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ABSTRACT

Hematopoiesis is maintained by a proper balance between self ateaed multipotent
differentiation of the hematopoietic stem cells (HSC). Acuotgelogenous leukemia (AML) is
characterized by the blockage in the differentiation of H8Rile self renewal and proliferation is
preserved. It is important to understand the mechanisms involveg imhibition of hematopoietic
differentiation and maintenance of the HSC state in order tdageletter therapies for AML. In these
studies | have explored the role of Hsp90, omega-3 fatty acidsYa&hd in hematopoietic
differentiation. EML, a hematopoietic precursor cell line, wasd as a model for the hematopoietic
system in these studies. My preliminary data showed theation of Wnt signaling upon inhibition of
Hsp90 in EML cells. This data suggested the involvement of Hep8 regulation of Wnt signaling
in EML cells. Moreover, my initial data with fatty acid dies indicated that omega-3 fatty acids could
affect Wnt signaling in EML cells. Unfortunately, further progies of both these studies was marred
by variability in my data. In my latest study, | have ideetif YB-1 as a marker involved in the
maintenance of the hematopoietic stem cell state. YB-Ifouesl to be highly expressed in the EML
cell line and in the mouse bone marrow-derived HSC and myeloid ptogeeils. In addition, YB-1
expression was downregulated during myeloid differentiation in retiacid (RA) and granulocyte
macrophage colony stimulating factor (GM-CSF) treated EMIscek well as in the granulocytes
derived from mouse bone marrow. Further, abnormal YB-1 expressionobsesved in myeloid
leukemic cell lines. Knockdown of YB-1 expression and arsenic iti@ostreatment (A£s) in
erythroleukemic, K562 cell line resulted in apoptosis and inhibitof cell proliferation. Most
importantly, these treatments led to the induction of megakggodifferentiation in these cells.
Overall my data suggests that increased expression of MBtie leukemic cells contributes to the
leukemic cell properties by promoting cell proliferation, selivival and blocking cell differentiation.

Thus, YB-1 could be a potential target for therapy in myeloid leukemia.
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CHAPTER One: INTRODUCTION

Hematopoiesis

Hematopoietic stem cells (HSC) are the stem cellsdivat rise to blood and immune
cells. They are ultimately responsible for the constant renéviddbad as billions of new blood
cells are produced every day. Hematopoietic stem cellsthaveapability of self renewal and
multi-potent differentiation, and hematopoiesis is maintained yper balance between the
two. Hematopoietic stem cells give rise to multipotent cadmechi progenitors - common
lymphoid progenitors (CLPs) and common myeloid progenitors (CNIHgyure 1.1) These
multipotential committed precursors are highly proliferatwvel express receptors for specific
growth and survival factors- the colony stimulating factorSKCThe CMPs further produce
megakaryotic/erythroid progenitors (MEPS), which differentiate erythrocytes and platelets;
and granulocye-monocyte progenitors (GMPs), which then produce graesloand
monocytes. The CLPs give rise to mature T lymphocytes,niptypcytes and natural killer

cells Kaushanskt al., 2006; Tenen, 2003).

The production of hematopoietic cells is under the tight controlabgroup of
hematopoietic cytokines. Among these, the most important requlaitétSC maintenance are
stem cell factor (SCF), and thrombopoietin (TPO). Receftor§PO and SCF, c-Mpl and c-
Kit, respectively, are both expressed on the surface of HSCE is expressed constitutively in
bone marrow (BM) stromal fibroblasts and endothelial cells aressential to the survival,
proliferation and differentiation of HSCs (Broudy, 1997; Hartretal,, 2001). Administration
of a neutralizing antibody against c-Kit in mice led to the depletion of aleprtyg cells in two

days, indicating the role of SCF in HSC maintenance (Ogawah 1991).



Multipotent stem cell

C nec  CD34,CD117, Scat (high)

7\
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Figure 1.1. A general model of hematopoiesi8lood-cells are produced from a hematopoietic
stem cell (HSC), which can undergo either self-renewal oeréffitiation into a multilineage
committed progenitor cells These include common lymphoid proger@ioP)(and common
myeloid progenitor (CMP). CMP further divides to give risanore differentiated progenitors,
committed to granulocytes and macrophages (GMs), and megakayayd erythroid cells
(MEPs). CLP produces progenitors committed to T cells and h&illes cells (TNKs) and B
cells (BCPs). Successive division and differentiation of éhgsgenitors give rise to fully
differentiated cells-B cells, NK cells, T cells, neutrophiéosinophils, basophils, monocytes,
platelets and erythrocytes. Different cluster of dédfdaration antigens (CD) and markers
expressed on the surface of each cell type are shown in blueelSKNKPSs), T cells (TCPs),
granulocytes (GPs), monocytes (MPs), erythrocytes (EPs), megakay (kPs).



Mice with loss-of-function mutations in TPO or c-Mpl have a dase in the number
of HSC that can repopulate the bone marrow. Further, there istigdin the expansion of
HSCs that occurs after bone marrow transplantation. Tuagests that TPO plays role in

promoting the survival and the expansion of HSCs.

Myeloid cell development involves the interaction of varioy®kines in the survival,
proliferation and differentiation of myeloid progenitors (Figure.llriterleukein-3 (IL-3), SCF
and TPO are involved in the formation of MEP from CMP. The wiffgation of MEP into
megakaryocytes or erythrocytes depends on the presenc®airTérythropoietin (EPO). CMP
give rise to GMP in the presence of granulocyte-macrophalgayc stimulating factor (GM-
CSF). Differentiation of these committed progenitors ihi granulocyte lineage or monocyte
lineage requires granulocyte colony stimulating factorC&-=) or macrophage colony

stimulating factor (M-CSF), respectively (Kaushanskgl, 2006).

Apart from cytokines, transcriptions factors are also thouglglag critical role in
regulating normal hematopoiesis. These include lineage-spdaiftors and non-specific
transcription factors. The lineage-specific transcriptiaridis are differentiating factors such
as PU.1, CCAAT/enhancer binding protein(C/EBP o) and GATAL, affecting only small
number of related lineages. The non-lineage-specific transerifsictors such as AML1 and
SCL are involved in almost all lineages. Disruption of acugelaid leukemia (AML1) or stem
cell leukemia (SCL) affects formation of the entire bloedll tneage, as these transcription
factors function at the pre-hematopoietic stem cell stageefl,€2003; Rosenbauer and Tenen,
2007). Expression of PU.1 is considered one of the earliestsefaarring HSCs to lineage
commitment. PU.1 and GATA-1 are co-expressed in CMPs but thefvally exclusive
expression coincides with further commitment to either granti@eonocytic or

megakaryocytic/erythroid differentiation (Zhu and Emerson, 2002)In



erythroid/megakaryocytic leukemia cell line, K562 ectopipression of PU.1 led to their
differentiation into granulocytes and monocytes, instead of megakdes upon Ras pathway
activation. Further, overexpression of GATA-1 in granulocptiogenitor 32D cells redirects

them to megakaryopoiesis (Matsumetal, 2000).

Disruption of this transcription factor function can interferghwthe normal cellular
differentiation and lead to leukemia. Leukemia is charasdrby a terminal differentiation
block of hematopoietic cells while the self renewal and iferalttion is preserved.
Understanding the pathways by which transcription factors regditierentiation is important

to developing improved treatments for hematological malignancies ingliglkemia.

Acute myelogenous leukemia

Various hematological abnormalities including myelodysplasyiecdrome arise from
the dysregulation of the hematopoietic process. Myelodysplagtidr@ame (MDS) is a
preleukemic state which involves the ineffective productioth@imyeloid cells. In one third of
patients with MDS, the disease transforms into acute myelogdaokismia (AML), usually
within months to a few yearseukemia comprises 33% of childhood cancers and is the most
prevalent cancer in the children. Among different types of leigkeML is the most common
leukemia diagnosed in infants with a five-year survival rafe 22.6% (Surveillance
Epidemiology and End Results, NCI). AML is characterized by boneomanfiltration of
abnormal hematopoietic precursors and resulting disruption of npnedliction of red blood
cells, white blood cells, or platelets. It is diagnosed basethe presence of >30% immature
and functionless cells called blasts in the bone marrow aighpesl blood. Symptoms in most
patients arise from disruption of normal blood component produetimh include fatigue,

anemia, bleeding and bruising (thrombocytopenia), and fever with or witheationf.



Transcription Frequency in
factor AML
RUNX1-ETO 12-15%
(1(8;21))

CBF3—MYH11 8-10%

(inv16)

PML-RAR« 6-7%

(1(15;17))

MLL fusions 4-7%

(t11923)

C/EBRv 7-9%

GATAl1 Nearly 100% in
AMKL
associated with
Down’s
syndrome

PU.1 <7%

RUNX1 9%

Table 1.1. Examples of transcription factor mutations in patierd with AML. Abbreviations :

AML, acute myeloid leukaemia; AMKL, acute megakaryobtadgeukaemia; CBF, core-

binding factorf; C/EBRr, CCAAT/enhancer binding protem-GATA1, GATA-binding protein

1; MLL, mixed lineage leukaemia; PML, promyelocytic leukaenitél.1, transcription factor
encoded by SPI1; RARretinoic acid recepta: RUNXL, runt-related transcription factor 1.

