR less than 0.25
indicated GSEA up-regulated in Jak2V617F BM or SPL LTHSCs.

(D) Selected oncogenic signatures GSEA analysis. NES less than zero with FDR less than 0.25 indicated
GSEA up-regulated in Jak2V617F BM or SPL LTHSCs.
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Figure 76. Selected GSEA analysis between Jak2V617FBM vs. Jak2V617FSPL LTHSCs

(A) Graphical representation of microarray data comparison in Figure 76

(B) Selected HSC related GSEA analysis comparing Jak2V617F BM LTHSCs (left) vs. Jak2V617F SPL
LTHSCs (right). NES above or below zero with FDR less than 0.25 indicated GSEA up-regulated in
Jak2V617F BM or SPL LTHSCs, respectively.

(C) Selected curated genes set GSEA analysis comparing Jak2V617F BM LTHSCs (left) vs. Jak2V617F
SPL LTHSCs (right). NES above or below zero with FDR less than 0.25 indicated GSEA up-regulated in
Jak2V617F BM or SPL LTHSCs, respectively.

(D) Selected oncogenic signatures GSEA analysis comparing Jak2V617F BM LTHSCs (left) vs.
Jak2V617F SPL LTHSCs (right). NES above or below zero with FDR less than 0.25 indicated GSEA up-
regulated in Jak2V617F BM or SPL LTHSCs, respectively.
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Figure 77. GSEA analysis with set of genes marked by H3Y41ph

Previously reported list of genes marked by H3Y41ph was used to compare between either control BM
LTHSCs vs. Jak2V617F BM LTHSCs, control BM LTHSCs vs. Jak2V617F SPL LTHSCs, or Jak2V617F
BM LTHSCs vs. Jak2V617F SPL LTHSCs. As expected, H3Y41ph target genes were highly up-regulated
in both Jak2V617F BM and SPL LTHSCs compared to control BM LTHSCs, -1.73 and -1.16 respectively.
Surprisingly, those genes were significantly up-regulated in Jak2V617F BM LTHSCs compared to SPL
LTHSCs.
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Figure 78. Heatmap representing a differential expression of the set of genes marked by H3Y41ph
significantly up or down regulated in either or both Jak2V617F BM and SPL LTHSCs

Heatmap representing the up or down regulated genes marked by H3Y41ph with p<0.05 in either or both
Jak2V617F BM and SPL LTHSCs compared with control BM LTHSCs (total 247 genes). Heatmap was
generated by Multiple array viewer (MeV) with following hierarchical clustering options including,
average linkage method, Euclidean distance, and both sample and gene leaf order optimization.
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Figure 79. GSEA analysis with set of aging related or age dependent DNA methylated genes.

(A)  GSEA  analysis  of  set  of  genes  that  gains  methylation  from  young  HSCs  to  old  HSCs.  The  graph
depicts a relative relationship of genes from GSEA analysis comparing each others.

(B) GSEA analysis of set of genes that loses methylation from young HSCs to old HSCs. The graph depicts
a relative relationship of genes from GSEA analysis comparing each others.

(C) GSEA analysis of significantly high expressing genes in old HSCs compared to young HSCs. The
graph depicts a relative relationship of genes from GSEA analysis comparing each others.
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2.4.7 Tables

Table 13. List of HSC related gene sets (Jak2VF BM or SPL LTHSCs vs. Control BM LTHSCs)

Jak2VF BMLTHSCs
vs WTBMLTHSCs

Jak2VF SPLLTHSCs
vs WTBMLTHSCs

NES NOM
p-val

FDR
q-val NES NOM

p-val
FDR
q-val

List of gene sets strong correlation in both Jak2V617F BM and SPL LTHSCs compared to WT BM LTHSCs

Upregulated in both BM and SPL LTHSCs
GRAHAM_CML_DIVIDING_VS_NORMAL_QUIESCENT_UP -2.38 0.00 0.00 -1.95 0.00 0.00

GRAHAM_NORMAL_QUIESCENT_VS_NORMAL_DIVIDING_DN -2.28 0.00 0.00 -2.00 0.00 0.00

IVANOVA_HEMATOPOIESIS_LATE_PROGENITOR -1.92 0.00 0.00 -1.55 0.00 0.03

GRAHAM_CML_QUIESCENT_VS_NORMAL_QUIESCENT_UP -1.91 0.00 0.00 -2.02 0.00 0.00

GRAHAM_CML_DIVIDING_VS_NORMAL_DIVIDING_DN -1.57 0.03 0.03 -1.77 0.00 0.01

STEMCELL_COMMON_DOWN -1.53 0.01 0.04 -1.48 0.04 0.05

GRAHAM_CML_QUIESCENT_VS_NORMAL_DIVIDING_DN -1.48 0.05 0.05 -1.69 0.01 0.01

KEGG_HEMATOPOIETIC_CELL_LINEAGE -1.47 0.02 0.05 -1.61 0.00 0.02

GRAHAM_CML_DIVIDING_VS_NORMAL_DIVIDING_UP -1.45 0.06 0.06 -1.45 0.06 0.06

Upregulated in BM and downregulated in SPL LTHSCs
STEMCELL_HEMATOPOIETIC_UP -1.44 0.00 0.06 1.48 0.00 0.09

GRAHAM_CML_QUIESCENT_VS_NORMAL_QUIESCENT_DN -1.22 0.19 0.22 1.51 0.02 0.08

GEORGANTAS_HSC_MARKERS -1.56 0.01 0.04 1.25 0.15 0.23

Downregulated in both BM and SPL LTHSCs
IVANOVA_HEMATOPOIESIS_STEM_CELL_LONG_TERM 1.59 0.00 0.06 1.56 0.00 0.08

HSC_LTHSC_ADULT 1.64 0.00 0.06 1.44 0.00 0.08

HSC_LTHSC_SHARED 1.68 0.00 0.07 1.57 0.00 0.10

HSC_LTHSC_FETAL 1.68 0.00 0.14 1.57 0.00 0.08

List of gene sets strong correlation in only Jak2V617F BM LTHSCs compared to WT BM LTHSCs

Upregulated in BM LTHSCs
HSC_EARLYPROGENITORS_ADULT -1.97 0.00 0.00 1.08 0.19 0.45

HSC_EARLYPROGENITORS_SHARED -1.96 0.00 0.00 1.09 0.17 0.43

HSC_EARLYPROGENITORS_FETAL -1.96 0.00 0.00 1.09 0.13 0.45

IVANOVA_HEMATOPOIESIS_EARLY_PROGENITOR -1.91 0.00 0.00 0.92 0.81 0.72

LIANG_HEMATOPOIESIS_STEM_CELL_NUMBER_LARGE_VS_TINY_UP -1.85 0.00 0.00 0.63 0.98 0.97

IVANOVA_HEMATOPOIESIS_INTERMEDIATE_PROGENITOR -1.72 0.00 0.01 -0.86 0.79 1.00

GRAHAM_CML_QUIESCENT_VS_CML_DIVIDING_DN -1.69 0.01 0.01 -1.07 0.39 0.54

PARK_HSC_AND_MULTIPOTENT_PROGENITORS -1.58 0.01 0.03 0.94 0.56 0.67

BRUNO_HEMATOPOIESIS -1.54 0.02 0.04 0.97 0.56 0.64

PARK_HSC_VS_MULTIPOTENT_PROGENITORS_DN -1.49 0.03 0.05 -0.74 0.83 1.00

STEMCELL_COMMON_UP -1.44 0.01 0.06 0.95 0.59 0.66

BAKER_HEMATOPOIESIS_STAT3_TARGETS -1.44 0.06 0.06 -0.84 0.73 1.00

HEMATOP_STEM_ALL_UP -1.36 0.10 0.10 1.04 0.38 0.49

LIANG_HEMATOPOIESIS_STEM_CELL_NUMBER_LARGE_VS_TINY_DN -1.35 0.09 0.10 -1.18 0.23 0.33

HSC_STHSC_FETAL -1.32 0.10 0.12 -0.69 0.89 0.95

HSC_STHSC_SHARED -1.32 0.12 0.12 -0.70 0.88 0.98

BYSTRYKH_HEMATOPOIESIS_STEM_CELL_QTL_TRANS -1.28 0.00 0.15 0.90 0.98 0.73

BAKER_HEMATOPOESIS_STAT5_TARGETS -1.21 0.23 0.22 -0.98 0.50 0.78

HSC_STHSC_ADULT -1.19 0.24 0.25 -0.75 0.84 1.00

Downregulated in BM LTHSCs
GRAHAM_CML_QUIESCENT_VS_CML_DIVIDING_UP 1.52 0.07 0.08 1.13 0.28 0.38
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Jak2VF BMLTHSCs
vs WTBMLTHSCs

Jak2VF SPLLTHSCs
vs WTBMLTHSCs

NES NOM
p-val

FDR
q-val NES NOM

p-val
FDR
q-val

List of gene sets strong correlation in only Jak2V617F SPL LTHSCs compared to WT BM LTHSCs

Upregulated in SPL LTHSCs
BIOCARTA_STEM_PATHWAY 0.74 0.81 0.89 -1.32 0.13 0.14

IVANOVA_HEMATOPOIESIS_MATURE_CELL -1.12 0.20 0.33 -1.46 0.00 0.06

JAATINEN_HEMATOPOIETIC_STEM_CELL_DN -1.09 0.29 0.38 -1.73 0.00 0.01

Downregulated in SPL LTHSCs
PARK_HSC_MARKERS -1.15 0.27 0.29 1.65 0.00 0.11

HSC_PROGENITORS_FETAL -1.01 0.45 0.53 1.61 0.00 0.09

HSC_PROGENITORS_SHARED -1.00 0.46 0.53 1.64 0.00 0.09

HSC_PROGENITORS_ADULT -1.00 0.47 0.52 1.66 0.00 0.14

IVANOVA_HEMATOPOIESIS_STEM_CELL_AND_PROGENITOR -0.97 0.58 0.58 1.70 0.00 0.14

PARK_HSC_VS_MULTIPOTENT_PROGENITORS_UP -0.71 0.86 0.94 1.45 0.07 0.08

HSC_HSC_SHARED 0.94 0.67 0.63 1.55 0.00 0.08

JAATINEN_HEMATOPOIETIC_STEM_CELL_UP 1.02 0.41 0.48 1.78 0.00 0.14

HSC_HSC_FETAL 1.03 0.35 0.50 1.57 0.00 0.09

HSC_HSC_ADULT 1.07 0.26 0.47 1.47 0.00 0.08

GRAHAM_CML_DIVIDING_VS_NORMAL_QUIESCENT_DN 1.16 0.17 0.34 1.47 0.02 0.08

IVANOVA_HEMATOPOIESIS_STEM_CELL 1.24 0.05 0.26 1.54 0.00 0.07

GRAHAM_NORMAL_QUIESCENT_VS_NORMAL_DIVIDING_UP 1.26 0.11 0.27 1.51 0.03 0.08

List of gene sets no correlation in both Jak2V617F BM and SPL LTHSCs compared to WT BM LTHSCs
BAKER_HEMATOPOESIS_STAT1_TARGETS -1.16 0.29 0.29 0.78 0.76 0.90

HEMATOPOIETIN_INTERFERON_CLASSD200_DOMAIN_CYTOKINE_RECEPTOR_BINDING -1.14 0.31 0.30 -0.89 0.63 1.00

IVANOVA_HEMATOPOIESIS_STEM_CELL_SHORT_TERM -1.11 0.33 0.35 0.99 0.45 0.61

HEMATOPOIETIN_INTERFERON_CLASSD200_DOMAIN_CYTOKINE_RECEPTOR_ACTIVITY -1.06 0.38 0.44 -0.85 0.71 1.00

GRAHAM_CML_QUIESCENT_VS_NORMAL_DIVIDING_UP -1.01 0.46 0.54 -1.12 0.28 0.45

LIANG_HEMATOPOIESIS_STEM_CELL_NUMBER_SMALL_VS_HUGE_DN -0.92 0.59 0.68 0.75 0.85 0.91

KIEL_LTHSC_UP -0.86 0.66 0.80 1.06 0.38 0.47

LIANG_HEMATOPOIESIS_STEM_CELL_NUMBER_SMALL_VS_HUGE_UP -0.76 0.83 0.92 -0.81 0.78 1.00

NES less than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM or SPL
LTHSCs compared to WTLTHSCs.
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Table 14. List of cell cycle related gene sets (Jak2VF BM or SPL LTHSCs vs. Control BM LTHSCs)

Jak2VF BMLTHSCs
vs WTBMLTHSCs

Jak2VF SPLLTHSCs
vs WTBMLTHSCs

NES NOM
p-val

FDR
q-val NES NOM

p-val
FDR
q-val

List of gene sets strong correlation in both Jak2V617F BM and SPL LTHSCs compared to WT BM LTHSCs

Upregulated in both BM and SPL LTHSCs

REACTOME_MITOTIC_M_M_G1_PHASES -2.28 0.00 0.00 -1.68 0.00 0.05

REACTOME_MITOTIC_PROMETAPHASE -2.20 0.00 0.00 -1.47 0.01 0.17

List of gene sets strong correlation in only Jak2V617F BM LTHSCs compared to WT BM LTHSCs

Upregulated in BM LTHSCs

REACTOME_CELL_CYCLE_MITOTIC -2.26 0.00 0.00 -1.28 0.03 0.41

REACTOME_CELL_CYCLE_CHECKPOINTS -2.15 0.00 0.00 -1.31 0.07 0.42

CELL_CYCLE_PROCESS -1.96 0.00 0.00 -1.10 0.26 0.55

CELL_CYCLE_CHECKPOINT_GO_0000075 -1.83 0.00 0.00 -1.13 0.28 0.51

KEGG_CELL_CYCLE -1.82 0.00 0.00 -1.03 0.39 0.63

REACTOME_G2_M_CHECKPOINTS -1.78 0.00 0.00 -0.88 0.66 0.96

REACTOME_G1_S_TRANSITION -1.77 0.00 0.00 -1.21 0.15 0.53

REACTOME_G2_M_TRANSITION -1.72 0.00 0.00 -0.72 0.93 0.99

CELL_CYCLE_GO_0007049 -1.69 0.00 0.00 -1.06 0.32 0.60

REACTOME_CYCLIN_E_ASSOCIATED_EVENTS_DURING_G1_S_TRANSITION_ -1.62 0.01 0.01 -1.19 0.19 0.51

REGULATION_OF_CELL_CYCLE -1.55 0.00 0.01 -1.15 0.19 0.48

BIOCARTA_CELLCYCLE_PATHWAY -1.49 0.03 0.02 -0.97 0.50 0.79

REACTOME_G1_PHASE -1.36 0.10 0.05 -0.70 0.87 0.96

REACTOME_CYCLIN_A1_ASSOCIATED_EVENTS_DURING_G2_M_TRANSITION -1.23 0.21 0.14 -1.16 0.28 0.52

List of gene sets no correlation in both Jak2V617F BM and SPL LTHSCs compared to WT BM LTHSCs

CELL_PROLIFERATION_GO_0008283 -0.94 0.67 0.63 -0.84 0.93 0.96

REGULATION_OF_CELL_PROLIFERATION -0.78 0.95 0.88 -0.86 0.80 0.96

POSITIVE_REGULATION_OF_CELL_PROLIFERATION 0.89 0.77 0.72 -0.80 0.88 0.97

NES less than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM or SPL
LTHSCs compared to WTLTHSCs.
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Table 15. List of KEGG gene sets (Jak2VF BM or SPL LTHSCs vs. Control BM LTHSCs)

Jak2VF BMLTHSCs
vs WTBMLTHSCs

Jak2VF SPLLTHSCs
vs WTBMLTHSCs

NES NOM
p-val

FDR
q-val NES NOM

p-val
FDR
q-val

List of gene sets strong correlation in both Jak2V617F BM and SPL LTHSCs compared to WT BM LTHSCs

Upregulated in both BM and SPL LTHSCs

KEGG_ASTHMA -2.32 0.00 0.00 -2.17 0.00 0.00

KEGG_INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION -1.99 0.00 0.01 -1.49 0.03 0.18

KEGG_LEISHMANIA_INFECTION -1.93 0.00 0.01 -1.56 0.00 0.15

KEGG_SYSTEMIC_LUPUS_ERYTHEMATOSUS -1.91 0.00 0.01 -2.08 0.00 0.00

KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION -1.87 0.00 0.01 -1.78 0.00 0.05

KEGG_ALLOGRAFT_REJECTION -1.86 0.00 0.01 -1.55 0.03 0.15

KEGG_AUTOIMMUNE_THYROID_DISEASE -1.81 0.00 0.02 -1.57 0.01 0.16

KEGG_GRAFT_VERSUS_HOST_DISEASE -1.68 0.01 0.04 -1.66 0.01 0.09

KEGG_PORPHYRIN_AND_CHLOROPHYLL_METABOLISM -1.60 0.02 0.06 -1.90 0.00 0.01

KEGG_GLYCOSYLPHOSPHATIDYLINOSITOL_GPI_ANCHOR_BIOSYNTHESIS -1.54 0.02 0.08 -1.40 0.08 0.23

KEGG_HEMATOPOIETIC_CELL_LINEAGE -1.50 0.01 0.10 -1.63 0.00 0.11

KEGG_PROTEASOME -1.49 0.03 0.10 -1.41 0.06 0.24

KEGG_CYSTEINE_AND_METHIONINE_METABOLISM -1.47 0.03 0.11 -1.45 0.04 0.21

KEGG_RENIN_ANGIOTENSIN_SYSTEM -1.41 0.10 0.14 -1.54 0.02 0.15

KEGG_SELENOAMINO_ACID_METABOLISM -1.33 0.14 0.22 -1.77 0.00 0.04

List of gene sets strong correlation in only Jak2V617F BM LTHSCs compared to WT BM LTHSCs

Upregulated in BM LTHSCs

KEGG_CHRONIC_MYELOID_LEUKEMIA -1.88 0.00 0.01 0.89 0.69 0.85

KEGG_FC_EPSILON_RI_SIGNALING_PATHWAY -1.84 0.00 0.01 -0.79 0.84 1.00

KEGG_CELL_CYCLE -1.78 0.00 0.02 -1.04 0.37 0.87

KEGG_HOMOLOGOUS_RECOMBINATION -1.75 0.00 0.03 -0.89 0.61 1.00

KEGG_TYPE_I_DIABETES_MELLITUS -1.73 0.00 0.03 -1.42 0.07 0.26

KEGG_CYTOSOLIC_DNA_SENSING_PATHWAY -1.73 0.00 0.03 -0.87 0.67 1.00

KEGG_SNARE_INTERACTIONS_IN_VESICULAR_TRANSPORT -1.73 0.00 0.03 -0.90 0.63 1.00

KEGG_SPLICEOSOME -1.72 0.00 0.03 -0.60 1.00 1.00

KEGG_DNA_REPLICATION -1.71 0.01 0.03 -0.52 0.99 1.00

KEGG_RIG_I_LIKE_RECEPTOR_SIGNALING_PATHWAY -1.68 0.00 0.04 0.92 0.62 0.83

KEGG_N_GLYCAN_BIOSYNTHESIS -1.67 0.00 0.04 -1.01 0.44 0.93

KEGG_GLYCOSAMINOGLYCAN_DEGRADATION -1.67 0.01 0.04 -0.98 0.49 0.92

KEGG_APOPTOSIS -1.63 0.00 0.05 1.08 0.29 0.74

KEGG_VIRAL_MYOCARDITIS -1.63 0.00 0.05 -1.35 0.07 0.31

KEGG_SMALL_CELL_LUNG_CANCER -1.63 0.00 0.05 -0.69 0.97 1.00

KEGG_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY -1.61 0.00 0.05 -0.81 0.81 1.00

KEGG_PANCREATIC_CANCER -1.60 0.00 0.06 1.14 0.21 0.79

KEGG_AMINOACYL_TRNA_BIOSYNTHESIS -1.60 0.02 0.05 -1.16 0.25 0.67

KEGG_COLORECTAL_CANCER -1.59 0.00 0.05 0.97 0.50 0.82

KEGG_PYRIMIDINE_METABOLISM -1.57 0.01 0.07 -1.41 0.02 0.25

KEGG_NEUROTROPHIN_SIGNALING_PATHWAY -1.56 0.00 0.07 1.07 0.25 0.73

KEGG_RNA_DEGRADATION -1.55 0.02 0.07 -0.71 0.91 1.00
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Jak2VF BMLTHSCs
vs WTBMLTHSCs

Jak2VF SPLLTHSCs
vs WTBMLTHSCs

NES NOM
p-val

FDR
q-val NES NOM

p-val
FDR
q-val

KEGG_LIMONENE_AND_PINENE_DEGRADATION -1.52 0.04 0.09 1.01 0.43 0.79

KEGG_NON_SMALL_CELL_LUNG_CANCER -1.52 0.02 0.09 0.79 0.84 0.93

KEGG_MISMATCH_REPAIR -1.52 0.03 0.09 0.91 0.59 0.83

KEGG_NUCLEOTIDE_EXCISION_REPAIR -1.51 0.03 0.09 -0.35 1.00 1.00

KEGG_UBIQUITIN_MEDIATED_PROTEOLYSIS -1.50 0.01 0.09 1.21 0.08 0.75

KEGG_BASE_EXCISION_REPAIR -1.48 0.03 0.10 -0.55 0.99 1.00

KEGG_B_CELL_RECEPTOR_SIGNALING_PATHWAY -1.47 0.02 0.11 1.31 0.06 0.66

KEGG_GLIOMA -1.46 0.03 0.12 0.85 0.78 0.86

KEGG_OOCYTE_MEIOSIS -1.44 0.01 0.13 -0.85 0.75 1.00

KEGG_AMYOTROPHIC_LATERAL_SCLEROSIS_ALS -1.44 0.03 0.13 -0.95 0.53 0.97

KEGG_LYSOSOME -1.44 0.02 0.13 0.93 0.64 0.81

KEGG_ACUTE_MYELOID_LEUKEMIA -1.43 0.04 0.14 1.34 0.07 0.72

KEGG_ENDOCYTOSIS -1.42 0.01 0.14 -1.10 0.25 0.74

KEGG_RNA_POLYMERASE -1.42 0.07 0.14 -0.67 0.92 1.00

KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY -1.41 0.03 0.14 -1.11 0.26 0.75

KEGG_ASCORBATE_AND_ALDARATE_METABOLISM -1.39 0.10 0.17 -0.67 0.88 1.00

KEGG_PHOSPHATIDYLINOSITOL_SIGNALING_SYSTEM -1.38 0.06 0.17 0.68 0.98 0.94

KEGG_MAPK_SIGNALING_PATHWAY -1.36 0.02 0.20 -1.07 0.28 0.80

KEGG_LYSINE_DEGRADATION -1.35 0.08 0.20 1.09 0.31 0.79

KEGG_INOSITOL_PHOSPHATE_METABOLISM -1.34 0.07 0.21 1.09 0.28 0.82

KEGG_CITRATE_CYCLE_TCA_CYCLE -1.34 0.10 0.22 -0.95 0.54 0.96

KEGG_VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION -1.32 0.11 0.23 1.33 0.08 0.64

KEGG_CELL_ADHESION_MOLECULES_CAMS -1.32 0.05 0.23 -1.15 0.19 0.68

KEGG_ALZHEIMERS_DISEASE -1.32 0.04 0.22 -0.74 0.96 1.00

KEGG_AMINO_SUGAR_AND_NUCLEOTIDE_SUGAR_METABOLISM -1.32 0.11 0.22 1.06 0.35 0.71

KEGG_RIBOSOME -1.32 0.09 0.22 -1.17 0.21 0.66

KEGG_CIRCADIAN_RHYTHM_MAMMAL -1.31 0.15 0.23 -0.80 0.74 1.00

KEGG_PURINE_METABOLISM -1.30 0.06 0.23 -1.29 0.07 0.43

KEGG_PATHOGENIC_ESCHERICHIA_COLI_INFECTION -1.30 0.11 0.23 -0.91 0.61 0.99

KEGG_NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY -1.30 0.10 0.23 1.17 0.19 0.78

KEGG_GLYCOSPHINGOLIPID_BIOSYNTHESIS_GANGLIO_SERIES -1.29 0.15 0.24 -0.86 0.65 1.00

List of gene sets strong correlation in only Jak2V617F SPL LTHSCs compared to WT BM LTHSCs

Upregulated in SPL LTHSCs

KEGG_ALPHA_LINOLENIC_ACID_METABOLISM -1.20 0.24 0.35 -1.50 0.05 0.17

KEGG_GLYCEROPHOSPHOLIPID_METABOLISM -1.05 0.36 0.56 -1.55 0.02 0.14

KEGG_DRUG_METABOLISM_OTHER_ENZYMES -1.03 0.40 0.56 -1.67 0.01 0.10

KEGG_PRIMARY_IMMUNODEFICIENCY -0.86 0.68 0.80 -1.49 0.03 0.18

KEGG_ETHER_LIPID_METABOLISM -0.63 0.94 0.99 -1.61 0.01 0.12

KEGG_PRION_DISEASES 0.88 0.69 1.00 -1.53 0.02 0.16

KEGG_PROXIMAL_TUBULE_BICARBONATE_RECLAMATION 0.98 0.46 0.91 -1.67 0.01 0.09

NES less than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM or SPL
LTHSCs compared to WTLTHSCs.
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Table 16. List of oncogenic signature related gene sets (Jak2VF BM or SPL LTHSCs vs. Control BM
LTHSCs)

Jak2VF BMLTHSCs
vs WTBMLTHSCs

Jak2VF SPLLTHSCs
vs WTBMLTHSCs

NES NOM
p-val

FDR
q-val NES NOM

p-val
FDR
q-val

List of gene sets strong correlation in both Jak2V617F BM and SPL LTHSCs compared to WT BM LTHSCs