Chromosome aberrations are detectable in the leukemic bfasproximately 55% of
adults with AML. Aberrant transcription factor activity AML is associated with acquired
chromosomal translocations that result in oncogenic fusion pduch as RUNX1-ETO
t(8;21) CBB-MYH11; Invl6, MLL (mixed lineage leukaemia; t(11923) and PML-RAR
(promyelocytic leukaemia—retinoic acid receptort(15;17) (Tablel.1). These chromosomal

changes have been recognized as the most important prognostic féacemhievement of



complete remission, risk of relapse, and overall survival (D6andrD6hner, 2008). Several
mutations that have been identified in genes such as G/ERHAL, NPM1, FLT3 and c-Kit
and are associated with poor prognosis in AML (Rosenbauer and &1, Mutations in the
GATALl gene that results in the formatiaf a truncated GATAL1l protein with altered
transcriptional function occurs in acute megakaryobldstikemia (AMKL) affecting patients

with Down syndrome (Wechslet al, 2002).

Stress response

Stress induced by change in temperature leads to a complex profram@ne
expression and adaptive respondeede cell stress responses are of great interest bothido bas
biology and to medicine. The ability to survive and adapt tonthestress appears to be a
fundamental requirement of cellular life, as cell stresponses are ubiquitous among both
eukaryotes and prokaryotes. Increase in temperature canimegtieat shock response and can
lead to the production of heat shock proteins (Hsp), while a decnedemperature induces a
cold shock response resulting in cold shock proteins. Heat andluodit responses are both
involved in inhibition of cell growth and reduction in protein syntheBispending on the
intensity of the exposure both heat and cold stress can lead aotihation of the apoptotic

program and, in the extreme cases, necrosis (Szrala 2002).

New approaches are emerging in order to find therapies for AMmeSof these
approaches address the role of stress proteins in canceer@afis exist in a state of stress
and rely upon stress related proteins for survival. Many meatigcells have constitutively high
levels of stress proteins that correlate with aggresand resistant tumors, resulting in poor

prognosis. Thus, stress proteins have been identified as attracgjgestfor therapy in cancer.



Heat shock protein 90 (Hsp90)

In 1962, investigators reported that heat induced a charact@astern of puffing in the
chromosomes dbrosophila(Ritossa, 1962). This discovery eventually led to the identificat
of the heat-shock proteins (Hsp) or stress proteins whose drpréssse puffs represented. It
was found that brief exposure of cells to high temperature cawidpr protection from
subsequent larger increases in temperature, even when tldias@avould normally be lethal.
Increased synthesis of Hsp Dnosophilacells following stresses such as heat shock was first
demonstrated in 1974 (Tissieres, 1974). Later it was showrthtbaheat shock response is
ubiquitous and highly conserved in all organisms from bacterfaunans (Schlesinget al,

1982).

Hsp act as molecular chaperone by enabling protein folding asidt @s protein
trafficking. Molecular chaperones are a ubiquitous clagsaiéins that play important roles in
protein folding and in the protection of cells from severabsee associated with the disruption
of protein structure including heat shock. Chaperones bind to abdizsetahe unstable
conformation of another protein therby helping in its folding asgmbly. One major function
of chaperones is to prevent both newly synthesized polypeptide amarassembled subunits

from aggregating into nonfunctional structures (Hartl, 1996).

Hsp90 is a specialized molecular chaperone required for thiitgtand function of
numerous client proteins (substrate protein) that are maimblved in signal transduction
pathways. In unstressed cells, Hsp90 accounts for 1-2% optotaln, but in response to heat
shock this increases to 4—6% of cellular protein. Hsp90 is distinct fromathperone systems
as it does not fold non-native proteins but rather binds to stégtrateins at a later stage of
folding. It interacts with various protein substrates to asgsitheir folding and plays a critical
role during cell stress by repairing damaged proteins (protestdired), or by degrading them

thus restoring protein homeostasis and promoting cell survivay @o#l, 2000). Moreover,



Hsp90 is critical to the survival of the organism since thetgekeockout of Hsp90 is lethal in

mice (Vosset al, 2000).

Hsp90 isoforms and structure

Hsp90 is highly conserved and expressed in a variety of differganisms from
bacteria to mammals. There are five functional human geneshvamcode Hsp90 protein
isoforms. In mammalian cells, there are two or more genes @gcamjitosolic Hsp90
homologues Hsp20(inducible form) and Hsp®0(constitutive form) which are the result of a
gene duplication event (Csermelyal,, 1998). Human Hsp@shows 85% sequence identity to
Hsp9@ (Chenet al, 2005; Cheret al,, 2006). An important difference is that the Hap®@m
readily dimerizes, whereas tieform does so with much less efficiency. Hsp% shown to
play a regulatory role in muscle cell differentiation obradish while Hsp9p is required for
early embryonic development (Reviewed in Sreedtaal, 2004). Recently another Hsp90
isoform has been identified, Hsp90N, which shares high seqhenuglogy with the other two
Hsp90 isoforms, but lacks the N-terminal domain (Figure 1.2). 4t been shown to be
associated with cellular transformation by activating Raf rfat F111 fibroblasts
(Grammatikakiset al, 2002). However, a later study reported the existence of ditis to
be accidental and occurred due to chromosomal rearrangement in a singie ¢2lidawskaet

al., 2008).

Two other isoforms include GRP94 in the endoplasmic reticulndh TERAPL in the
mitochondrial matrix. GRP94 is glucose-regulated, induced by glutamsaton and is known
to participate in protein folding and assembly (Gupta, 1995). TIRA®s as a molecular
chaperone to retinoblastoma protein (Rb) during cellular strepsssesses a unique LxCxE

motif which is involved in binding to Rb. This motif is absentaith other Hsp90 family



members (Cheret al, 1996; Feltset al, 2000). There is still not much known about the

function of these two isoforms of Hsp90.

Structure of Hsp90

Hsp90 consists of four structural domains (Figure 1.2). A highlgereed N terminal
domain (NTD) which has an ATP binding pocket necessary for Hsp90 functionu¥ awatural

and synthetic inhibitors of Hsp90 bind at this site.

Hsp 90a\R NTD - MD CTD TPR
GRP%4 |  NTD - MD CTD .
TRAP NTD MD CTD
HSP9ON MD cTD

Figure 1.2. Structure of Hsp90 and its various isoformsThere are four structural domains of
Hsp90. The N terminal domain (NTD) is highly conserved andama#&TP binding site. A
charged linker region connects the NTD with the middle domaiD)(Mhis linker region is
absent in TRAP1. MD is involved in binding to client proteins. Thierminal domain (CTD)
is the dimerization domain and has TPR binding site where cexdrags such as HOP bind.
The TPR region is absent in TRAP1 and GRP94 has instead an endopéention site.



With the exception of TRAP1 there is a charged linker regiondbabects the NTD
with the middle domain (MD). The MD is also involved in cligmbtein binding. The C-
terminal domain (CTD) is the dimerization domain. In eukaryotég, €TD has the
tetratricopeptide repeat (TPR) motif recognition site (cdingiof amino acids MEEVD), which
regulates ATPase activity (Wanding®ral, 2008). This region is responsible for the interaction
with cochaperones such as HOP (Hsp 70-Hsp90 organizing protein)lPReinding site is
absent in TRAP1 while in GRP94 this is replaced with an endoplagtention site. While the
C-terminal domain provides for the constitutive dimerizatiotdsp90, the N-terminal domain

undergoes transient dimerization driven by ATP binding (Prodromou and P&&), 20

The protein folding activity of Hsp90 is regulated by the dymaassociation of
various co-chaperones (Figure 1.3). Hsp90 dimerizes at itst6T@rm a U shaped structure
such that the N terminal domain is available for protein acteyn. Hsp 70 and Hsp 40 form a
complex with the client protein for delivery to Hsp90 (Mahgéimet al, 2009). Hsp90 binds
to the Hsp70 complex by the adapter protein HOP via the TPR devhah is present at the
CTD of both Hsp90 and Hsp70. This is described as the “open conforma®eafuitment of
ATP to the NTD of Hsp90 results in dimerization and a conédional change leading to the
formation of clamp around the client protein (Prodrombwl, 2003). This is referred as the
“closed confirmation” and results in the dissociation of HSR3®40/HOP complex. Aha is a
cofactor that can bind and stimulate the activity of ATP&ske37 and p23 are then recruited
which help in the stabilization of the client protein and fatés ATP hydrolysis (Pratt and
Toft, 2003; Pearkt al, 2003). This complex assists in the conformational maturatigheof

client and maintains the protein in an active state capable oingxgstfunction.

10



i Client protein Ubiquitin
Client protein Proteosomal degradation s
Hsp70
Hsp40

dOH

Client protein

2o
2|3 _
ADP TN ATP hydrolysis
%\ & Client protei
00 Q@ HOP lent protein
Client protein
maturation
® ADP-ATP exchange
CDC37
T
Hspa0
inhibition

Figurel.3 The Hsp90 superchaperone compex cycl€he binding of a client protein to Hsp90
requires the co-operation of another chaperone, Hsp70 and astoo4fisp40. Hsp90 dimerizes
at its C-terminal end. Hsp70 and Hsp 40 form a complex with cpestein for delivery to
Hsp90. Hsp70 complex binds to Hsp90 by an adapter protein (HOP), throughathdedical
TPR domains which is present at the C-terminal end of both Hsp9&ispiD. Initiation of
ATPase activity by binding of cofactors like Aha resultsaiconformational change (clamp
formation) in Hsp90 such that it dissociates from the Hsp70/Hs@®/ebmplex. Cdc37 and
p23 then replace the original cochaperones to assist in confonalathaturation of the client
protein and its activation. Inhibition of ATP-binding through Hsp90 inhibifarevents client
protein maturation and results in degradation of these oncogenimproyethe proteasome.
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Role of Hsp90 in cancer

Hsp90 protein is found to be overexpressed constitutively in varypes tof cancer
cells (Multhoff and Hightower, 1996). Hsp90 regulates the confoomadictivity, function and
stability of client proteins. There are over 100 known Hsp90 tclmoteins that include
transcription factors and protein kinases involved in oncogeginalstransduction pathways.
Hsp90 is overexpressed in breast, pancreatic, lung, ovarian cd@ursl and Gademan,
2002). Moreover, Hsp90 expression is high in various leukemic ceB Bmd human acute
leukemia cells (Yu Fet al, 1992). Recently, Hsp90 was reported to be overexpressed in AML
patients and was associated with poor prognosis (Flaetlrah, 2008). Thus, Hsp90 is the
principle molecular chaperone implicated in oncogenesis makimg iattractive target for

cancer therapy.