Upregulated in both BM and SPL LTHSCs

AKT_UP.V1_UP -1.43 0.01 0.09 -1.28 0.07 0.19

BRCA1_DN.V1_DN -1.38 0.03 0.15 -1.44 0.02 0.10

CAHOY_ASTROGLIAL -1.45 0.02 0.09 -1.38 0.04 0.13

CSR_LATE_UP.V1_UP -1.37 0.02 0.15 -1.43 0.01 0.11

CYCLIN_D1_KE_.V1_UP -1.58 0.00 0.03 -1.36 0.02 0.13

E2F1_UP.V1_UP -1.81 0.00 0.01 -1.38 0.02 0.14

IL15_UP.V1_UP -1.49 0.00 0.06 -1.39 0.03 0.14

MTOR_UP.V1_UP -1.33 0.04 0.19 -1.68 0.00 0.03

MYC_UP.V1_UP -1.59 0.00 0.03 -1.25 0.09 0.22

PRC2_EED_UP.V1_UP -1.78 0.00 0.01 -1.42 0.01 0.12

PRC2_EZH2_UP.V1_UP -1.61 0.00 0.03 -1.38 0.02 0.13

RB_P130_DN.V1_UP -1.77 0.00 0.01 -1.57 0.00 0.06

RPS14_DN.V1_DN -1.52 0.00 0.05 -1.75 0.00 0.02

SNF5_DN.V1_UP -1.36 0.02 0.15 -1.55 0.00 0.07

Upregulated in BM and downregulated in SPL LTHSCs

TBK1.DF_DN -1.68 0.00 0.02 1.46 0.00 0.11

MTOR_UP.N4.V1_DN -1.34 0.04 0.18 1.70 0.00 0.05

Downregulated in BM and upregulated in SPL LTHSCs

KRAS.600_UP.V1_DN 1.34 0.01 0.24 -1.24 0.08 0.22

KRAS.BREAST_UP.V1_UP 1.30 0.04 0.22 -1.38 0.03 0.14

CTIP_DN.V1_DN 1.30 0.05 0.20 -1.40 0.03 0.14

List of gene sets strong correlation in only Jak2V617F BM LTHSCs compared to WT BM LTHSCs

Upregulated in BM LTHSCs

BCAT_BILD_ET_AL_DN -1.44 0.04 0.09 1.19 0.19 0.32

BCAT_GDS748_UP -1.39 0.06 0.13 -1.06 0.37 0.54

CAMP_UP.V1_UP -1.76 0.00 0.01 -1.01 0.44 0.62

CSR_EARLY_UP.V1_UP -1.51 0.01 0.05 -0.84 0.84 0.88

CYCLIN_D1_UP.V1_UP -1.32 0.04 0.20 -1.17 0.16 0.34

GCNP_SHH_UP_LATE.V1_UP -1.45 0.01 0.09 0.82 0.94 0.98

HOXA9_DN.V1_DN -1.61 0.00 0.03 0.86 0.85 0.92

HOXA9_DN.V1_UP -1.46 0.01 0.08 1.01 0.45 0.64

MTOR_UP.N4.V1_UP -1.61 0.00 0.03 -0.93 0.61 0.76

PDGF_UP.V1_UP -1.63 0.00 0.03 -1.00 0.45 0.63

RB_P107_DN.V1_DN -1.57 0.00 0.03 -0.86 0.77 0.85

RB_P107_DN.V1_UP -1.45 0.01 0.09 -1.02 0.40 0.62

TBK1.DF_UP -1.43 0.01 0.09 -1.11 0.23 0.45
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Jak2VF BMLTHSCs
vs WTBMLTHSCs

Jak2VF SPLLTHSCs
vs WTBMLTHSCs

NES NOM
p-val

FDR
q-val NES NOM

p-val
FDR
q-val

TBK1.DN.48HRS_DN -1.54 0.01 0.05 0.99 0.43 0.65

VEGF_A_UP.V1_DN -1.36 0.03 0.15 -0.87 0.79 0.84

Downregulated in BM LTHSCs

ALK_DN.V1_UP 1.30 0.06 0.21 -1.22 0.12 0.26

RELA_DN.V1_DN 1.31 0.03 0.23 -0.95 0.56 0.72

SNF5_DN.V1_DN 1.49 0.00 0.11 -0.96 0.55 0.70

RAF_UP.V1_DN 1.32 0.02 0.24 1.14 0.15 0.41

P53_DN.V2_UP 1.66 0.00 0.05 -0.88 0.71 0.83

NOTCH_DN.V1_UP 1.44 0.01 0.13 -1.17 0.16 0.34

JAK2_DN.V1_UP 1.85 0.00 0.02 -0.91 0.68 0.79

KRAS.KIDNEY_UP.V1_UP 1.77 0.00 0.02 -0.94 0.59 0.75

KRAS.PROSTATE_UP.V1_DN 1.44 0.00 0.16 -1.20 0.14 0.29

KRAS.PROSTATE_UP.V1_UP 1.57 0.00 0.08 -0.94 0.58 0.75

LEF1_UP.V1_DN 1.32 0.03 0.23 1.02 0.35 0.65

DCA_UP.V1_UP 1.43 0.00 0.12 -1.08 0.30 0.51

BCAT.100_UP.V1_DN 1.27 0.13 0.24 -1.01 0.45 0.62

List of gene sets strong correlation in only Jak2V617F SPL LTHSCs compared to WT BM LTHSCs

Upregulated in SPL LTHSCs

ALK_DN.V1_DN 0.96 0.57 0.70 -1.38 0.02 0.14

ATF2_S_UP.V1_DN 1.04 0.41 0.59 -1.29 0.05 0.18

ATF2_UP.V1_DN -0.98 0.52 0.76 -1.39 0.01 0.14

ATF2_UP.V1_UP 1.14 0.14 0.47 -1.33 0.04 0.15

BMI1_DN.V1_UP 0.97 0.50 0.66 -1.38 0.03 0.14

BMI1_DN_MEL18_DN.V1_UP -0.99 0.50 0.75 -1.29 0.07 0.18

BRCA1_DN.V1_UP 0.93 0.66 0.76 -1.47 0.02 0.09

CAHOY_NEURONAL 0.98 0.49 0.65 -1.37 0.04 0.13

CORDENONSI_YAP_CONSERVED_SIGNATURE -0.97 0.51 0.77 -1.30 0.09 0.18

CRX_DN.V1_UP -0.98 0.52 0.78 -1.35 0.03 0.14

CRX_NRL_DN.V1_DN -0.75 0.94 0.98 -1.25 0.09 0.22

CRX_NRL_DN.V1_UP -1.22 0.11 0.39 -1.73 0.00 0.02

CYCLIN_D1_KE_.V1_DN -1.18 0.13 0.43 -1.39 0.01 0.14

ESC_V6.5_UP_LATE.V1_DN -1.04 0.38 0.69 -1.30 0.06 0.18

HINATA_NFKB_IMMU_INF -1.18 0.24 0.44 -1.62 0.02 0.05

HINATA_NFKB_MATRIX -0.72 0.83 0.98 -1.61 0.02 0.04

IL15_UP.V1_DN 0.96 0.53 0.69 -1.36 0.02 0.13

IL21_UP.V1_DN 0.98 0.51 0.65 -1.55 0.00 0.07

IL21_UP.V1_UP -1.14 0.20 0.51 -1.23 0.09 0.24

JNK_DN.V1_DN -0.84 0.82 0.93 -1.37 0.03 0.13

KRAS.300_UP.V1_DN -0.92 0.65 0.83 -1.48 0.01 0.09

KRAS.300_UP.V1_UP 0.89 0.75 0.81 -1.29 0.07 0.18

KRAS.50_UP.V1_DN -1.09 0.31 0.61 -1.82 0.00 0.01
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Jak2VF BMLTHSCs
vs WTBMLTHSCs

Jak2VF SPLLTHSCs
vs WTBMLTHSCs

NES NOM
p-val

FDR
q-val NES NOM

p-val
FDR
q-val

KRAS.50_UP.V1_UP 0.99 0.47 0.63 -1.25 0.14 0.23

KRAS.600.LUNG.BREAST_UP.V1_DN 1.01 0.45 0.65 -1.34 0.02 0.14

KRAS.600.LUNG.BREAST_UP.V1_UP 1.14 0.12 0.42 -1.51 0.00 0.08

KRAS.600_UP.V1_UP 1.22 0.03 0.29 -1.36 0.01 0.13

KRAS.AMP.LUNG_UP.V1_DN 0.91 0.71 0.78 -1.25 0.11 0.23

KRAS.AMP.LUNG_UP.V1_UP -0.93 0.61 0.84 -1.54 0.01 0.07

KRAS.BREAST_UP.V1_DN 1.15 0.18 0.47 -1.31 0.07 0.16

KRAS.KIDNEY_UP.V1_DN 1.07 0.33 0.52 -1.50 0.01 0.08

KRAS.LUNG.BREAST_UP.V1_DN 1.07 0.32 0.52 -1.30 0.07 0.18

KRAS.LUNG.BREAST_UP.V1_UP 1.10 0.22 0.47 -1.49 0.01 0.09

KRAS.LUNG_UP.V1_UP -0.97 0.52 0.78 -1.47 0.02 0.09

LEF1_UP.V1_UP -0.90 0.70 0.84 -1.35 0.03 0.13

MEL18_DN.V1_UP -1.12 0.24 0.57 -1.37 0.03 0.13

NFE2L2.V2 1.00 0.42 0.64 -1.33 0.01 0.15

NOTCH_DN.V1_DN 1.09 0.26 0.46 -1.25 0.10 0.22

NRL_DN.V1_DN -0.77 0.92 0.97 -1.31 0.05 0.16

NRL_DN.V1_UP -1.05 0.38 0.69 -1.47 0.01 0.08

P53_DN.V1_DN -1.28 0.05 0.26 -1.34 0.02 0.14

PDGF_UP.V1_DN 1.09 0.28 0.48 -1.24 0.10 0.23

PIGF_UP.V1_DN 1.00 0.46 0.63 -1.33 0.03 0.15

PRC1_BMI_UP.V1_UP -0.90 0.69 0.85 -1.40 0.02 0.14

PRC2_SUZ12_UP.V1_UP -0.87 0.77 0.88 -1.26 0.08 0.22

RAPA_EARLY_UP.V1_UP -0.85 0.81 0.92 -1.47 0.01 0.08

RPS14_DN.V1_UP -1.21 0.12 0.39 -1.24 0.09 0.22

SRC_UP.V1_UP -0.83 0.83 0.93 -1.51 0.01 0.08

TGFB_UP.V1_UP -1.12 0.23 0.55 -1.26 0.07 0.23

WNT_UP.V1_UP 0.94 0.63 0.72 -1.35 0.03 0.14

Downregulated in SPL LTHSCs

EIF4E_DN 0.74 0.96 0.98 1.68 0.00 0.03

ESC_V6.5_UP_EARLY.V1_UP 0.79 0.97 0.96 1.36 0.02 0.17

JAK2_DN.V1_DN -0.79 0.88 0.97 1.40 0.01 0.15

PIGF_UP.V1_UP -0.88 0.76 0.89 1.56 0.00 0.06

RB_P130_DN.V1_DN -1.05 0.34 0.68 1.33 0.03 0.17

STK33_NOMO_UP 1.10 0.18 0.47 1.35 0.01 0.16

NES less than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM or SPL
LTHSCs compared to WTLTHSCs.



                            2.4 Spleen serves as a major reservoir of cancer stem cells in Jak2V617F-mediated MPNs

187

Table 17. List of HSC related gene sets with strong correlation to genes up-regulated in either
Jak2V617F BM or SPL LTHSCs (Jak2VF BM LTHSCs vs. SPL LTHSCs)

MSigDB Gene Set NES NOM p-val FDR q-val

Enriched in Jak2V617F BM LTHSCs

HSC_EARLYPROGENITORS_ADULT 2.34 0.00 0.00

HSC_EARLYPROGENITORS_SHARED 2.33 0.00 0.00

HSC_EARLYPROGENITORS_FETAL 2.32 0.00 0.00

IVANOVA_HEMATOPOIESIS_EARLY_PROGENITOR 2.30 0.00 0.00

STEMCELL_HEMATOPOIETIC_UP 2.17 0.00 0.00

PARK_HSC_MARKERS 1.94 0.00 0.00

PARK_HSC_AND_MULTIPOTENT_PROGENITORS 1.92 0.00 0.00

LIANG_HEMATOPOIESIS_STEM_CELL_NUMBER_LARGE_VS_TINY_UP 1.90 0.00 0.00

STEMCELL_COMMON_UP 1.87 0.00 0.01

GRAHAM_CML_QUIESCENT_VS_CML_DIVIDING_DN 1.83 0.00 0.01

BAKER_HEMATOPOIESIS_STAT3_TARGETS 1.74 0.01 0.01

HSC_PROGENITORS_FETAL 1.74 0.00 0.01

HSC_PROGENITORS_SHARED 1.73 0.00 0.01

BRUNO_HEMATOPOIESIS 1.72 0.00 0.01

GEORGANTAS_HSC_MARKERS 1.72 0.00 0.01

IVANOVA_HEMATOPOIESIS_STEM_CELL_AND_PROGENITOR 1.71 0.00 0.01

HSC_PROGENITORS_ADULT 1.71 0.00 0.01

JAATINEN_HEMATOPOIETIC_STEM_CELL_UP 1.68 0.00 0.01

IVANOVA_HEMATOPOIESIS_INTERMEDIATE_PROGENITOR 1.63 0.00 0.02

BAKER_HEMATOPOESIS_STAT1_TARGETS 1.57 0.02 0.03

PARK_HSC_VS_MULTIPOTENT_PROGENITORS_UP 1.55 0.03 0.04

IVANOVA_HEMATOPOIESIS_STEM_CELL_SHORT_TERM 1.53 0.03 0.04

HSC_STHSC_SHARED 1.49 0.04 0.05

HSC_STHSC_FETAL 1.47 0.05 0.06

PARK_HSC_VS_MULTIPOTENT_PROGENITORS_DN 1.42 0.08 0.08

BYSTRYKH_HEMATOPOIESIS_STEM_CELL_QTL_TRANS 1.37 0.00 0.11

GRAHAM_CML_QUIESCENT_VS_NORMAL_QUIESCENT_DN 1.35 0.07 0.11

HEMATOP_STEM_ALL_UP 1.33 0.11 0.12

Enriched in Jak2V617F SPL LTHSCs

JAATINEN_HEMATOPOIETIC_STEM_CELL_DN -1.77 0.00 0.03

GRAHAM_CML_QUIESCENT_VS_NORMAL_QUIESCENT_UP -1.48 0.02 0.14

GRAHAM_CML_DIVIDING_VS_NORMAL_DIVIDING_DN -1.42 0.11 0.15

IVANOVA_HEMATOPOIESIS_MATURE_CELL -1.32 0.02 0.18

GRAHAM_CML_QUIESCENT_VS_CML_DIVIDING_UP -1.30 0.14 0.17

GRAHAM_CML_QUIESCENT_VS_NORMAL_DIVIDING_DN -1.23 0.22 0.20

HSC_LTHSC_ADULT -1.06 0.31 0.48

IVANOVA_HEMATOPOIESIS_STEM_CELL_LONG_TERM -0.94 0.64 0.74

BIOCARTA_STEM_PATHWAY -0.90 0.62 0.77

NES more or less than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM or
SPL LTHSCs respectively.
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Table 18. List of cell cycle related gene sets with strong correlation to genes up-regulated in
Jak2V617F BM LTHSCs compared to Jak2V617F SPL LTHSCs (Jak2VF BM LTHSCs vs. SPL
LTHSCs)

MSigDB Gene Set NES NOM p-val FDR q-val

Enriched in Jak2V617F BM LTHSCs

REACTOME_CELL_CYCLE_MITOTIC 1.81 0.00 0.02

REACTOME_G2_M_CHECKPOINTS 1.79 0.00 0.01

KEGG_CELL_CYCLE 1.75 0.00 0.01

REACTOME_G2_M_TRANSITION 1.68 0.00 0.01

REACTOME_MITOTIC_PROMETAPHASE 1.67 0.00 0.01

REACTOME_MITOTIC_M_M_G1_PHASES 1.56 0.00 0.03

CELL_CYCLE_PROCESS 1.50 0.00 0.04

REACTOME_CELL_CYCLE_CHECKPOINTS 1.49 0.01 0.04

CELL_CYCLE_GO_0007049 1.47 0.00 0.04

REACTOME_G1_PHASE 1.44 0.06 0.04

CELL_CYCLE_CHECKPOINT_GO_0000075 1.32 0.08 0.09

NES more or less than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM or
SPL LTHSCs respectively.
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Table 19. List of KEGG gene sets with strong correlation to genes up-regulated in either Jak2V617F
BM or SPL LTHSCs comparing (Jak2VF BM LTHSCs vs. SPL LTHSCs)

MSigDB Gene Set NES NOM p-val FDR q-val

Enriched in Jak2V617F BM LTHSCs

KEGG_RIG_I_LIKE_RECEPTOR_SIGNALING_PATHWAY 1.96 0.00 0.03
KEGG_UBIQUITIN_MEDIATED_PROTEOLYSIS 1.95 0.00 0.02

KEGG_PANCREATIC_CANCER 1.90 0.00 0.02
KEGG_APOPTOSIS 1.88 0.00 0.02

KEGG_SPLICEOSOME 1.87 0.00 0.02
KEGG_ACUTE_MYELOID_LEUKEMIA 1.86 0.00 0.02

KEGG_MISMATCH_REPAIR 1.86 0.00 0.02
KEGG_COLORECTAL_CANCER 1.84 0.00 0.02

KEGG_VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION 1.83 0.00 0.02
KEGG_ASTHMA 1.83 0.00 0.02

KEGG_B_CELL_RECEPTOR_SIGNALING_PATHWAY 1.82 0.00 0.02
KEGG_LYSINE_DEGRADATION 1.81 0.00 0.02

KEGG_FRUCTOSE_AND_MANNOSE_METABOLISM 1.80 0.00 0.02
KEGG_FC_EPSILON_RI_SIGNALING_PATHWAY 1.79 0.00 0.02

KEGG_CHRONIC_MYELOID_LEUKEMIA 1.77 0.00 0.02
KEGG_INOSITOL_PHOSPHATE_METABOLISM 1.74 0.00 0.02

KEGG_CELL_CYCLE 1.73 0.00 0.02
KEGG_INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION 1.73 0.00 0.02

KEGG_NEUROTROPHIN_SIGNALING_PATHWAY 1.72 0.00 0.02
KEGG_NUCLEOTIDE_EXCISION_REPAIR 1.72 0.00 0.02

KEGG_DNA_REPLICATION 1.71 0.00 0.02
KEGG_SNARE_INTERACTIONS_IN_VESICULAR_TRANSPORT 1.71 0.01 0.02

KEGG_LIMONENE_AND_PINENE_DEGRADATION 1.66 0.02 0.04
KEGG_ALLOGRAFT_REJECTION 1.66 0.01 0.04

KEGG_REGULATION_OF_AUTOPHAGY 1.65 0.01 0.04
KEGG_LYSOSOME 1.64 0.00 0.04

KEGG_PROPANOATE_METABOLISM 1.62 0.02 0.05
KEGG_SMALL_CELL_LUNG_CANCER 1.62 0.00 0.05

KEGG_AMINO_SUGAR_AND_NUCLEOTIDE_SUGAR_METABOLISM 1.59 0.01 0.06
KEGG_RNA_DEGRADATION 1.59 0.01 0.05

KEGG_PEROXISOME 1.58 0.01 0.06
KEGG_NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY 1.58 0.01 0.06

KEGG_RNA_POLYMERASE 1.55 0.02 0.07
KEGG_NON_SMALL_CELL_LUNG_CANCER 1.54 0.02 0.07
KEGG_HOMOLOGOUS_RECOMBINATION 1.53 0.04 0.07

KEGG_ENDOMETRIAL_CANCER 1.50 0.03 0.09
KEGG_OOCYTE_MEIOSIS 1.49 0.00 0.09

KEGG_JAK_STAT_SIGNALING_PATHWAY 1.49 0.00 0.09
KEGG_CYTOSOLIC_DNA_SENSING_PATHWAY 1.48 0.03 0.09

KEGG_MTOR_SIGNALING_PATHWAY 1.47 0.03 0.10
KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY 1.45 0.02 0.11

KEGG_AUTOIMMUNE_THYROID_DISEASE 1.45 0.04 0.11
KEGG_RENAL_CELL_CARCINOMA 1.45 0.02 0.10

KEGG_GLIOMA 1.45 0.03 0.10
KEGG_N_GLYCAN_BIOSYNTHESIS 1.44 0.04 0.10



                            2.4 Spleen serves as a major reservoir of cancer stem cells in Jak2V617F-mediated MPNs

190

MSigDB Gene Set NES NOM p-val FDR q-val

KEGG_EPITHELIAL_CELL_SIGNALING_IN_HELICOBACTER_PYLORI_INFECTION 1.42 0.03 0.12
KEGG_TYPE_I_DIABETES_MELLITUS 1.41 0.06 0.12

KEGG_BASE_EXCISION_REPAIR 1.41 0.08 0.12
KEGG_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY 1.39 0.04 0.13

KEGG_LEISHMANIA_INFECTION 1.39 0.04 0.13
KEGG_GRAFT_VERSUS_HOST_DISEASE 1.37 0.12 0.15

KEGG_PROGESTERONE_MEDIATED_OOCYTE_MATURATION 1.37 0.04 0.15
KEGG_PHOSPHATIDYLINOSITOL_SIGNALING_SYSTEM 1.34 0.07 0.18
KEGG_PATHOGENIC_ESCHERICHIA_COLI_INFECTION 1.33 0.10 0.18

KEGG_FATTY_ACID_METABOLISM 1.31 0.10 0.20
KEGG_NATURAL_KILLER_CELL_MEDIATED_CYTOTOXICITY 1.29 0.08 0.23

KEGG_OTHER_GLYCAN_DEGRADATION 1.28 0.17 0.23
KEGG_BIOSYNTHESIS_OF_UNSATURATED_FATTY_ACIDS 1.27 0.15 0.24

Enriched in Jak2V617F SPL LTHSCs

KEGG_OLFACTORY_TRANSDUCTION -2.66 0.00 0.00
KEGG_ARACHIDONIC_ACID_METABOLISM -2.03 0.00 0.00

KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION -1.91 0.00 0.02
KEGG_BASAL_CELL_CARCINOMA -1.81 0.00 0.04

KEGG_COMPLEMENT_AND_COAGULATION_CASCADES -1.81 0.00 0.03
KEGG_PORPHYRIN_AND_CHLOROPHYLL_METABOLISM -1.68 0.01 0.08

KEGG_LINOLEIC_ACID_METABOLISM -1.67 0.01 0.08
KEGG_MATURITY_ONSET_DIABETES_OF_THE_YOUNG -1.66 0.01 0.08

KEGG_ETHER_LIPID_METABOLISM -1.64 0.01 0.08
KEGG_PROXIMAL_TUBULE_BICARBONATE_RECLAMATION -1.56 0.03 0.13

KEGG_HEDGEHOG_SIGNALING_PATHWAY -1.51 0.02 0.18
KEGG_TASTE_TRANSDUCTION -1.49 0.04 0.20

NES more or less than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM or
SPL LTHSCs respectively.
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Table 20. List of oncogenic signature gene sets with strong correlation to genes up-regulated in either
Jak2V617F BM or SPL LTHSCs (Jak2VF BM LTHSCs vs. SPL LTHSCs)

MSigDB Gene Set NES NOM p-val FDR q-val

Enriched in Jak2V617F BM LTHSCs
TBK1.DF_DN 2.49 0.00 0.00

MTOR_UP.N4.V1_DN 2.35 0.00 0.00
JAK2_DN.V1_DN 1.77 0.00 0.01

HOXA9_DN.V1_DN 1.71 0.00 0.01
EIF4E_DN 1.70 0.00 0.01

PIGF_UP.V1_UP 1.68 0.00 0.01
RB_P130_DN.V1_DN 1.64 0.00 0.01
HOXA9_DN.V1_UP 1.64 0.00 0.01

BCAT_BILD_ET_AL_DN 1.63 0.01 0.01
GCNP_SHH_UP_LATE.V1_UP 1.60 0.00 0.02

BCAT_GDS748_DN 1.51 0.03 0.04
CAMP_UP.V1_UP 1.51 0.00 0.04

GCNP_SHH_UP_EARLY.V1_UP 1.47 0.01 0.05
E2F1_UP.V1_UP 1.46 0.00 0.05

TBK1.DN.48HRS_UP 1.45 0.03 0.05
CSR_EARLY_UP.V1_DN 1.44 0.01 0.06

STK33_UP 1.40 0.00 0.08
MTOR_UP.N4.V1_UP 1.39 0.02 0.08

MEK_UP.V1_DN 1.38 0.01 0.09
TBK1.DN.48HRS_DN 1.37 0.05 0.09
SIRNA_EIF4GI_DN 1.36 0.03 0.10

TBK1.DF_UP 1.32 0.01 0.13
ERB2_UP.V1_DN 1.31 0.05 0.13
CAMP_UP.V1_DN 1.31 0.04 0.13
GLI1_UP.V1_UP 1.31 0.11 0.13
RAF_UP.V1_UP 1.30 0.03 0.13