Cancer cells are particularly sensitive to Hsp90 inhibition #mel therapeutic
selectivity for cancer versus normal cells is based upoe theen factors (reviewed in Peatl
al., 2008). Firstly, according to the ‘oncogene addiction model,’ caoeks exclusively
depend on a sensitive Hsp90 client protein that drives malign®egyradation of a specific
Hsp90 client has a greater impact on the cancer cells thaorinal cells. For example,
degradation of mutant BRAF in a melanoma cell or Bcr-Abl inoetr myeloid leukemia
(CML) results in apoptosis and/or differentiation, whereag tthegradation in normal cells
leads to little or no effect. Secondly, many oncoproteins areegs@d in mutated forms in
cancer cells that are much more dependent on Hsp90 for theirtgtabdi activity than their
normal counterparts, e.g. Becr-Abl, EGFR and BRAF. Thirdly, caneks become dependent
on Hsp90 to manage the cellular stress created by the oncqamen&ss and the hypoxia,
acidosis and nutrient deprivation of the tumor microenvironr{reniewed in Solit and Chios,
2008). In support of this hypothesis, Kanedlal have shown that Hsp90 in tumor cells is

found entirely in an active complex with co-chaperones, whereas Hsp90 in normal tissues
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resides in a free, uncomplexed, or latent state. Since the birfliivity @f Hsp90 inhibitors is
higher for tumor derived Hsp90 than in normal cells it allows §pdeirgeting of tumor cells

(Kamalet al., 2003).

Hsp90 inhibition results in proteasomal degradation of large nummibencogenic
client proteins which are involved in all the hallmark traitscafcer, including proliferation,
evasion of apoptosis, immortalization, invasion, angiogenesis atasdtams. Targeting Hsp90
may be beneficial as it has a combinatorial impact on multiple oncogetieays. In addition,
this combinatorial action should markedly reduce the opportunitiesafacer cells to develop

resistance to Hsp90 inhibition.

Hsp90 inhibitors

Targeting Hsp90 with drugs has shown promise in clinical tridp90 inhibitors
cause the destabilization and eventual degradation of Hsp90praeins. Majority of Hsp90
inhibitors bind to the ATP pocket of Hsp90 and block the ATPaske that is essential for
Hsp90 function (reviewed in Taldore al, 2009). Hsp90 inhibitors Geldanamycin (GA) and

Radicicol were discovered as natural products and originally is@atedtibiotics.

Geldanamycin (GA) is a benzoquinone ansamycin which binds to TRepacket of
the N-terminal domain of Hsp90 and inhibits the binding of ATP. iHiibition targets bound
client proteins for ubiquitination and proteasomal degradatiodingato depletion of
oncoproteins and consequent cell-cycle arrest and apoptosis (Hesajr2001). Later it was
found that GA is insoluble in water, unstable and exhibits séwagatotoxicity. Therefore 17-
allylamino-17-desmethoxygeldanamycin (17-AAG) was developed to eahhecsolubility
and therapeutic index of geldanamycin. 17-AAG is currently besggl in animal models of

cancer and has progressed to clinical trials (reviewed in Tattalie 2009).
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Approximately one third of acute myeloid leukemias have adtigathutations of
FLT3, which are associated with adverse clinical outcdieAAG exhibits a potent activity
against leukemic cell lines, particularly those harboring a3Hntitation (Minamiet al,, 2002.
However a recent study reported the effect of 17AAG onge lacale of AML patients. In this
study, overexpression of Hsp90 was associated with poor prognosis sisthnee to
chemotherapy in AML patients. Leukemic cells from the patieitts higher Hsp90 expression
showed spontaneous growth in liquid culture and colony formatiorvitro exposure of
leukemic cells to 17-AAG resulted in inhibition of growth iguid and clonogeneic cultures

and induced apoptosis (Flandanhal., 2008).

Chronic myeloid leukemia (CML) is characterised by the B(®R-Afusion gene,
which is a constitutively active cytoplasmic tyrosine kinds&tinib mesylate targets the ATP-
binding site of the kinase domain of ABL and is being used & €&L patients (Drukeet
al., 2001). However, patients can develop imatinib resistance (@bale 2001). Heat-shock
protein 90 maintains BCR-ABL stability and function. TreatmenBGR-ABL resistant cells
with 17-AAG was shown to target BCR-ABL for degradation ansujopress cell proliferation
(Nimmanapalliet al, 2001). Furthermore, Hsp90 inhibitors have been used in comipinatio
with histone deacetylase (HDAC) inhibitors to induce apoptosisrdmioit cell growth in both

imatinib-sensitive and resistant BCR-ABL cells (Rahn@ral, 2005).

Stress induced by exposure to low temperature in cells cangeradid shock proteins
which are involved in a cold shock response. The cold shock resgossailar to the heat
shock response in terms of inhibition of growth and reduction itejpreynthesis in cells.
However, the heat shock response is ubiquitous and highly codserall organisms from
bacteria to humans and Hsp function as a molecular chapergnetease. Moreover, cold
shock proteins are found only in bacteria and function as an Ridpecone (Matisumotet

al., 1998). In eukaryotes, the homologous region to the bacterial cold gtuteins is found in
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the nucleic acid binding region of the cold shock domain (CSOgipréamily (Kohnoet al.,

2003).

Y Box protein (YB-1)

Y-box proteins are members of the cold shock protein family that contain a CSBDisvhic
highly conserved during evolution. There are three Y-box proteins inrhamé& mouse, two of
which are expressed in both somatic and germ cells (Table b2yirCin human and MSY2 in
mouse are germ cell-specific members of the Y-box proteinlyfaithe Y-box protein, YB-1
(p50 or dbpB) is the most extensively studied member which is thigly expressed in various

tissues (reviewed Matsumoto and Bay., 2005).

Human Mouse Expression
YB-1/DbpB YB-1/MSY1 Ubiquitous
DbpA MSY4 Ubiquitous

(Abundant in heart,

muscle and testis)

Contrin/DbpC MSY2 Germ cells

Table 1.2. Y-box proteins in human and mouse
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YB-1 expression, structure and function

YB-1 was originally identified as a transcription factor araswamed because it binds to the Y-
box (inverted CCAAT-box) sequence of the major histocompatibiltghplex class Il gene
(Didier et al, 1998). The CSD of the vertebrate protein is 40% homologous wittottieshock

protein isolated from bacteria (Kohebal, 2003).

NLS CRS
N | Variable CSD CTD B/AI B/Al B/A|C
1 51 129 324
Trans- DNA/RNA Protein-protein interaction

activation binding

IR

Translation/

Transcription  Cell growth . Drug
RNA chaperone P (DNA replication, DNA repair Resistance

Cell cycle progression)

Figure 1.4 The Structure and Functions of YB-1 YB-1 protein has three domains: N-
terminal, cold shock (CSD) and C-terminal domains (CTD). Theriutal is involved in
transactivation whereas the CSD is the most conserved damdiis important for RNA/DNA
binding. The CTD has basic and acidic amino acids referre/Asepeats and mediates
protein: protein interactions. Cellular trafficking isgutated by the presence of a nuclear
localization signal (NLS) and a cytoplasmic retention site (GR8)e C-terminal domain.

The human YB-1 gene is contains 8 exons and is located on chromosomd dp&4 (
al., 1998).The mRNA is about 1.5 kb long and encodes a 43 kDa protein dsc324 amino
acids (Didieret al, 1988). YB-1 is broadly expressed throughout development. High levels

YB-1 are present in human fetal tissues of heart, muscle, lixeg, adrenal gland, bone marrow,
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kidney and brain. On the other hand, YB-1 transcripts are nottelétecare expressed at a very
low level in many adult tissues (Spitkovsky al, 1992). Expression level of YB-1 correlates
with the cell proliferation state (reviewed in lat al, 2005). Also, high levels of YB-1 are
detected in regenerating liver after tissue damage and dlifemting compartment of colorectal

mucosa (Ladometry and Sommerville, 1995).

Structure of YB-1

The YB-1 protein consists of three domains: the variable N4t@indiomain, a highly
conserved cold shock domain (CSD) and the C terminal tail domain (CTD)dRigtThe N-
terminal domain is rich in alanine and proline residues and is ihoade involved in trans-
activation. The CSD is the most evolutionary conserved nuatéicbinding domainhat binds
RNA, as well as single-stranded and double-stranded DNA. THe &TYB-1 contains
alternating regions of basic and acidic amino acids, callédr@&seats or charged zipper, and
facilitates dimer formation. This region is suggestedntxiate protein—protein interactions.
YB-1 has been shown to interact with a number of cellular amdi pioteins that are involved
in various cellular processes. Cellular localization of-Y & controlled by the presence of a
cytoplasmic retention site (CRS) and a nuclear localizatiarab{§NLS) in the CTD (reviewed

in Kohnoet al., 2003; Wuet al, 2007).

Functions of YB-1

Transcription and Translation

As a transcription factor, YB-1 binds to the inverted CCAAT-box ithéthown as the Y-box in
the promoter regions of several eukaryotic genes involvedligros¥th including proliferating

cell nuclear antigen (PCNA), epidermal growth factor reme(EGFRy), DNA polymerasen
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and DNA topoisomerase tl (Wolfe, 1994; Ladometry and Somerville, 1995; Kotetoal,
2003). In the cytoplasm, YB-1 acts as a RNA chaperone by assgomth mRNAs to form
messenger ribonucleoprotein particles. YB-1 regulates tramsliatia dose-dependent manner;
low concentrations of YB-1 activate translation and high conc@ngatepress it (Evdokimova
and Ovchinnikov, 1999). YB-1 can shuttle to the nucleus and back toytbglasm, which

contributes to its function as a regulator of transcription and atos!

DNA Repair

YB-1 has been shown to be overexpressed in cisplastin-resisintines and
reduction of YB-1 leads to increased sensitivity to cigplahd other DNA interacting drugs
(Ohgaet al, 1996). It is reported to interact with PCNA (keal, 1999) and p53 (Okomott
al., 2000), which suggests that YB-1 may be involved in DNA remadit the DNA damage
response. Moreover, YB-1 is shown to possess 3’-5" exonucleaseya@diuini et al, 2001).

However, the regulation of this enzymatic activityivois not known.

Drug resistance

The multidrug resistance gene (MDR-1) codes for P-glycoprotein.(Pgp)is an ATP
binding cassette (ABC) transporter that is responsible foeffhex of a variety of compounds
out of the cell. These transporters act as a protective mechaniguuzyng the toxins within a
cell but they can also cause drug resistance by eliminalimgadly useful drugs. Nuclear
localization of YB-1 has been associated with the express$i®gmand development of drug
resistance in breast cancer, melanoma and multiple myelomeefJal, 2002; Schittelet al,

2007; Chatterjeet al., 2007).
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Biological role of YB-1

YB-1 plays a role in embryonic development. Homozygous deletion of ¥Bmouse
embryos results in late embryonic/perinatal lethality aftelbrgonic day 13.5. This occurs due
to major developmental defects such as neurological abnormdigiesrrhage and respiratory
failure. Moreover there is hypoplasia in multiple organ sgstan late stage embryos that leads
to growth retardation. In this study, mice heterozygous for d6séB-1 did not develop any
abnormalities in YB-1 function and were phenotypically indistingalidd from the wild type

littermates (Luwet al, 2005).

7 p6levels and Normal
Vitro PS3 activity —_— Prt_:nllferatwe
life span
YB-1+ =—p T YB-1 » Cellular protective
& mechanism
Nuclear .
accumulation L Normal

vivo development
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stresses

P16 levels and Stress-induced
Vit P33 activity senescence
Loss of optimal
YB-1" ==p T X‘ = protective
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Figure 1.5. Model of YB-1 function. YB-1 is an important component of cellular stress
response pathway which protects cells from a variety o$s#se In mammalian cells, YB-1
expression is induced in response to environmental stress leadisgattcumulation in the
nucleus. YB-1 deficiency results in the loss of this protectiegehanism. Thus, cells deficient
in YB-1 show an increased sensitivity to environmental streasels undergo premature
senescence.
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YB-1 is considered an important component of a cellular resportb&vga that is
required to protect cells from a variety of strességuf€ 1.5). Fibroblasts derived from YB-1
embryos demonstrated increased sensitivity to oxidative, genotoxic and oncogepd Btoess.
Under oxidative stress, populations of YB-ouse embryonic fibroblasts have a large
percentage of cells in theyG, phase of cell cycle. These cells accumulate negativeyd#
regulators such as pl6 and p21 and senescence prematurady gL,u2005). Two previous
studies reported that the loss of one functional allele ofLl¥Bsulted in a haplo-insufficient
phenotypen vitro. Targeted YB-1 heterozygous mutations in the chicken lymphoid DT#O ce
line showed major cellular defects such as aneuploidy and sevetesap¢Swamynathaet al.,
2002). Targeted disruption of one allele of YB-1 in mouse embrystem cells caused
abnormal sensitivity to external cytotoxic stimuli (Shibheral, 2004). These studies suggest

that YB-1 plays a crucial role in cell growth and stress response.

Role of YB-1 in cancer

Similar to Hsp90, YB-1 has been shown to be overexpressed igtyvaf human
cancers including breast, thyroid, colorectal, prostate andnomaka (Kohnoet al, 2003).
Several clinical studies revealed that increased YB-1 express associated with poor
prognosis in non small cell lung, prostate, ovarian and breast cancer (Keinaln@004). YB-

1 has been shown to play role in cell proliferation and cellecgobgression. Increased YB-1
expression is correlated with PCNA and DNA topoisomeraseeXpression in colorectal
cancer, human lung cancer and is linked to markers of celluddifepation in osteosarcoma
(reviewed in Matsumoto and Bay, 2005). Further, YB-1 acts aslaywé stage-specific
transcription factor. In HelLa cells, nuclear accumulationyBt1 transcriptionally activates

cyclin A and B1 genes, which are crucial for cell cycle progressioohdttet al, 2003).
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Figure 1.6.Schematic of the signal transduction pathways of YB-1 isancer cellsGrowth
factors such amsulin like growth factor|GF-1, and cytokines activate various kinases that
can phosphorylate YB-1. It is generally thought that phosphorylafiadfB-1 by kinases such
as Akt in the cytoplasm leads to nuclear trafficking and Oiii#ding. The phosphorylation of
YB-1 can also alter its role in translation initiation, mRNglicing and/or transport. In the
nucleus, YB-1 directly binds to the inverted CAAT boxes and/atets multiple genes involved
in cell growth. It can also indirectly induce the expression of oeweg by binding to other
transcription factors such as AP-1 and p53. Thus, oncogene expressiminduced by YB-1
through transcriptional as well as translational control.
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In a transgenic mouse model, YB-1 has been shown to induce mammay tum
formation through chromosomal instability. This chromosomal instabdccurred due to
mitotic failure and centrosome amplification (Bergmaetnal, 2005). In addition, YB-1 is
believed to promote tumor invasion and metastasis by controllingxgiression of a matrix
metalloproteinase (MMP-2) (Cherg al, 2002). Also, YB-1 has been reported to be involved
in inducing drug resistance in cancer cells. YB-1 positivetyulages the transcription of
MDR1, and in a number of malignancies YB-1 levels are closely assdawvith the expression

of Pgp (Janet al, 2002; Schittelet al, 2007; Chatterjeet al, 2007; Bargoet al, 1997).

Many proteins that phosphorylate YB-1 have an important role isiginal transduction
pathways associated with growth and survival of cancgu(€&il.6). Various growth factors
such as insulin like growth factor (IGF-1) and cytokines atikinases that can phosphorylate
YB-1. Phosphorylation by kinases such as Akt, MAPK, or Jak enciftoplasm leads to the
nuclear translocation of YB-1 where it transactivates gi@neolved in cell growth (EGFR,
PCNA, Topoisomerase H, DNA polymerasen), cell invasion (MMP-2) and represses genes
that induce apotosis (Fas) and cell differentiation (GM-C8Rpsphorylation of YB-1 can also
alter its role in translation initiation, mMRNA splicing amdrtsport. In the nucleus, YB-1 directly
binds to inverted CAAT boxes and activates multiple genes ingdatveell growth. It can also
indirectly induce the expression of oncogenes by binding to other rigztitst factors such as
activator protein (AP-1) and p53. Thus, oncogene expression can bedrnud@-1 through

transcriptional as well as translational control (&/@al, 2007).

Role of YB-1 in hematological malignancies

Evidence for the involvement of YB-1 in hematological disorgersh as MDS comes

from a gene array study where YB-1 expression was found to be higttes bone marrow
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samples of MDS patients (Lest al, 2001). A later study identified YB-1 as a gene that is
differentially expressed in the wild type and heterozygous GAkAdckdown mice. GATA-1

is a transcription factor essential for erythropoiesis, anertémtgous knockdown of GATA-1

in mice leads to maturation arrest and transformation yahmblasts. GATA-1 knockdown
mice exhibit increased expression of YB-1 in its spleen aspawsd to wild-type mice
(Yokoyamaet al, 20033. GATA-1 mutant mice have a phenotype similar to humans with
MDS in early stages of life which transforms into acute leu&en later stages of life. Another
study by the same group showed YB-1 mRNA to be highly expressbd arythroblasts from

the patients with myelodysplastic syndrome refractory anemi@S(RA) relative to normal
patients (Yokoyamat al, 2003 ). These studies suggested a role for YB-1 in hematopoiesis,
particularly erythroid developmeriRecently, YB-1 was demonstrated to be strongly expressed
in immature and anaplastic multiple myeloma (MM) cells from the baareaw of patients and

in various MM cell lines indicating its potential involveméantleukemia (Chatterjeet al,

2007).

Though YB-1 has been studied extensively in solid tumors there iuatypaf
information about its role and regulation of gene expression iratogwiesis. Also, there are
few studies demonstrating the association of YB-1 with MDS auokieimia. The objective of
the study in chapter 2 was to determine the role of YB-fieimatopoiesis and leukemia. In
chapter 2, we show that YB-1 is highly expressed in stem/progesitsrand is downregulated
during myeloid differentiation. Moreover, abnormal expression®{lYin leukemic cells could

contribute to their leukemic cell properties by blocking differeiatnat
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Wnt signaling

In previous studies, it was shown that mutations in the chromatin remodefieg or Hsp90 in
Drosophila resulted in the gain-of-function expression of Wg to produce an abneyeal
phenotype. This phenotype was epigenetically inherited (Sadtad., 2003). The studies
presented in chapter 3 were aimed to determine the effecspfiOHmodulation on the Wnt

pathway in a mammalian model system.

Wnt signaling is involved in embryogenesis and controls diveedlellar behaviors
such as cell proliferation, stem cell maintenance and a#dl dlecisions. Dysregulated Wnt
signalling has been shown to be associated with cancer. Therekwarahers have focused on

targeting this pathway for developing better therapies against cancer.