EGFR_UP.V1_UP 1.26 0.06 0.18
RB_P107_DN.V1_DN 1.25 0.06 0.19

PDGF_UP.V1_UP 1.24 0.08 0.20
STK33_SKM_UP 1.23 0.05 0.21

STK33_NOMO_UP 1.23 0.06 0.21

Enriched in Jak2V617F SPL LTHSCs
KRAS.600.LUNG.BREAST_UP.V1_UP -1.89 0.00 0.01

KRAS.KIDNEY_UP.V1_UP -1.85 0.00 0.01
KRAS.BREAST_UP.V1_UP -1.84 0.00 0.01

SNF5_DN.V1_DN -1.81 0.00 0.01
KRAS.LUNG.BREAST_UP.V1_UP -1.80 0.00 0.01

DCA_UP.V1_UP -1.78 0.00 0.01
P53_DN.V2_UP -1.76 0.00 0.01

BCAT.100_UP.V1_DN -1.75 0.00 0.01
SRC_UP.V1_UP -1.75 0.00 0.01
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MSigDB Gene Set NES NOM p-val FDR q-val
JAK2_DN.V1_UP -1.75 0.00 0.01

KRAS.KIDNEY_UP.V1_DN -1.73 0.00 0.01
NOTCH_DN.V1_DN -1.71 0.00 0.01

KRAS.600_UP.V1_UP -1.69 0.00 0.01
CTIP_DN.V1_DN -1.69 0.00 0.01

KRAS.50_UP.V1_DN -1.69 0.00 0.01
PIGF_UP.V1_DN -1.67 0.00 0.01

KRAS.AMP.LUNG_UP.V1_UP -1.65 0.00 0.01
KRAS.600_UP.V1_DN -1.65 0.00 0.01

ATF2_UP.V1_UP -1.64 0.00 0.01
IL21_UP.V1_DN -1.62 0.00 0.01

KRAS.PROSTATE_UP.V1_DN -1.62 0.00 0.01
KRAS.LUNG.BREAST_UP.V1_DN -1.62 0.00 0.01

KRAS.PROSTATE_UP.V1_UP -1.59 0.00 0.02
IL15_UP.V1_DN -1.58 0.00 0.02

KRAS.LUNG_UP.V1_UP -1.58 0.01 0.02
ALK_DN.V1_UP -1.57 0.01 0.02

KRAS.600.LUNG.BREAST_UP.V1_DN -1.56 0.00 0.02
BRCA1_DN.V1_UP -1.56 0.01 0.02

CAHOY_NEURONAL -1.56 0.01 0.02
NFE2L2.V2 -1.55 0.00 0.02

KRAS.LUNG_UP.V1_DN -1.54 0.01 0.02
RELA_DN.V1_DN -1.52 0.01 0.03

KRAS.BREAST_UP.V1_DN -1.51 0.00 0.03
BMI1_DN.V1_UP -1.50 0.01 0.03
ALK_DN.V1_DN -1.50 0.00 0.03

NOTCH_DN.V1_UP -1.50 0.00 0.03
WNT_UP.V1_UP -1.50 0.00 0.03

KRAS.300_UP.V1_DN -1.47 0.00 0.04
RAPA_EARLY_UP.V1_UP -1.46 0.01 0.04

ATF2_S_UP.V1_DN -1.43 0.01 0.05
PTEN_DN.V1_UP -1.43 0.01 0.05
ATM_DN.V1_UP -1.42 0.01 0.05

KRAS.300_UP.V1_UP -1.41 0.02 0.06
JNK_DN.V1_DN -1.41 0.02 0.06
NRL_DN.V1_UP -1.39 0.02 0.07

RPS14_DN.V1_DN -1.38 0.02 0.07
CRX_NRL_DN.V1_UP -1.37 0.03 0.08

LEF1_UP.V1_UP -1.37 0.01 0.08
PDGF_UP.V1_DN -1.37 0.04 0.08
ATM_DN.V1_DN -1.35 0.03 0.09
PKCA_DN.V1_UP -1.34 0.04 0.10

PRC1_BMI_UP.V1_UP -1.33 0.05 0.10
NES more or less than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM or
SPL LTHSCs respectively.
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Table 21. List of aging related or age associated DNA methylation gene sets (Jak2VF BM or SPL
LTHSCs vs. Control BM LTHSCs)

Jak2VF BMLTHSCs
vs WTBMLTHSCs

Jak2VF SPLLTHSCs
vs WTBMLTHSCs

NES NOM
p-val

FDR
q-val NES NOM

p-val
FDR
q-val

HIGH_IN_OLDHSC_COMPARED_TO_YOUNGHSC -1.39 0.03 0.05 0.72 0.99 0.96
GAIN_OF_METHYLATION_FROM_YOUNG_TO_OLD -1.65 0.00 0.01 -1.18 0.05 0.14
LOSS_OF_METHYLATION_FROM_YOUNG_TO_OLD -1.03 0.41 0.54 -1.28 0.14 0.12
NES less than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM or SPL
LTHSCs compared to WTLTHSCs.

Table 22. List of aging related or age associated DNA methylation gene sets with strong correlation to
genes up-regulated in either Jak2V617F BM or SPL LTHSCs (Jak2VF BM LTHSCs vs. SPL
LTHSCs)

NES NOM p-val FDR q-val
HIGH_IN_OLDHSC_COMPARED_TO_YOUNGHSC 1.85 0.00 0.00
GAIN_OF_METHYLATION_FROM_YOUNG_TO_OLD 1.34 0.00 0.04
LOSS_OF_METHYLATION_FROM_YOUNG_TO_OLD -0.97 0.50 0.55
NES more than zero with FDR less than 0.25 indicated GSEA up-regulated in Jak2V617F BM compared to
SPL LTHSCs.
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3. Conclusion and discussion

This chapter provides the brief overviews and perspectives of experimental works during my Ph.D.

(Section 3.1) and future research directions in Jak2V617F positive MPNs (Section 3.2).

3.1 Brief overviews and perspectives of experimental works during my Ph.D.

First, I successfully characterized our conditional Jak2V617F knock-in mice generated by Dr. Golam Mohi

in 2010 (section 2.1) and I also identified that HSCs is the CSCs in Jak2V617F-positive MPNs (section 2.2).

Based on these two studies, I further investigated the physiological contribution of Jak2V617F mutation in

hematopoiesis/myeloproliferative neoplasms (which previous mouse models including, BMT, transgenic,

or xenotransplant model, could not answer) (Bumm et al., 2006; Lacout et al., 2006; Shide et al., 2008;

Tiedt et al., 2008; Wernig et al., 2006; Xing et al., 2008; Zaleskas et al., 2006). Although several reports

from other groups using Jak2V617F knock-in mice support our finding, there is still a contradictory

outcomes with ours, suggesting more comprehensive analysis is needed for the understanding of

Jak2V617F mutation in MPNs development  (Akada et al., 2010; Gautier et al., 2012; Hasan et al., 2013;

Kent et al., 2013; Li et al., 2010; Marty et al., 2013; Marty et al., 2010; Mullally et al., 2013; Mullally et al.,

2010; Mullally et al., 2012). Furthermore, the inhibitor against Jak2 has been developed after the discovery

of Jak2V617F mutation in MPNs. However, the effect of Jak2 inhibition in HSCs is not known despite its

important role in cytokine mediated signaling. Thus, I dedicate myself to investigate the role of normal and

oncogenic  Jak2  in  HSCs  for  the  sake  of  HSCs  biology  and  the  identification  of  target  gene  for  MPNs

therapy. My Ph.D. researches provide a comprehensive analysis of the critical role of both normal and

oncogenic Jak2 in HSCs by utilizing genetically modified mouse models.

Third part of my Ph.D. studies clearly demonstrated that the pivotal role of Jak2 in adult HSCs. I have

demonstrated that Jak2 deficiency caused cell autonomous severe hematopoietic defects, including pan-

cytopenia, bone marrow aplasia, and early death. I also proved that those defects are originated from HSC

malfunctions due to loss of HSC quiescence, enhanced cell-cycle entry, and induction of HSCs apoptosis.

Those defects seen in HSCs were due to perturbation of two key HSC signalings, Tpo/TpoR and SCF/c-Kit

signaling. We also observed that Jak2 regulates several HSC related pathways through gene expression

analysis, so that the loss of Jak2 eventually leads HSC malfunctions, suggesting that Jak2 is the one of the



                                                                                                                              3. Conclusion and discussion

195

regulators at apex of stem cell maintenance through both cytokine dependent canonical signaling and

independent non-canonical manner, such as gene regulation of H3Y41ph targets. Recent works from two

groups reported that the role of Jak2 in adult erythropoiesis by utilizing conditional Jak2 knock-out mice,

and suggested that Jak2 is required for normal adult erythropoiesis (Grisouard et al., 2014; Park et al.,

2013).

As Jak2 is ubiquitously expressed in multiple organs, the regulation by Jak2 seen in HSC maintenance may

not be restricted to only hematopoietic stem cells. It may also be possible that Jak2 may similarly regulate a

critical pathway, not only Jak-Stat signaling, in other types of stem cells or even terminally differentiated

cells, such as neural cells or muscle cells for their homeostasis (Saltzman et al., 1998). Jak2 inhibitors have

been suggested for their efficacy in not only hematologic malignancies, but also in non-hematological

malignancies, such as glioma (He et al., 2013). As the role of Jak2 in other organs, which may depend on

Jak2 for their functions, has not been well studied, there is a potential risk of treating a patient with an

inhibitor against Jak2. This could be the one of the reasons of unexpected brain lesion seen in one of Jak2

inhibitor treatment, fedratinib, recently reported (Ratner, 2014). As I experimentally proved that Jak2 is

required for stem cell maintenance in vivo, investigating the physiological role of Jak2 in other type of

organs/stem cells are needed for minimizing toxicity by the treatment with Jak2 inhibitor.

To assess the hematopoiesis in context of Jak2 deficient microenvironment, we transplanted wildtype BM

into Jak2 deficient mice. The loss of Jak2 in microenvironment did not influence normal hematopoiesis.

One of the explanations could be the time length of Jak2 deletion was not sufficient to see the

hematopoietic effect through Jak2 deficient microenvironment as I analyzed only a month after Jak2

deletion in recipient mice. The long-term analysis of Jak2 deficiency in non-hematopoietic cells

(mimicking the long-term exposure of Jak2 inhibitor) should be also analyzed. Despite the lack of

understanding on how important Jak2 is, to my knowledge, many pharmaceutical companies still have Jak2

inhibitor in their developing pipeline. Without high specificity to target only tumors/malignancies, even if it

may look to be well tolerated, I believe a current Jak2 inhibitor is not a silver bullet rather it is still a

machinegun with poor-sight which may randomly shoot healthy organs and resulting in “UNEXPECTED

CLINICAL OUTCOMES”.
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Fourth part of my Ph.D. studies provides the evidence that Jak2V617F mutation causes unique and

dynamic leukemic HSCs expansion in the spleen which has not been focused before. I have demonstrated

that a somatic point mutation, V617F, in Jak2 causes PV phenotypes in mouse model due to the expansion

of CSCs in spleen (where almost no HSCs reside normally). The expansion of Jak2V617F-expressing

CSCs in spleen was cell autonomous and their proliferation was much greater than those in bone marrow,

suggesting that Jak2V617F-expressing CSCs acquired unique proliferative advantage in spleen. The

expression of Jak2V617F causes the induction of HSCs quiescence in spleen where HSCs are not at

quiescent normally. One explanation of this phenomenon is the cell autonomous expansion of CD169+

macrophage progenitors in the spleen of Jak2V617F mice, which establishes the preferable niche for CSCs

in extramedullary hematopoietic site. The depletion of CD169+ macrophage progenitors by clodronate

liposome treatment attenuates PV phenotype and reduces the number of CSCs in spleen, suggesting the

rational of treating MPN patients with this strategy. However, as it is implicated that the critical role of

CD169+ macrophage progenitors in normal hematopoiesis (as one of the cells crucial in bone marrow niche

as well as general requirement of macrophage to fight against infection), direct application of clodronate

liposome may cause hematopoietic toxicities and unexpected clinical outcomes. The identification of how

CD169+ macrophage progenitors contribute the maintenance of Jak2V617F-expressing CSCs in spleen,

such as the requirement of specific binding molecule between CSCs and CD169+ macrophage progenitors,

will help the development of new therapy for MPNs patients instead of global elimination of macrophage.

As a current Jak2 inhibitor used for MPNs treatment is not ideal strategy due to its hematopoietic toxicities,

developing novel therapeutic drugs which target only Jak2V617F positive cells is critical in MPNs field.

Therefore, we investigated whether any genes are only regulated by oncogenic Jak2 but not by normal Jak2.