Investigators first identified Wnt genes independentlyDrosophila and mouse.
Wingless (Wg) was identified as a segment polarity gererasophila(Sharma and Chopra,
1976), while int-1 was cloned as a proto-oncogene in mouse (Nus<g, T8 name “Wnt”
was derived from “wingless” and “int-1" after these twonge were shown to encode

homologous proteins (Rijsewigt al, 1987).

In humans, there are at least 19 members of the Wnt fandlatleast 10 members of
its receptor family, FZ (frizzled) (Reya and Clevers, 2000 et al, 2001). Wnt signals
transduce two distinct pathways: the canonical pathway fofate determination and the non-
canonical pathway for the control of cell movement and tisslagifyo Canonical Wnts include

Wntl, Wnt3A and Wnt 8 while non-canonical Wnts are Wnt4, Wnt5A and Wnt11.
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Figure 1.7. The canonical Wnt signaling pathway(A) In the absence of Wnt binding to Fz,
Dsh remains unactivated and 3-catenin is bound by the destructipteraomposed of APC/
Axin/ GSK-33. This complex phosphorylatgscatenin and is targeted for degradatids) (
When Wnt binds to Fz, Dsh is activated and uncouplestenin from the comple-catenin
can then associate with transcription factors and mediatsctiption of the target gene.
Frizzled (Fz), Adenomatous polyposis coli (APC), dishevelledhYDSlycogen synthase kinase
3B (GSK-3), Lymphoid enhancer-binding factor (LEF), T-cell factor (TCF), Adeatoms
polyposis coli (APC).

The most studied Wnt pathway is the canonical pathway (Figute Which is
activated by the binding of a Wnt ligand to a frizzled rémefReya and Clevers, 2005). In the
absence of Wnt, B-catenin is bound by the multiprotein “destructioplerhtomposed of the
tumor suppressors, APC (adenomatous polyposis coli) and Axin. Tlieseplatein bind and
present R-catenin to the kinases, glycogen synthase kinag&SK3 R) and casein kinase |

(CKI). This results in phosphorylation of R-catenin and therebyisi targeted for
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polyubigitination and proteasomal degradation. In the presence off3atenin binds to FZ
and inhibits the destruction complex so that 3-catenin remains unphospdabrifihis results in
the translocation and accumulation of [3-catenin in the nucledse Inucleus it interacts with
the TCF/LEF family of transcription factors to activate downstresget genes such as c-Myc,
CyclinD1 and matrix metalloproteinase (MMP) that regulz# proliferation, differentiation

and survival (Mc Donalét al., 2006).

Canonical Wnt signaling is associated with the pathogenessewafral carcinomas.
Dysregulation of Wnt/ [3-catenin signaling is involved in thetiahon of colorectal
carcinogenesis. APC is a tumor suppressor gene that can dowateethd transcriptional
activation mediated by Wnt/B-catenin. APC mutations result & imactivation and
concominant loss of the inhibition of Wnt. Moreover, mutations-c&ténin in the functionally
significant phosphorylation sites have been detected in ctdbreancer (Moriret al, 1997).
Furthermore mutations in members of the Wnt/3-catenin pathwag been reported in
hepatocellular and gastric cancers (Poladdisal, 2000). Aberrant activation of the Wnt
canonical signaling pathway is involved in pathogenesis of mg@stof cancers, making this

pathway an attractive therapeutic target.

Wnt signaling and hematopoietic stem cells

The Wnt/ B-catenin signaling pathway has been shown to havéeanam controlling
the proliferation, survival and differentiation of hematopoietls. It has been shown that
expansion of HSC occurs in long-term cultures due to the overexpretsicivated [3-catenin.
These expanded HSCs retaindd functional characteristics of HSCs and are able to

reconstitute the hematopoietic systemivo (Reyaet al, 2003).

Activation of Wnt signaling pathway has been implicated in the pathogesfesarious
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hematological malignancies including leukemia. 3-catenin dictivacoupled with GSK3 3
inactivation has been demonstrated in precursor B-cell acughlyblastic leukemia (ALL).
The granulocyte macrophage progenitor (GMP) has been identfiedcandidate leukemic
stem cell in blast crisis chronic myelogenous leukemia (CMhy it has elevated levels of
nuclear 3-catenin (Jamiesen al, 2004). Also, constitutive expression of active [3-cat@min
vivo has been shown to result in loss of myeloid lineage commitatethie GMP stage,
blocking erythrocyte differentiation and disrupting lymphoid developniinstetter et al,
2006). Recently, it has been found that the Wnt/ R-catenin signaditngvay is required for
self-renewal of leukemic stem cells (LSCs) that areivdd from either HSC or more
differentiated GMP (Wangt al, 2010). This suggests the involvement of active [3-catenin in

leulemogenesis.

In the Drosophila model Wnt signaling was shown to be epigenetically regilate
(Sollarset al, 2003). Epigenetics involves changes in gene expression that argagtaiyba
through mitosis or meiosis, and are caused by mechanisms othex tiemge in the DNA
sequence. These can occur through DNA methylation, histone oatidifis, or non-coding
RNA. Secreted frizzled related proteins (SFRP), whiclaad/nt antagonists, can inhibit Wnt-
Frizzled interaction by sequestration of the ligand. SHiRRe been shown to be regulated by
promoter hypermethylation and have been implicated in various saffezukiet al, 2004;
Fukui et al, 2005; Marsitet al, 2006). Recently, SFRPs have also been found to be
downregulated or inactivated by promoter hypermethylation in dgatphocytic leukemia

(ALL) and AML (Jostet al, 2008).

Inhibition of Hsp90 inDrosophilaresulted in the up-regulation of Wg to produce an
abnormal eye phenotype via epigenetically regulation (Sadiaed, 2003). In chapter 3 we
wanted to determine the effect of Hsp90 modulation on the Wnt pgtimwwva mammalian

model system. We obtained mixed results in this study sieda vitro model system does not
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recapitulate the stem cell niche séewivo. Hsp90 interacts with numerous signal transduction
proteins including chromatin remodeling complexes. Therefore, there isiaifiysthat Hsp90
has an effect on the Wnt pathway, and if this can be demtmustitawill have profound

implications for the treatment of cancer as Wnt signalingtisated in various cancers.

Omega Fatty acids and cancer

In recent years, there has been increased focus on the splecific dietary fatty acids
and their effect on health and disease. Researchers havetbeégngsthe effects of poly
unsaturated acids (PUFA) on cancer. This interaction will rhpoitant in devising new
therapies for treatment and chemoprevention against cancerl ié\Mharacterized by the
inhibition of myeloid progenitor cell differentiation. Omega fa#tgids have been shown to
promote myeloid differentiation. Moreover, Wnt signaling has beemodstrated to be active
in AML. Therefore, in the studies described in chapter 4haee investigated the effect of

omega fatty acids on Wnt signaling in the hematopoietic system.

Fatty acids (FA) are carboxylic acids with long hydrocarbonireh that can be
saturated or unsaturated depending upon the presence of double rbéhescarbon chain.
Fatty acids with multiple sites of unsaturation are termdelli#sAs. Omega-6 FAs are derived
from linoleic acid (LA, 18:2) and the omega-3 FA are derifretnh a-linolenic acid (ALA,
18:3). LA is metabolized to arachidonic acid (AA, 20:4, omega-6)ilewALA can be
metabolized to eicosapentaenoic acid (EPA, 20:5, omega-3) anateliindocosahexanoic
acid (DHA, 22:6) (Anderson and Ma, 2009). Linoleic acid afoholenic acid are omega-3
and omega-6 PUFAs that are essential for survival and mudithimexd from dietary source,
since they cannot be synthesized in mammals. Omega-3 (EPA)raada-6 (AA) PUFA are

classified depending on the location of the first double bondivelto the methyl terminus
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(Das, 2008) (Figure 1.8).
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Figure 1.8. Omega-3 and omega-6 Polyunsaturated fatty acidsPA). (A) Arachidonic
acid with first double bond at carbon 6 from the methyl terminusE{®&)sapentanoic acid with
first double bond at carbon 3 from the methyl terminus.

Omega-6 and omega-3 FA are important structural components phdseholipid cell
membranes and are essential for the activity of membrane-lemayches and receptors as well
as signal transduction. Polyunsaturated FAs are substrateisdsanoid synthesis, with omega-6
FAs converted into pro-inflammatory eicosanoids and omega-3bEg converted into anti-
inflammatory eicosanoids. High omega-6/omega-3 tissue retiasibute to the development of
chronic diseases in later life such as coronary heart diseasstroke, or diabetes (Institute of
medicine, 2005). Several studies suggest that omega-6 FA roocaoicer development
(Williams et al, 2011) while omega-3 FA suppresses tumor carcinogenesis (Asgust al,

2003; DeDecker, 1999; Calvieltd al., 2009).

Omega fatty acids have been found to have effects on the hem&opaesanoids
derived from AA metabolism (omega-6 FA) have been shown to plajean myelopoiesis

and erythropoiesis (Dupuét al, 1997). High omega-3/omega-6 FA ratio in the diet has been
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reported to promote differentiation and reduce the frequency of mymioigtnitor cells in the
bone marrow of mice (Varnegt al, 2009). Abnormal hematopoiesis results in excessive
proliferation of immature blasts and inhibition of their diffgiiation into mature blood cells.
This can lead to myeloproliferative disorders and leukemiaceSomega-3 FAs have been

shown to promote differentiation they can be used as a therapeutic appreademié.

Wnt signaling plays an important role in hematopoietic self rahend differentiation
(Reya et al, 2003). Prostaglandin (PGE2) derived from AA (Omega-6 FA}abolism
regulates vertebrate HSC induction and engraftment (Netrtal, 2007). Recently, it was
reported that PGE2 interacts with Wnt and together they regmatine stem and progenitor
populationsin vitro andin vivo (Goesllinget al, 2009). Inhibition of PGE2 synthesis blocked
Whnt-induced alterations in HSC formation at the level of 3-catdiiis suggests that omega-6

FAs might play role in promoting HSC proliferation.

Aberrant Wnt signaling is associated with different casmaecluding AML and CML
(Jamiesoret al, 2004). Earlier studies witbrsophila demonstrated the up-regulation of Wnt
signaling after inhibition of Hsp90 by an epigenetic mechanism. SKREh act as Wnt
antagonists can inhibit Wnt-frizzled interaction by sequeéstradf the ligand. SFRP are
negatively regulated by epigenetics (DNA methylation) af&l ldads to up-regulation of Wnt
signaling. Up-regulation of Wnt signaling through down-regulatio8FRP occurs in ALL and
AML (Jostet al, 2008). Recently investigators reported that omega-3 faittg enhibited Wnt
signaling in hepatocellular and cholangiocarcinoma (ktnal, 2008; Limet al, 2009). This
suggests that omega-3 FA may be involved in the inhibition df &igmaling in leukemia by

the down-regulation of SFRP.

Since Wnt signaling is important in hematopoietic stem celintenance and is
involved in leukemia, | hypothesized that omega-3 FA might indiféerentiation in leukemic

cells by inhibiting the Wnt signaling via an epigenetic mecmani¥o investigate the effects of
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omega-3 and omega-6 FAs on the Wnt pathway | used a stem amidll, nfiEML cells and
leukemic cells. Wnt signaling activity was examined based tipaccumulation of 3-catenin
in the nucleus. In chapter 4, our prelimiary data initially stebwhat Wnt signaling is down-

regulated upon exposure to omega-3 FAs in EML cells as well as HtukOrhic cells.
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Abstract

Hematopoietic transcription factors play a critical rolgiirecting the commitment and
differentiation of hematopoietic stem cells along a partiduia@age. Y box protein (YB-1) is a
transcription factor which is widely expressed throughout ldeweent and is involved in
erythroid cell development, however its role in early hematbpomfferentiation is not
known. Our objective was to investigate the role of YB-1 exjrss early hematopoietic
differentiation and leukemia. Here, we show that YB-1 is higixigressed in mouse erythroid,
myeloid lymphoid-clonel (EML), a hematopoietic precursor cell, Imé is downregulated in
myeloid progenitors, and GM-CSF treated EML cells. Moreover,found that lineagélL-
7R /c-kit"/Scal (LKS; enriched fraction of hematopoietic stem cells) and liedhg7R /c-
kit"/Scal myeloid progenitor cells showed a high level of YB-1 expresasocompared to the
differentiated cells like granulocytes in mouse bone marroi)(B\Iso, YB-1 protein was
expressed at high levels in myeloid leukemic cell lineskaldat different stages of myeloid
development. We further investigated the role of YB-1 in leikecells by knockdown studies
and observed that down-regulation of YB-1 expression in K562 leukegtigcinhibited their
proliferation ability, induced apoptosis and differentiation talsamegakaryocytic lineage.
Overall, our data indicates that YB-1 is down-regulated duripglaid differentiation and the
aberrant YB-1 expression in leukemic cells could be a contribtactgr in the development of
leukemia by blocking their differentiation. Thus, YB-1 protein ddo¢ an excellent molecular

target for therapy in myeloproliferative disorders and leukemia.

Key words: YB-1, EML cells, K562 cells, differentiation, mouse stem and progendits ¢
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Introduction

Hematopoiesis is the process by which all the differehtinehges that form the blood
and immune system are generated from a common pluripotentetertt is maintained by a
proper balance between self renewal and multi-potent differentiatithe hematopoietic stem
cells (HSC) (Huntley and Gilliland., 2005).ranscription factors play a major role in
differentiation in a number of cell types, including the variousdiepoietic lineages (Tenat
al., 1997). Among the best examples are PU.1, CCAT/enhancer binding prqté/EBRYy),
AML1, Globin Transcription Factor (GATA-1), c-myb, and SCL/Tallo¢enbaueret al,
2005). Myeloid gene expression is controlled by the combinatoriattefief several key
transcription factors. Alteration of myeloid transcriptiaactbrs (changes in expression and
structure) lead to abnormal myelopoiesis and dysplasia (Tethah 1997). Consequently, a
major focus of research in this area has been on the molecettianmsm controlling normal
myeloid differentiation. To better understand the process of alorhematopoietic
differentiation, it is important to identify and characteritee differential expression of

transcription factors in HSCs and terminally differentiatetscel

It is difficult to study the early stages of hematopoiglifferentiation because few
experimental models are available to approach this question. The Erptyalisid Lymphoid-
clone 1 (EML) cell line, developed from murine bone marrow dediasfected with a vector
expressing a dominant negative form of the retinoic acid recgmtavides a unique vitro
model to address this question. EML cells can be indefinitely gedgd in medium containing
stem cell factor (SCF) and can be differentiated inttheoyd, myeloid, lymphoid lineages by

the addition of appropriate cytokines (Tseaial, 1994).

The Y-box protein (YB-1), also known as’mr dbpB belongs to a superfamily of cold
shock proteins that are highly conserved during evolution €faodl., 1998). Y-box protein is

involved in a wide variety of cellular functions, such as rdgnaof DNA transcription and
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translation (Evdokimoveet al, 2006). YB-1 null mice can survive organogenesis and the
majority of homozygous null embryos survive to day 18.5 of gestdtioret al, 2005).YB-1 is

an integral part of the cellular stress response signaling pathway requipgdtécting cells from

a variety of stresses and prevention of premature senedcetudéured primary cells (Let al,
2005). Y-box elements are present in the promoters of several genaatasswith cell division,
therefore it is suspected that YB-1 has a role in promotitigpeeliferation (Wolfe 1994;
Ladomery and Sommerville 1995). It has also been shown that downtiegwhYB-1 results

in reduced proliferation and increased apoptotic cell deatls iatanultiple myeloma cells
(Chatterjeeet al, 2008).The YB-1 transcript and protein have also been detected in mouse
embryonic stem cells (Shibahagtial, 2004).In summary, there is evidence for YB-1 having a

role in cell proliferation, cell survival and protecting against apoptosis

Increased nuclear and cytoplasmic expression of YB-1 has frégbeeh detected in
a wide range of human cancers, including breast, thyroid, colorectagsascomas, and
synovial sarcomas (Kohret al, 2003). Clinical studies on YB-1 have shown close association
of the cellular level of YB-1 with tumor growth and prognosisowarian, lung and breast
cancers (Kuwancet al, 2004). YB-1 controls the expression of genes involved in tumor
progression including matrix metalloproteinase-2 (MMP-2) and thiédrug resistance gene 1
(MDR-1) (Mertenset al, 1997; Ohgeaet al, 1998) Enhanced YB-1 expression is associated
with tumor progression and drug resistance in melanoma and muftyelema (Schittelet al,

2007; Chatterjeet al, 2008).

Knockdown of GATA-1, a transcription factor essential for egploiesis in mice,
leads to maturation arrest and transformation of erythrobl@bes.GATA-1 mutant mouse
(knockdown mouse) exhibits increased expression of YB-1 in ieesphs compared to the
wild type mouse (Yokoyamat al 2003 a, b). Moreovegxpression of YB-1 was found to be

higher in the bone marrow samples of MDS patients éte#, 2001). The expression of YB-1
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is higher in erythroblasts in myelodysplastic syndrome-refrgcanemia (MDS-RA) than in

normal cells suggesting a role of YB-1 in erythropoiesis (Yokoyeinad, 2003 a, b).

Since the role of YB-1 in normal hematopoietic differentiatioa hat been elucidated,
we examined the expression of YB-1 in the mouse hematopoietic EMLire andin vivo
during myelopoiesis. To further investigate its possible roldeiwrkemogenesis, we have

determined the expression and function of YB-1 protein in human leukemic cells.

Materials and Methods

Cell Culture

EML C1 cells were the kind gift of Dr. Schickwann Tsai and everaintained in
Iscove’s modified Dulbecco medium (IMDM,) supplemented with 209%deerum (American
Type culture collection, ATCC, Manassas, VA) and 10% BHK/MKL-ctaded medium
(Tsai et al, 1994). For differentiation studies, EML cells were induced tterdihtiate into
myeloid cells with 10 uM all-trans retinoic acid (ATRA (RASigma, St. Louis, MO, USA),
10% BHK conditioned medium (source of stem cell factor) and 15% M#eiHditioned
medium (source of interleukin-3) for three days. Cells Weea cultured again in IMDM/20%
horse serum with 20 ng/ml of murine granulocyte-monocyte colonylstiing factor (GM-
CSF) (Stem cell tech. Vancouver, BC, Canada) for the next thags. HL-60 (human
promyelocytic leukemia), K-562 (human myelogenous leukemia) (Lozzio andoLt@Zb); U-
937 (human promonocytic leukemia), WEHI-3 (murine monocytic leukeroé&ds were

purchased from the ATCC and cultured according to their guidelines.

Mouse strains

C57BL/6J mice were bred and maintained at the AAALAC alited animal care

facility at Marshall University in accordance with the wersity guidelines. Donor mice used
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for bone marrow isolation were 8-10 months of age. Mice werdfisadrfor these experiments

according to institutional guidelines.