A somatic point mutation, V617F, in JH2 domain (pseudokinase domain) of Jak2 resulted in a cytokine

independent constitutive activation of Jak-Stat pathway contributing to MPNs. Whether it is simply causing

hyper-activation or suppression of genes regulated by normal Jak2 or there is a unique gene regulation by

V617F mutation beside normal Jak2 target in HSCs has not been studied. Thus, we compared the list of

genes  affected  by  loss  of  Jak2 and gain  of  Jak2 activation  in  HSCs from my two separate  Ph.D.  studies,

section 2.3 and section 2.4 in this thesis (Figure 80). The genes up-regulated by loss of Jak2 and down-

regulated by gain of Jak2 activity are considered as a gene negatively regulated by Jak2, while the genes
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down-regulated by loss of Jak2 and up-regulated by gain of Jak2 activity are considered as a gene

positively regulated by Jak2, suggesting those genes depend on Jak2 activity. Several pathways are

correlated between loss of Jak2 and gain of Jak2 activities (Table 23). Interestingly, we found several genes

(which I would like to avoid mentioning in specific here) not influenced by loss of Jak2 but either up or

down-regulated by gain of Jak2 activity resulting in a unique regulation of multiple pathways only by

Jak2V617F expression in HSCs (Table 24). Those genes, especially up-regulated genes, can be a candidate

target to specifically eliminate Jak2V617F-positive HSCs by inhibitors. Beside developing an inhibitor

against those candidate genes, additionally, I believe designing a column based elimination strategies

against the cell membrane binding molecule in Jak2V617F-expressing HSCs may be also a beneficial

strategy to eliminate only Jak2V617F expressing HSCs but not normal HSCs from patient in vivo, which is

something like therapeutic plasmapheresis technology from Asahi Kasei Medical (http://www.asahi-

kasei.co.jp/medical/en/apheresis/product/plasma/about/). Column with a specific surface marker expressed

by only Jak2V617F HSCs will capture Jak2V617F-positive HSCs and eliminate them from patients. This

eliminating approach without inhibitor may be useful if we identify a unique marker expressed by only

CSCs in other hematologic malignancies as well.

To further investigate whether Jak2V617F expression influences the expression levels of HSC specific

genes, we examined the list of genes highly expressing in only HSCs but not other hematopoietic

progenitors by utilizing the database in Gene Expression Commons (GEC: https://gexc.stanford.edu/). We

selected gene expression with only “High” in HSCs and “Low” in all other hematopoietic progenitors,

which were total of 86 genes, in mouse hematopoiesis database uploaded by Dr. Seita (Seita et al., 2012).

Among 86 genes, none of those genes was significantly up-regulated in Jak2V617F BM and SPL LTHSCs

compared to WT BM LTHSCs rather we found that five genes, biglycan (Bgn), endomucin (Emcn),

phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchange factor 2 (Prex2), luteinizing

hormone/choriogonadotropin receptor (Lhcgr), and Sulfotransferase 1A1 (Sult1a1), were significantly

down-regulated in both Jak2V617F BM and SPL LTHSCs compared to WT BM LTHSCs (data not shown).

Biglycan is a extracellular matrix (ECM) proteoglycan known to bind ECM components, such as TGF-beta

(Ameye and Young, 2002). Down-regulation of biglycan expression seen in Jak2V617F LTHSCs might

cause less responsiveness to TGF-beta, which is known for HSC quiescent inducer, and may partially

http://www.asahi-kasei.co.jp/medical/en/apheresis/product/plasma/about/
http://www.asahi-kasei.co.jp/medical/en/apheresis/product/plasma/about/
https://gexc.stanford.edu/
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explain enhanced HSC proliferation in Jak2V617F HSCs. The functional role of endomucin, the sialomucin

for endothelial cells, has been implicated as a maker for HSCs during development (Matsubara et al., 2005).

Matsubara et al demonstrated that the maintained expression of endomucin is a key for multilineage

repopulation in HSCs and committed progenitors loses the expression of endomucin. Down-regulation of

endomucin in both Jak2V617F BM and SPL LTHSCs may contribute as the driving force of enhanced

differentiation. Prex2, a guanine nucleotide exchange factor (GEF) for the RAC guanosine triphosphatase

(GTPase), is known for its inhibitory effect in the activity of phosphatase and tensin homolog on

chromosome ten (Pten) through direct protein-protein interaction (Fine et al., 2009). The role of Pten in

HSCs has been well studied that it plays a crucial role in HSC maintenance and prevent leukemogenesis

(Zhang et al., 2006). In addition, the loss of Pten fascinates G-CSF mediated HSC mobilization (Tesio et al.,

2013). As Jak2V617F LTHSCs have a tendency to mobilize out from BM niche and accumulate in spleen,

the reduced Prex2 levels may be a compensatory mechanism to stimulate Pten activity for preventing

further HSC mobilization. The role of other two genes identified, Lhcgr and Sult1a1, in HSC or

hematopoiesis are not clear at this point and further investigation in those two genes is needed.

Moreover, our gene profiling in both BM and SPL Jak2V617F LTHSCs demonstrated distinct gene

expression profile compared to control LTHSCs, suggesting that it may require developing an inhibitor or

treatment strategy that can effectively target HSCs at both places. Our finding supports the previous report

that Jak2 inhibitor does not affect stem cell in spleen by Wang et al at 54th ASH meeting (Xiaoli Wang,

2012). It also supports that inhibitor against Jak2 is not useful in MPNs treatment in this regard. Jak2V617F

expressing HSCs may acquire drug resistance against Jak2 inhibitor by localizing themselves in spleen

where the positive feedback mechanism of CSC maintenance can be established with microenvironment

like CD169+ macrophage progenitors as we observed. As almost no HSCs exist in spleen at first, our

inducible Jak2V617F knock-in mouse model strongly supports the alternation of gene regulation in HSCs

is due to localizing at spleen niche. However, this has to be experimentally proved by performing BMT

assay with BM or SPL derived LTHSCs transplantation followed by donor derived LTHSCs purification

from BM and SPL of recipient mice by FACS sorting and their gene expression profiling by microarray. If

the donor derived LTHSCs population have a distinct gene profile depending on their localization in
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recipient mice, our finding will be further strengthen. Then, preventing the entry of Jak2V617F expressing

HSCs into spleen may also be alternative therapeutic strategy and may attenuate MPNs phenotypes.

Furthermore, to support our gene profiling analysis, it is important to assess whether those gene expression

profiling seen in mouse model conserves in a clinical study with bone marrow and spleen derived patient

sample  in  future.  As  we  have  the  access  to  a  peripheral  blood  derived  HSCs  from  MPNs  patients,  we

started to compare the expression of candidate genes and observed a similar trend in the expression of those

genes in patient samples compared to healthy control. However, as the number of sample from patients is

still small and each patient has a variation in their background, the comparison data at this point is not yet

conclusive. In addition, since we only compared our gene expression analysis of BM or SPL derived

LTHSCs with data from peripheral blood derived HSCs from patient, the comparison among them may not

be straightforward and can be misleading. It will strengthen our finding by comparing and contrasting with

more MPN patient derived HSCs data, ideally with BM or SPL derived HSCs from MPNs patients if

possible in future. Meantime, it is also strengthen our data by testing if knock-down of candidate gene

attenuates MPN disease phenotypes by BMT assay with shRNA targeting strategies in BM or SPL derived

HSCs from our Jak2V617F mouse. If possible in future, this should be assessed in patient derived HSCs

with knock-down of candidate genes followed by transplanting into SCID mice as well.

3.2 Research direction in Jak2V617F-positive MPNs

My researches provided a new insight of HSC biology and the molecular pathogenesis of Jak2V617F-

positive MPNs, and also opened up new direction in MPNs study. Identifying splenomegaly as not simply

epiphenomena due to Jak2V617F mutation but it is the critical site of MPNs development provides the

huge interest in the study of extramedullary hematopoiesis in Jak2V617F-positive MPNs. Indeed, I was

glad to see that several groups reported the potential contribution of spleen in MPNs development at 55th

ASH meeting in December 2013, suggesting the study of Jak2V617F positive MPNs field may shift from

BM to spleen analysis in next few years and our research is probably right track to investigate the

molecular pathogenesis of Ph- MPNs (Takuji Yamauchi, 2013; Xiaoli Wang, 2013a; Xiaoli Wang, 2013b).
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3.2.1 The role of Jak2V617F mutation in other hematopoietic progenitors

We found that Jak2V617F-expressing HSCs can be maintained at quiescent and probably as rejuvenated

status by localizing at spleen. The one of explanation behind this mechanism we provided was the

expansion of CD169+ macrophage progenitor, but how CD169+ macrophage progenitor expands in spleen

and reduces from bone marrow at first place has not been addressed. In other words, the role of Jak2V617F

in granulocyte or macrophage progenitor needs to be investigated. In section 2.3, we found that the

frequency of those progenitors, Gr-1+Mac-1+, were not affected by the deletion of Jak2, suggesting the

normal Jak2 is dispensable in granulocyte or macrophage progenitor development unlike other

hematopoietic lineages, which correlated with what was seen in conventional Jak2 knock-out mice that loss

of Jak2 does not hamper the G-CSF-mediated colony formation (Figure 38A) (Parganas et al., 1998). On

the other hands, we observed some proliferative advantage in granulocyte or macrophage progenitor in

spleen but not in bone marrow by Jak2V617F mutation (Figure 25B). Together, our data may infer that

oncogenic Jak2 may confer functional uniqueness rather simple proliferative advantage in granulocyte or

macrophage progenitor. To investigate this, purifying those progenitors from our conditional knock-in

mouse  by  FACS  sorting  and  characterizing  them  will  determine  the  potential  role  of  oncogenic  Jak2  in

such progenitors.  More  definitive  approach can  be  also  taken by the  similar  experiment  as  section  2.2  by

utilizing LysMCre instead, where the expression of Jak2V617F can be restricted in macrophage lineages

(Clausen et al., 1999). Characterizing LysMCre;Jak2V617F/+ mice will provide the specific role of

oncogenic Jak2 in those progenitors, which may contribute some part of MPN development.

We and others have investigated the role of Jak2V617F in HSCs or erythroid progenitors (Akada et al.,

2010; Gautier et al., 2012; Hasan et al., 2013; Kent et al., 2013; Li et al., 2010; Marty et al., 2013; Marty et

al., 2010; Mullally et al., 2013; Mullally et al., 2010; Mullally et al., 2012). Despite the fact that other

hematopoietic lineages, such as T or B lymphocyte, also express Jak2V617F mutation, little is still known

of the role of Jak2V617F in those hematopoietic progenitors (Larsen et al., 2007). Of course, not all

hematopoietic lineages utilized Jak2 associated cytokine receptors to initiate signaling (Parganas et al.,

1998; Shuai and Liu, 2003). However, as Jak2 has been found in nucleus for epigenetic regulation through

translocation, H3Y41ph, there is a possibility of unique regulation by Jak2V617F in other hematopoietic

lineage without conventional cytokine receptor mediated signaling (Dawson et al., 2009; Dawson et al.,
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2012). As Jak2V617F-positive MPNs are stem cell derived myeloid malignancies, each hematopoietic

progenitors may also play a crucial role in disease development. It has been implicated that hematopoietic

progenitor cross-talks each other for their development and survival (Mercier et al., 2012). For example,

one  of  B  cells,  plasma  cells  cross-talk  with  macrophage  or  CAR  cells  for  their  survival  in  BM  niche

(Mercier et al., 2012). Interaction with CD169+ macrophage progenitors is required for erythroid

development by forming erythroid island (Chow et al., 2013; Rhodes et al., 2008). Thus, analyzing the

function of each hematopoietic progenitor with this strong conditional knock-in mouse model generated by

Dr. Mohi should be done, and I believe this will further facilitate the molecular pathologies of MPN disease.

3.2.2 Jak2V617F mediated signaling in LTHSC from bone marrow and spleen

The contribution of Jaks in multiple signaling cascade has been well studied that activation of Jaks by

cytokine stimulation initiate several pathways, such as Jak-Stat, PI3K/Akt, or MAPK pathways (Quintas-

Cardama et al., 2011). We demonstrated that Jak2 deficiency causes severe perturbation of key signaling

cascade in HSC enriched population (Figure 46). Our analysis showed that Jak2V617F causes constitutive

activation of those downstream signaling in BM derived erythroid cultured cells (Figure 27) (Akada et al.,

2010). Furthermore, we recently reported that the regulation of those signaling by Jak2V617F may differ

among hematopoietic progenitors (Additional Publication 4.2) (Akada et al., 2014). In this study, the

influence of loss of heterozygosity (LOH), which is seen in approximately 30% of MPN patients, was

assessed in mouse model by utilizing both conditional Jak2floxed and Jak2V617F knock-in mouse. We

conclude that LOH in Jak2V617F strengthen the severity of PV phenotypes as we observed a significant

enhancement in PV parameters in both hemizygous and homozygous Jak2V617F mice than heterozygous

Jak2V617F mice. We also observed that some downstream signaling molecules are activated differently

between erythroid and megakaryocyte progenitors by LOH. For instance, the activation of Stat5 was

significant in megakaryocyte progenitors but not in erythroid progenitors from hemizygous mouse

compared to heterozygous mouse, suggesting the differential activation pattern by Jak2V617F mutation

among each hematopoietic progenitor.