Flow cytometry studies

Stable clones with YB-1 shRNA in K562 cells: Sh6-, Sh7-, Sh8eweeded at a density
of 1x1@ cells/ml in a six-well plate and treated with 0.5uM®@s,, 72 hoursTreated as well as
untreated EML and K562 cells were washed twice with FACS b(FPfleosphate buffered saline,
PBS supplemented with 3% BSA, 0.02% sodium azide and 1mM EDmd)callected by
centrifugation. Thereafter they were incubated withyRFEIIl antibody (553142, BD
Pharmingen) to prevent nonspecific binding by blocking the Fetexsefor half an hour at 4°C.
For EML cells the cells were washed again and labeledR#tlconjugated anti-Sca-1 (clone D7,
553108), PE conjugated anti-c-Kit (clone 2B8, 553355), biotinylatdelCi1lb (clone M1/70,
553309, BD Biosciences) or PE conjugated anti-F4/80 (clone BM8, MF480@4gCtor 30
minutes on ice. After washing the EML cells biotinylated &idit1b antibody was labeled with
strepavidin APC (SA1005, Molecular probes). K562 cells were washethbekkd with APC
conjugated mouse anti-human CD41la antibody (clone HIP8, 559777, BD biesgiéoc 30
minutes on ice. Data acquisition was performed using BD FAG& Forter and data analysis

was done using Flow Jo software v.7.5.5 (Treestar, Ashland, OR).

Cell staining and sorting

Bone marrow (BM) was harvested from C57BL/6J donor mice byifigsboth femur
and tibia with PBS/2% FBS. Heart punctures were performesotaté serum from the mice.
Cells were washed with 1X PBS by centrifugation and resuspemd&B$/2%FBS buffer
followed by the addition of 10% mouse serum at 4°C for half an hour tk thled=c receptors to
prevent any nonspecific binding. For isolation of HSC and progenébs, 2.5X10 bone

marrow cells were incubated for half an hour on ice with iD@f each of the following
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biotinylated lineage specific antibodies to identify terminalifferentiated cell types: CD3e
(clone 145-2C11), CD11b (clone M1/70), B220 (clone RA3-6B2), Gr-1 (dRB&-8C5), TER-
119 (anti-erythrocyte specific antigen), IL-@Rhain (clone B12-1) (Lineage panel; 559971,
Becton Dickenson-Pharmingen). Cells were labeled with PEGgjugated anti-Sca-1 (clone
D7, 25-5981) and APCCy7 conjugated anti-c-Kit (clone 2B8, 25-1171; eBrasxi San Diego,
CA) monoclonal antibodies. After washing with PBS/2% FBS #ilestispension was incubated
with strepavidin pacific blue conjugate (Molecular probesjtiogen) for 30 minutes on ice.
Murine hematopoietic stem cells (lineatie-7R /c-kit'/Scal) and myeloid progenitors
(lineagé/IL-7R /c-kit'/Scal) were sorted from bone marrow, as described previously (Alashi
al., 2000). For the isolation of granulocytes, bone marrow cells were staindulatitlylated Gr-

1 and visualized by a strepavidin pacific blue conjugate. cdlll populations were sorted using
BD FACS Aria multicolor cell sorter and data analysisswabne using DIVA and Flow Jo
software (Treestar, Ashland, OR). A second round of sorting wderped to ensure pure
populations. RNA was isolated from multiple independently isdlaamples containing normal

HSC, myeloid progenitors and granulocytes.

RNA extraction and quantitative RT-PCR

RNA was isolated from double sorted HSC & progenitor cells obtirom mouse bone
marrow or from EML cells using an RNeasy kit according to rtfsmufacturer’s instructions
(Qiagen, Valencia, CA). cDNA was synthesized by using the #dge RT-for-PCR kit®
according to the manufacturer's guidelines (Clontech, MountagwV{CA). Gene expression
analysis designed against mouse YB-1 (catalog no. ABI Mm008508&)paréormed using
TagMan Gene Expression Assays on an ABI Prism 7000 sequenceotemctiem (Applied
Biosystems, Foster City, California, USA). Expression of fkectin gene (catalog no. ABI,

4352341E) was used to normalize the amount of the investigatediprarBata were corrected
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for efficiency and loading using the Pfaffel method (Tichopadil, 2003). Data shown are

representative of four independent experiments.
Western blotting

Treated cells from different experimental conditions weresdrance with ice-cold PBS
and then separated into nuclear and cytoplasmic fractions usingEtRER extraction kit as per
the manufacturer’s instructions (Pierce, Rockford, IL). FPmotmncentration was determined
using bicinchoninic acid (BCA) protein assay reagents fromrc®ieaccording to the
manufacturer’s guidelines. Cell extracts were then derthtated5°C for 5 min in 2x sample
buffer (62.5 mM Tris HCI (pH 6.8), 25% glycerol, 0.01% bromophenol blueSP¥s, 10%43-
mercaptoethanol). Equal amount of protein extracts were separatad 8-16% gradient Tris-
Glycine SDS—poly acrylamide gel (Bio-Rad, Hercules, CA) hacteophoresis (PAGE) and
transferred onto nitrocellulose membranes (Millipore) usingBibeRad MiniProtean3® system.
The membranes were treated in blocking solution (5% non fat dkyinmi BS containing 0.1%
Tween 20) and incubated with primary YB-1 rabbit polyclonal antibdggiml, 2749, Cell
Signaling Technologies, Danvers, MA) overnight at 4°C, followedinmybation with HRP-
conjugated monoclonal rabbit secondary 1gG antibody (1: 3000, 7074, @ed#liSg). An anti-
mouse GAPDH antibody (MAB374, GE Healthcare, CT) was used tssasspial loading.
Proteins were visualized by enhanced chemiluminescence (EGE) HKealthcare, CT).
Benchmark™ protein ladder was used to visualize the transfer of protemtbatmembrane and

kTM

MagicMark ™ XP (Invitrogen) was used as a molecular size standard.

Wright-Giemsa staining

EML cells at different stages of myeloid cell differietibn were cytospun onto
microscopic slides and stained with Wright-Giemsa stain (#tein, sigma) and light

microscopy images (400x) taken using an Olympus BX51 system miceattaphed to a DP70
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microscope digital camera. Captured images were analyzetghdgshological changes during

myeloid differentiation with DP70 software on a Dell optiplex GX280 computer.

Transfection of leukemia cells and generation of stable clones

The shRNA expression vector for YB-1 (YB-1-pSUPER with theyel sequence
GAAGGTCATCGCAACGAAG, shYB-1) for generating YB-1 specifshRNAs and control
shRNAs has been described previoy8ghitteket al, 2007; Hubelet al, 2004).This vector
does not have a selectable marker. To generate stable, d&6sleukemia cell§Lozzio CB,
Lozzio BB, 1975)were cotransfected with the YB-1 pSUPER vector and for neamyc
selection ; pEGFPN3 vector (Clontech, Saint-Germainen- ,LBy&nce) by electroporation
using BTX electroporation system as per manufacturer’s ingtnsgiGenetronics, San Diego,
CA). K562 cells or pEGFP transfected K562 leukemia (Empty vector, &3 served as
controls. K562 cells were selected with 800 pg/ml G418, 48 hnstedtesfection, for 2 weeks,
thereafter GFP +ve cells were sorted and recultur€&4it8 media for another 2 weeks. When
stable clones were generated the G418 dose was reduced to resfsible clones sh6-, sh7-
and sh8- from the YB-1sh/EGFP were confirmed for YB-1 knockdowwwdstern blotting and

were further analyzed.

Cell Viability Assay

Stable clones with YB-1 shRNA in K562 cells: Sh6-, Sh7-, Sh3ewireated with 0.5
UM As,O; (Alfa Aesar, Massachusetts, US#)d cell viability assay was performed at 24, 48,

72 hours using the trypan blue dye exclusion method.

Apoptosis assay

Stable clones with YB-1 shRNA in K562 cells: Sh6-, Sh7-, Sh€e seeded at a
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density of 1x18cells/ml in a six-well plate and treated with 0.5 pM@sfor 72 hours. The
cells were harvested and washed with cold PBS and resuspendediindihg buffer (100 pl
of calcium buffer containing 10 mM HEPES/NaOH, ph7.4, 140 mM NaCl, 2.5 @ai@h)
containing 5 ul annexin V-pacific blue and 5 pl 7 A@ug/ml). The samples were incubated

for 30 minutes in the dark at room temperature and then subjected to flow ttytome
Morphological evaluation of differentiated cells

Stable clones with YB-1 shRNA in K562 cells: Sh6-, Sh7-, Sh&e treated with
0.5uM AsOsfor 72 hours andell morphology was determined by examining light microscopy

images (400x) taken using an Olympus BX51 system microscope.
Cell cycle analysis by flow cytometry

Stable clones with YB-1 shRNA in K562 cells: Sh6-, Sh7-, Sh&e seeded at a
density of 1x18cells/ml in a six-well plate and treated with 0.5uM@sfor 72 hours. Cells
were harvested and washed twice with PBS, fixed in 70% ethaaaiight at 4°C. Cells were
then stained with 5 (IL mg/ml) propidium iodide (PI) containing 2.5 (10 mg/ml)RNase for

30 minutes at 3T and analyzed bfyjow cytometry on an Accuri C6 flow cytometer.

Statistics

Statistical analysis of the data was performed using theeStt test or ANOVA
followed by a Student test with corrections for multiple comparisons using the Bonferroni
method as appropriate. The statistical test used for eaclsetatastated in figure legengs:<
0.05 was considered to be significant. Data are presented as means plus stangtarsl error of

mean (SEM).
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Results
EML cells as a model of myeloid differentiation

The EML cell line is a SCF dependent multipotent cell linith wyeloid, erythroid and
lymphoid potentials. It was established from mouse bone marroweddfedth a retroviral
vector (LRAR403SN) harboring a dominant negative retinoic acid receptor (B¥iRtruct)

(Tsaiet al, 1994).