The activation status of downstream molecules in BM or SPL derived CSCs by Jak2V617F is not well

known. Chen et al reported that heterozygous Jak2V617F mutation causes differential activation of Stat1
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between ET and PV patients that increased Stat1 activity resulted in ET and its down-regulation inducing

PV in peripheral blood derived CD34+ cells (Chen et al., 2010; Mullally and Ebert, 2010). Jak2V617F

mutation causes cytokine independent activation of downstream molecules, but whether the origin of

LTHSCs, in either BM or SPL, influences their signaling status has not been investigated. Our initial study

demonstrated the comparable signal activations in BM or SPL derived erythroid progenitors, but it may not

true in other hematopoietic progenitors (Akada et al., 2010). Investigating activation of downstream

molecule among LTHSCs is technically challenging, but this may answer the some mechanism behind the

difference between BM and SPL derived LTHSCs with Jak2V617F mutation we observed.

3.2.3 Jak2V617F mediated hyperproliferation may cause faster aging and can be the
molecular marker to segregate MPNs patient based on aging of HSCs

Age-associated differences were also interesting points and have to be followed up in detailed manner. Our

data with conditional Jak2V617F knock-in mouse suggest that spleen may accumulate potent younger

CSCs by restricting cell cycle entry compared to bone marrow. However, the definitive marker of aging,

such as telomere length analysis by FISH-FACS approach, has not been investigated in Jak2V617F

expressing CSCs yet (Regeczy et al., 2002). Demonstrating the definitive aging marker in BM or SPL

derived HSCs will enrich our finding that spleen deposits younger CSCs. In addition, our own data

somewhat contradict with simple aging alteration in the biology of HSCs, which young HSCs have

unbiased lineage differentiation. We observed that the biased production of myeloid progenitors in the

spleen of Jak2V617F mice. If the spleen of Jak2V617F can maintains young CSCs, then the mechanisms of

myeloid biased production in spleen need to be investigated. Up to this point, our analysis showed that the

spleen of Jak2V617F mice achieved to have both potent young CSCs and myeloid biased production at the

same time, which cannot be explained by simple aging mechanism.

In addition, this age-associated difference seen in Jak2V617F CSCs suggests the time length of Jak2V617F

mutation may play as a key factor in MPNs patients. Up to date, patients are determined as MPNs based on

their clinical features along with the existence of mutational status. It has not been focused how long MPNs

patients carry the particular mutation because there is not definitive molecular screening marker to identify

the time length of mutation. As it has been implicated that the severe shortening of telomere among MPNs

patients, one may segregate the group of MPNs patients based on the telomere length and disease
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characteristics (Beerman et al., 2013; Bernard et al., 2009; Stewart and Weinberg, 2006). It may be possible

that the patient who has a mutation for long period of time may need to have different treatment strategies

from those who just start showing disease phenotype and relatively shorter duration of mutation.

3.2.4 Jak2V617F mutation in BM and SPL microenvironment

I have also investigated whether any unique cells residing in the spleen of Jak2V617F mice other than BM

niche-like-cells. I observed that there is a significant expansion of CD45 negative population within lineage

negative fraction (Lin-CD45-) in the spleen of Jak2V617F mice, suggesting that there may be the expansion

of non-hematopoietic early progenitor cells or hematopoietic cells that does not express our lineage

markers and CD45 in spleen (data not shown). We found that one of hematopoietic cells fits in Lin-CD45-

population and cell morphologic analysis supports this finding, suggesting the contribution of Jak2V617F

mutation in the expansion of unique hematopoietic cells, which no one has been reported functionality in

the context of this mutation yet (data no shown).

It is not sure whether this unique hematopoietic population we found is the only cells expanded in Lin-

CD45- population.  Surprisingly, this Lin-CD45- expanded population seems like to be derived from CD45

positive hematopoietic progenitors, suggesting also the potential transdifferentiation from hematopoietic

cells to non-hematopoietic cells by oncogenic Jak2 in spleen (data not shown). It has been implicated that

aberrant gene expression leads to transdifferentiation (hematopoietic cells to other hematopoietic cells or

hematopoietic cell to non-hematopoietic cells), such as B cells transdifferentiate into macrophage by

enforced expression of cEBP/α or β (Catacchio et al., 2013; French et al., 2002; Graf, 2011; Rapino et al.,

2013; Xie et al., 2004). Gene dysregulation seen in Jak2V617F LTHSC may contribute transdifferentiation

from hematopoietic cells to non-hematopoietic cells. As cEBP/α is activated through G-CSF/G-CSFR

pathway, which is the one of cytokine receptors specifically uses Jak2 as signal initiation and also

expressed in B cell lineage, the constitutive activation of G-CSFR by Jak2V617F may activate cEBP/α and

induce transdifferentiattion of B cells into macrophage (Figure 16-Figure 18) (Zhang and Friedman, 2011).

If so, one may explain myeloid biased production in the spleen of Jak2V617F mice as a result of lymphoid

transdifferentiation into myeloid cells.
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Although Jak2V617F mutation is believed as a somatic point mutation, since it has been found that some

patient carries Jak2V617F mutation in non-hematopoietic cells, such as in endothelial cells, whether non-

hematopoietic cells become Jak2V617F positive by acquired somatic point mutation or not is new question

(Etheridge et al., 2014; Rosti et al., 2013; Sozer et al., 2009). More interestingly, Orlic et al reported that

mobilized BM cells can regenerate monocytes and vascular structures to attenuate infracted heart,

suggesting mobilized BM cells have an intrinsic potential for transdifferentiation (Orlic et al., 2001). As

our data show that the expression of Jak2V617F causes mobilization of BM-LTHSC and their

accumulation at spleen, Jak2V617F may induce transdifferentiation into non-hematopoietic progenitors.

Further investigation on this potential phenomena and what type of cells in Lin-CD45- population is needed

to make more conclusive explanation.

3.2.5 Jak2V617F mutation with other mutation in Ph- MPNs

Epigenetic modifications, such as acetylation in protein lysine reside or DNA/histone methylation, have

been associated in many aspects, such as gene regulation or aging process, of both normal hematopoiesis

and hematopoietic malignancies. Beside Jak2V617F mutation, several mutations in epigenetic modifiers,

including Tet2, Ezh2, and Asxl1, have been found in MPNs patients and suggested their contribution in a

distinction of disease characteristics or strength of MPN diseases (Tefferi, 2010; Vainchenker et al., 2011;

Zhang and Abdel-Wahab, 2012). Loss of functional mutation in EZH2, histone methyltransferases in one of

the Polycomb Repressive Complexes, PRC2, was found in PMF patients (Guglielmelli et al., 2011). The

core PRC2 complex is consisted with four components, EZH1 or EZH2, SUZ12, EED, and RbAp46/48. It

involves in transcriptional repression through tri-methylation of histone H3 lysine 27 (H3K27), thus loss of

EZH2/PRC2 activity results in activation of its target genes (Margueron and Reinberg, 2011). Guglielmelli

et al reported that approximately 41% of patients in their study harbor both EZH2 and Jak2V617F mutation,

and those patients having both mutations had a severe form of PMF (Guglielmelli et al., 2011). Tomioka et

al presented at 55th ASH meeting in 2013 that loss of EZH2 along with Jak2V617F mutation in their mouse

model accelerated myelofibrosis, suggesting the role of EZH2 as a negative regulators of Jak2V617F

mediated MPNs (Takahisa Tomioka, 2013). The molecular pathogenesis of newly identified mutation

along with Jak2V617F in Ph-MPNs can be addressed by utilizing both conditional Jak2V617F knock-in

mice and conditional knock-out mice.
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In addition, Sahasrabuddhe et al recently reported that Jak2 mediated phosphorylation at Y641 on EZH2

directs its proteasomal degradation, suggesting auto-degradation of EZH2 and the activation of EZH2

target genes through constitutive active Jak2V617F mutation by itself (Sahasrabuddhe et al., 2014).

However, the contribution of Jak2V617F mutation in the genes regulated by EZH2/PRC2 has not been well

studied. Jak2V617F mutation by itself may have already altered the genes targeted by EZH2/PRC2, and

loss of EZH2/PRC2 function by mutation seen in MPN patients further enhances up-regulation of its target

genes for a poor prognosis of MPNs. To investigate whether Jak2V617F mutation itself causes a

dysregulation of those genes targeted by EZH2/PRC2, we also performed GSEA analysis in our LTHSCs

samples with the list of genes regulated by PRC2 complex (Bracken et al., 2006). Our microarray analysis

showed that there are not significant differences in a transcriptional expression level of PRC2 components

in  both  BM  and  SPL  Jak2V617F  LTHSCs  compared  to  control  LTHSCs.  However,  we  observed

significant up-regulation in the list of genes up-regulated upon knock-down of EZH2 or EED,

PRC2_EZH2_UP.V1_UP or PRC2_EED_UP.V1_UP, in both BM and SPL Jak2V617F LTHSCs compared

to WT LTHSCs (Table 16). Uniquely, we did not observe a difference in the expression of genes regulated

by SUZ12 between control and Jak2V617F BM or SPL LTHSCs. Although it is not yet clear whether

Jak2V617F directly regulates those genes without influencing the activity PRC2 complex in HSCs, this

result indicates a potential direct contribution of Jak2V617F mutation in genes targeted by epigenetic

modifiers. Together, those ideas above based on my Ph.D. researches will provide further excitements in

the field of myeloid malignancies.
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3.3 Figures

Figure 80. Schematic diagram representing identification of a potential therapeutic candidate gene
only regulated by Jak2V617 but not Jak2WT

First part of my Ph.D. study identified the list of positively or negatively influenced and not influenced
genes by loss of Jak2 in HSCs. Second part of my Ph.D. study identified the list of positively or negatively
influenced and not influenced genes by Jak2V617F mutation in HSCs. Here, by comparing two lists from
my Ph.D. studies, we were able to identified set of genes independently regulated by only oncogenic Jak2,
which could be a potential therapeutic target gene in Jak2V617F positive MPNs instead of Jak2 inhibitor.
Heatmap represents a hypothetical gene regulation compared to control HSCs.
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Figure 81. Schematic diagram representing a possible mechanism of epigenetic targets’ gene
regulation directly by Jak2V617F mutation

GSEA showed the distinct expression patterns in genes regulated by epigenetic modifiers between control
BM and Jak2V617F BM or Jak2V617F BM and SPL Jak2V617F LTHSCs.

1. Jak2 may regulate activation or expression of epigenetic modifiers through a cytokine mediated
signaling.

2. More likely, Jak2V617F may constitutively regulate those epigenetic modifiers, which eventually
influences those target genes.

3. It may be also possible but not known whether Jak2V617F can directly regulate those epigenetic
modifiers’ target genes without influencing epigenetic modifiers themselves.
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3.4 Tables

Table 23. List of Jak2 dependent GSEA pathways in HSCs

NES more than zero in WTLSK vs. Jak2KOLSK cells indicates significant down-regulation by Jak2
deficiency. NES less than zero in WTLTHSCs vs. VFLTHSCs cells indicates significant up-regulation by
constitutive active Jak2 (Jak2V617F). Thus, GSEA with NES more than zero in WTLSK vs. Jak2KO LSK
and NES less than zero in WTLTHSCs vs. VFLTHSCs are the pathways depending on Jak2 activity.

WTLSK vs. KOLSK WTLTHSCs vs. VFLTHSCs

NAME NES FDR q-val NES FDR q-val

KEGG_ASTHMA -2.11 0.00 -2.36 0.00

REACTOME_CELL_CYCLE_MITOTIC 3.09 0.00 -2.33 0.00

REACTOME_DNA_REPLICATION 2.89 0.00 -2.26 0.00

REACTOME_MITOTIC_M_M_G1_PHASES 2.93 0.00 -2.24 0.00

REACTOME_MITOTIC_PROMETAPHASE 2.77 0.00 -2.15 0.00

REACTOME_CELL_CYCLE 3.12 0.00 -2.11 0.00
KEGG_INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PROD

UCTION -1.79 0.05 -2.03 0.01

REACTOME_MITOTIC_G1_G1_S_PHASES 2.59 0.00 -2.00 0.01

REACTOME_CELL_CYCLE_CHECKPOINTS 2.58 0.00 -1.99 0.01

PID_IFNGPATHWAY 2.54 0.00 -1.99 0.01

MIPS_55S_RIBOSOME_MITOCHONDRIAL 2.49 0.00 -1.98 0.01

REACTOME_G1_S_TRANSITION 2.43 0.00 -1.97 0.01
REACTOME_REGULATION_OF_MRNA_STABILITY_BY_PR

OTEINS_THAT_BIND_AU_RICH_ELEMENTS 2.43 0.00 -1.96 0.01

PID_AURORA_A_PATHWAY 2.07 0.00 -1.96 0.01

KEGG_SYSTEMIC_LUPUS_ERYTHEMATOSUS 1.96 0.00 -1.93 0.02

REACTOME_SYNTHESIS_OF_DNA 2.36 0.00 -1.92 0.02

KEGG_LEISHMANIA_INFECTION 1.57 0.05 -1.92 0.02

REACTOME_MHC_CLASS_II_ANTIGEN_PRESENTATION 2.46 0.00 -1.91 0.02

REACTOME_INTERFERON_SIGNALING 2.75 0.00 -1.91 0.02

REACTOME_METABOLISM_OF_RNA 2.78 0.00 -1.90 0.02

ST_JNK_MAPK_PATHWAY 2.06 0.00 -1.90 0.02

MIPS_SPLICEOSOME 2.80 0.00 -1.89 0.02

PID_ATR_PATHWAY 1.99 0.00 -1.89 0.02

PID_AURORA_B_PATHWAY 1.92 0.00 -1.89 0.02

REACTOME_M_G1_TRANSITION 2.44 0.00 -1.88 0.02

KEGG_ALLOGRAFT_REJECTION -1.90 0.02 -1.88 0.02

PID_ERBB1_DOWNSTREAM_PATHWAY 2.54 0.00 -1.88 0.02

BIOCARTA_MONOCYTE_PATHWAY 1.49 0.07 -1.88 0.02

KEGG_CHRONIC_MYELOID_LEUKEMIA 2.42 0.00 -1.87 0.02
REACTOME_AUTODEGRADATION_OF_CDH1_BY_CDH1_A

PC_C 2.16 0.00 -1.87 0.02

REACTOME_S_PHASE 2.47 0.00 -1.87 0.02
REACTOME_APC_C_CDH1_MEDIATED_DEGRADATION_OF
_CDC20_AND_OTHER_APC_C_CDH1_TARGETED_PROTEIN

S_IN_LATE_MITOSIS_EARLY_G1
2.23 0.00 -1.86 0.02

PID_PDGFRBPATHWAY 2.41 0.00 -1.86 0.02

REACTOME_ASPARAGINE_N_LINKED_GLYCOSYLATION 2.33 0.00 -1.86 0.02

BIOCARTA_STRESS_PATHWAY 2.16 0.00 -1.85 0.02
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WTLSK vs. KOLSK WTLTHSCs vs. VFLTHSCs

NAME NES FDR q-val NES FDR q-val

REACTOME_DNA_STRAND_ELONGATION 2.13 0.00 -1.85 0.02
REACTOME_RIG_I_MDA5_MEDIATED_INDUCTION_OF_IF

N_ALPHA_BETA_PATHWAYS 2.02 0.00 -1.85 0.02

REACTOME_METABOLISM_OF_MRNA 2.60 0.00 -1.85 0.02
REACTOME_LOSS_OF_NLP_FROM_MITOTIC_CENTROSOM

ES 2.51 0.00 -1.85 0.02

REACTOME_APC_C_CDC20_MEDIATED_DEGRADATION_O
F_MITOTIC_PROTEINS 2.26 0.00 -1.84 0.02

KEGG_FC_EPSILON_RI_SIGNALING_PATHWAY 1.36 0.13 -1.84 0.02
REACTOME_CYTOKINE_SIGNALING_IN_IMMUNE_SYSTE

M 2.65 0.00 -1.84 0.02

REACTOME_TRIF_MEDIATED_TLR3_SIGNALING 2.43 0.00 -1.83 0.02

REACTOME_DESTABILIZATION_OF_MRNA_BY_KSRP 1.84 0.01 -1.83 0.02
REACTOME_TRAF6_MEDIATED_INDUCTION_OF_NFKB_A

ND_MAP_KINASES_UPON_TLR7_8_OR_9_ACTIVATION 2.41 0.00 -1.83 0.03

BIOCARTA_41BB_PATHWAY 1.33 0.15 -1.82 0.03

REACTOME_INTERFERON_GAMMA_SIGNALING 2.32 0.00 -1.82 0.03

MIPS_39S_RIBOSOMAL_SUBUNIT_MITOCHONDRIAL 2.25 0.00 -1.82 0.03
REACTOME_ASSEMBLY_OF_THE_PRE_REPLICATIVE_CO

MPLEX 2.24 0.00 -1.82 0.03

REACTOME_DNA_REPAIR 2.57 0.00 -1.81 0.03

KEGG_AUTOIMMUNE_THYROID_DISEASE -2.31 0.00 -1.81 0.03

REACTOME_MITOTIC_G2_G2_M_PHASES 2.51 0.00 -1.81 0.03

REACTOME_DESTABILIZATION_OF_MRNA_BY_BRF1 2.06 0.00 -1.81 0.03
REACTOME_DESTABILIZATION_OF_MRNA_BY_TRISTETR

APROLIN_TTP 2.00 0.00 -1.80 0.03

REACTOME_REGULATION_OF_MITOTIC_CELL_CYCLE 2.28 0.00 -1.80 0.03
REACTOME_RECRUITMENT_OF_MITOTIC_CENTROSOME_

PROTEINS_AND_COMPLEXES 2.48 0.00 -1.80 0.03

REACTOME_LATE_PHASE_OF_HIV_LIFE_CYCLE 2.70 0.00 -1.80 0.03

PID_FCER1PATHWAY 1.83 0.01 -1.79 0.03

KEGG_CELL_CYCLE 2.50 0.00 -1.78 0.03

MIPS_28S_RIBOSOMAL_SUBUNIT_MITOCHONDRIAL 2.00 0.00 -1.77 0.04

MIPS_TRAP_SMCC_MEDIATOR_COMPLEX 1.47 0.08 -1.77 0.04

PID_GMCSF_PATHWAY 2.24 0.00 -1.77 0.04
REACTOME_PROCESSING_OF_CAPPED_INTRON_CONTAIN

ING_PRE_MRNA 2.73 0.00 -1.76 0.04

PID_CD40_PATHWAY 1.73 0.02 -1.76 0.04

REACTOME_G2_M_CHECKPOINTS 2.20 0.00 -1.76 0.04

REACTOME_ORC1_REMOVAL_FROM_CHROMATIN 2.16 0.00 -1.76 0.04
REACTOME_SIGNALING_BY_TGF_BETA_RECEPTOR_COM

PLEX 2.24 0.00 -1.76 0.04

BIOCARTA_MAPK_PATHWAY 2.60 0.00 -1.76 0.04

REACTOME_UNFOLDED_PROTEIN_RESPONSE 2.13 0.00 -1.75 0.04

REACTOME_HIV_INFECTION 2.82 0.00 -1.75 0.04

PID_P53REGULATIONPATHWAY 2.72 0.00 -1.75 0.05

BIOCARTA_RACCYCD_PATHWAY 2.03 0.00 -1.74 0.05

KEGG_SPLICEOSOME 2.62 0.00 -1.74 0.05
REACTOME_SIGNALING_BY_THE_B_CELL_RECEPTOR_BC

R 2.39 0.00 -1.74 0.05

REACTOME_SIGNALING_BY_WNT 2.27 0.00 -1.74 0.05

KEGG_DNA_REPLICATION 2.12 0.00 -1.74 0.05
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Table 24. List of GSEA pathways unique to Jak2V617F mutation in HSCs

List  of  pathways  with  FDR  less  than  0.25  in  WTLTHSC  vs.  VFLTHSC  and  FDR  more  than  0.25  in
WTLSK vs. Jak2KOLSK

WTLTHSC vs.
VFLTHSC

WTLSK vs.
KOLSK

NAME NES NES
BIOCARTA_GRANULOCYTES_PATHWAY -1.91 1.01

BIOCARTA_CASPASE_PATHWAY -1.86 1.16
KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION -1.85 -1.15

BIOCARTA_LYM_PATHWAY -1.81 0.98
BIOCARTA_BLYMPHOCYTE_PATHWAY -1.80 -0.43

BIOCARTA_EPHA4_PATHWAY -1.65 0.74
REACTOME_PROTEOLYTIC_CLEAVAGE_OF_SNARE_COMPLEX_PRO

TEINS -1.65 1.17

KEGG_VIRAL_MYOCARDITIS -1.64 0.92
REACTOME_BOTULINUM_NEUROTOXICITY -1.64 0.99

PID_INTEGRIN3_PATHWAY -1.61 -1.04
REACTOME_THROMBIN_SIGNALLING_THROUGH_PROTEINASE_AC

TIVATED_RECEPTORS_PARS -1.60 1.11

KEGG_PORPHYRIN_AND_CHLOROPHYLL_METABOLISM -1.58 0.96
BIOCARTA_LAIR_PATHWAY -1.58 -1.40
BIOCARTA_AHSP_PATHWAY -1.55 0.60

BIOCARTA_TH1TH2_PATHWAY -1.53 -1.14
REACTOME_REGULATION_OF_INSULIN_SECRETION_BY_ACETYLC

HOLINE -1.49 1.05

KEGG_HEMATOPOIETIC_CELL_LINEAGE -1.48 -1.29
PID_INTEGRIN2_PATHWAY -1.47 -0.77
PID_UPA_UPAR_PATHWAY -1.47 -0.86

BIOCARTA_D4GDI_PATHWAY -1.47 -1.06
REACTOME_PLATELET_AGGREGATION_PLUG_FORMATION -1.47 1.15

PID_IL4_2PATHWAY -1.46 1.03
REACTOME_PHOSPHORYLATION_OF_CD3_AND_TCR_ZETA_CHAIN

S -1.46 0.58

KEGG_AMYOTROPHIC_LATERAL_SCLEROSIS_ALS -1.45 1.17
REACTOME_TRANSLOCATION_OF_ZAP_70_TO_IMMUNOLOGICAL_S

YNAPSE -1.44 -1.16

PID_INTEGRIN_CS_PATHWAY -1.43 0.66
REACTOME_PD1_SIGNALING -1.42 -0.64

REACTOME_CREB_PHOSPHORYLATION_THROUGH_THE_ACTIVATI
ON_OF_CAMKII -1.41 1.19

KEGG_ASCORBATE_AND_ALDARATE_METABOLISM -1.41 1.13
REACTOME_PLATELET_ADHESION_TO_EXPOSED_COLLAGEN -1.40 0.82

REACTOME_DEGRADATION_OF_THE_EXTRACELLULAR_MATRIX -1.40 -1.40
PID_IL27PATHWAY -1.39 1.18

REACTOME_UNBLOCKING_OF_NMDA_RECEPTOR_GLUTAMATE_BI
NDING_AND_ACTIVATION -1.39 1.08

BIOCARTA_THELPER_PATHWAY -1.38 -0.85
BIOCARTA_IL4_PATHWAY -1.38 1.06

REACTOME_PREFOLDIN_MEDIATED_TRANSFER_OF_SUBSTRATE_T
O_CCT_TRIC -1.38 0.91

MIPS_P2X7_RECEPTOR_SIGNALLING_COMPLEX -1.38 0.58
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4. Additional Publications

This chapter contains two additional publications during my Ph.D. training in chorological order

4.1. Akada, H., Akada, S., Hutchison, R. E., Mohi, M.G. Efficacy of vorinostat in a murine model of
polycythemia vera., (2012) Blood, 119 (16), pp.3779-3789. Cited 10 times.
http://bloodjournal.hematologylibrary.org/content/119/16/3779.abstract?sid=3863930e-7de5-4567-
8a24-888741e1050b

4.2. Akada, H., Akada, S., Hutchison, R. E., Mohi, M.G. Loss of wild-type Jak2 allele enhances
myeloid cell expansion and accelerates myelofibrosis in Jak2V617F knock-in mice. Accepted in
Leukemia.
http://www.nature.com/leu/journal/vaop/ncurrent/full/leu201452a.html

The article 4.1 and 4.2 are reproduced with permission from Nature Publishing Group and The American

Society of Hematology.

Briefly, we reported the efficacy of vorinostat in Jak2V617F positive MPNs in the article 4.1. We

investigated whether vorinostat, one of the HDAC inhibitors, can be used to treat PV. We assessed the

efficacy of vorinostat in our Jak2V617F mouse model and peripheral blood derived CD34+, HSCs

population, from PV patients ex vivo. We demonstrated that vorinostat can be a potential new drug for

treating PV disease.

In the article 4.2, the influence of loss of heterozygosity (LOH), which is seen in approximately 30% of

MPN patients, was assessed in mouse model by utilizing both conditional Jak2floxed and Jak2V617F

knock-in mouse. We conclude that LOH in Jak2V617F strengthen the severity of PV phenotypes as we

observed a significant enhancement in PV parameters in both hemizygous and homozygous Jak2V617F

mice than heterozygous Jak2V617F mice.

http://bloodjournal.hematologylibrary.org/content/119/16/3779.abstract?sid=3863930e-7de5-4567-8a24-888741e1050b
http://bloodjournal.hematologylibrary.org/content/119/16/3779.abstract?sid=3863930e-7de5-4567-8a24-888741e1050b
http://www.nature.com/leu/journal/vaop/ncurrent/full/leu201452a.html
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4.1 Akada, H., Akada, S., Hutchison, R. E., Mohi, M.G. Efficacy of vorinostat in a
murine model of polycythemia vera., (2012) Blood, 119 (16), pp.3779-3789.
Cited 10 times.

http://bloodjournal.hematologylibrary.org/content/119/16/3779.abstract?sid=3863930e-7de5-4567-8a24-
888741e1050b

http://bloodjournal.hematologylibrary.org/content/119/16/3779.abstract?sid=3863930e-7de5-4567-8a24-888741e1050b
http://bloodjournal.hematologylibrary.org/content/119/16/3779.abstract?sid=3863930e-7de5-4567-8a24-888741e1050b
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