GMCSF

Figure 2.1. Morphology of EML cells during RA and GM-CSF induced differentiation.
Cytospin preparations of the indicated cells were stained witlghiMGiemsa. (A) Native
DMSO treated SCF dependent EML cells. Arrows indicate hanaryshaped cells that are
frequently seen in EML cell line. (B) EML cells treatwith SCF/IL-3 and 10 uM RA for three
days. Arrows show the granulocyte-monocyte progenitors (CFU-GMjateti by the increase
in nuclear to cytoplasmic ratio. (C) EML/RA+IL-3 cellsated with GM-CSF for another three
days. Magnification is 400x. Arrows show the committed granulooytinbcytic progenitors
with bi-lobed nucleus. Scale bars are 50 um.
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It is a suspension cell line consisting of mostly blast likis eéth 20-30% hand mirror shaped
cells (Figure 2.1A). EML cells serve as an excellent madelstudy hematopoietic
differentiation in vitro (Johnsonet al, 1999). It can be induced to differentiate towards
granulocyte/monocyte progenitors (CFU-GM) by high concentration ofrRile presence of
IL-3 (Figure 2.1B). These CFU-GMs can be further differéatiainto more committed

granulocyte/monocyte progenitors by GM-CSF treatment (Figure 2.1C).

To characterize the differentiation pattern of EML cellshwour cytokine treatments,
we analyzed cell markers associated with several stdgdifferentiation. We compared the
cell surface marker profile of native, DMSO-treated EML cells, EMlsdeeated with RA+IL-
3 (CFU-GM) for three days, and EML cells treated for antaeél 3 days with GM-CSF after
the RA+IL-3 treatment. Flow cytometry analysis was peréafrasing the following panel of
antibodies: (1) anti-Sca-1, which is specific for stemlsce(2) anti-c-kit specific for
stem/progenitors, (3) anti-CD-11b specific for macrophage/oglitr lineages, and (4) anti-
F4/80 specific for macrophages (Figure 2.2). The parentdl EMs appear relatively un-
differentiated (Figure 2.2A) and display an immature surfanggen phenotype that is
characterized by high Sca-1+ and c-kit+ (Figure 2.2 A, B) exressid absence of CD11b
and F4/80 (Figure 2.2 C, D). In contrast, the EML/GM-CSF cellsaapmere differentiated
(Figure 2.2 C) and display cell surface markers indicativalifferentiated cells (CD11b+,
F4/80+) with a loss of stem/progenitor markers such as Soa-t-&it. Sca-1 expression in
GMCSF treated EML cells was >90% reduce&.01) while CD11b [§<0.01) and F4/80
(p<0.01) showed >95% & 59% increase respectively as compared tottkated EML cells
(Figure 2.2 E). This data indicates that EML cells expstesn and primitive progenitor
markers. When these cells are subjected to conditionsnthatéd myeloid progenitors (CFU-
GM), there is an increase in the expression of granulocyte/mienepecific markers, which

becomes more predominant with the appearance of more commitedlapyte/monocyte
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progenitors.
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Figure 2.2. Cell surface marker profile of Untreated, RA and GM-GSF treated EML cells.
EML cells were induced to undergo myeloid differentiation in the presae€F, IL-3 and
RA for three days followed by GM-CSF for three days as described in atsitand methods.
Samples were collected at day 3 and day 6 for RA & GM-CSF treated EMLresbectively.
Expression of (A) Sca-1, (B) c-kit which label primitive stem/progeraell types and (C)
CD11b, (D) F4/80 specific for granulocytes and macrophages in DMSCdi(gtdek line),
RA (grey dashed line) and GM-CSF ( solid grey line) treated EML. ¢&l)]SCombined flow
cytometric analysis of DMSO treated, RA+IL-3, and GM-CSF treated EM4 ioeterms of %
positive cells for each surface antigen. Data is expressed as the SEdhdf triplicate
values. Analysis of variance (ANOVA) for multiple pairwise conigpams was used to analyze
the data along with Student t test comparing each to untreated EML(tatidicatep< 0.01).
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YB-1 expression in undifferentiated vs. differentiated EML ells

YB-1 functions in erythroid differentiation and aberrant espien of YB-1 leads to
abnormal erythropoiesis but its role and regulation of gene exmmeissearly hematopoiesis is
still unknown (Yokoyamaet al, 2003). In order to characterize its pattern of expression Iy ear
hematopoiesis, YB-1 protein expression was studied by westernnballysis in DMSO-treated,
RA+ interleukin-3 (IL-3) treated and GM-CSF treated EML cdfiggre 2.3). YB-1 was detected
as 49 kD protein in nuclear extracts. YB-1 protein was highlyesged in native EML cells
relative to RA+IL-3 and GM-CSF treated cells (Figure 2.3A, BA+IL-3 treated EML cells
(myeloid progenitors) showed a significant decrease (>§8%;05) in YB-1 protein expression
compared to the DMSO treated EML cells. This reduction was ewre apparent in the GM-
CSF treated (>80%1<0.05) compared to the DMSO treated EML cells.

In order to determine if YB-1 protein levels correlate with mMRNA, we analyzed YB-1
MRNA expression in the above three cell populations by quantitRifv®CR (Figure 2.3 C).
YB-1 mRNA levels were down-regulated in RA+IL-3 treatethtive to the DMSO treated EML
cells and reduced further significantly with GM-CSF treatin(<0.05). These data show that
YB-1 mRNA and protein expression pattern correlate and are higtpgyessed in native
undifferentiated EML cells but both levels are dramatically mloggulated during EML cell
differentiation. Taken together, this data indicates that Y8ekpressed in undifferentiated stem
cells and reduces as these cells progress into earlptendtage progenitors. The functional role

of YB-1 expression is not known.
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Figure 2.3. Expression of YB-1 mRNA and protein in EML cel. (A) Nuclear extracts from
DMSO treated, RA and GM-CSF treated EML cells were subjected to SiE= And western
blot analysis with an anti-YB-1 antibody (1pg/ml). GAPDH wiasd as a loading control. (B)
The mean+ SEM of values obtained from densitometric analysis of three ithdil/
experiments. ANOVA for multiple pairwise comparisons was usedntlyze the data along
with Student’s t-test comparing each to untreated EML ¢eilisdicate p< 0.05). This blot is
representative of at least 3 different experiments, alWlo€h gave similar results (N=9). (C)
Total RNA was extracted from untreated, RA and GM-CSRdoe&ML cells by RNeasy kit
and was reverse transcribed using Advantage RT-for-PCR l&al-Time PCR analysis was
performed using TagMan probes directed at YB-1 frattin. Data was analyzed with
ANOVA and is expressed as fold change, correcte@-fistin, relative to untreated EML cells
(* indicatep< 0.05). Data is representative of experiments (N=6).
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Expression of YB-1 in mouse stem and progenitor cells

Though the EML cell culture system has proved useful in iiy&mgi changes in YB-1
gene expression during hematopoietic differentiation, it is an imalized cell line and thus
may not accurately represent normal hematopoietic cellet(#ke 2005). To compare changes
in YB-1 gene expression observed in EML cells with hormal hematsippi@e sorted stem
cells, myeloid progenitors, and granulocytes from C57BL/6 mouse Bivmice, multipotent
hematopoietic activity resides in a small fractioBbf cells lacking the expression of lineage-
associated surfacmarkers but expressing high levels of Sca-1 and c-Kit (LKStifsn).
Within the lineageBM cells myeloid progenitors can be isolated from the Ile7iRaction by
the absence of Scaekpression, but the presence of c-Kit . Based on Sca-1 angmwkie of
lineagé/IL-7R"bone marrow cells, a population enriched in HSC was sorted daagoto
lineagé/IL-7R /c-kit"/Scal (LKS) marker profile while myeloid progenitors were sepeita
based on lineagBL-7R /c-kit'/Scal profile (Figure 2.4A-C). Granulocytes were isolated
from mouse BM by staining with anti Gr-1 antibody as shown in Ei@4D and E. In these
three populations, YB-1 mRNA levels were measured by quanit&T-PCR (Figure 2.4F).
There was a significant two-fold increase in YB-1 mRNAels in myeloid progenitors
(p<0.05) as compared to the LKS fraction (enriched fractiont@an <ells). More noteworthy
is the statistically significant reduction in YB-1 mRNA/éds in granulocytes which is reduced
by more than 87% as compared to the stem/progenitor pellsQl). These data indicate that
YB-1 transcripts are highly expressed in stem/myeloid progsratiod down-regulated in more
differentiated cell types like granulocytes. These resulsconsistent with thie vitro data,
reinforcing the validity of the EML cell model and suggegtanin vivo role for YB-1 in

hematopoietic stem and progenitor cells.

a7



S d 2 o’ o d W 10 W w*
FSC-A Lineage/ ILR7 Sca-1

T . . - - - -
SOK 100K 150K 200K 250K 10 10 o o 10°

FSC-A Gr-1

-n

25 =

o N
2
——

=
o
s

*A
—

T T
Stem Progenitor Granulocyte

Relative YB-1 transcriptilevels
normalized to B-actin transcriptlevels

o

Figure 2.4. Expression of YB-1 in mouse stem and progenitor ¢l(A) BM cells from adult
mice were isolated by flow cytometry. Cells of the approersatle scatter and forward scatter
properties (R1) gate were further fractionated by (B) ll-7&hd lineage panel depletion
represented by gate R2. (C) Those remaining were selecsed lgon c-kit and Sca-1
expression as indicated. The linedthe7R /c-kit'/Scal (LKS, enriched fraction for stem cells)
shown as R4 and lineagdk-7R/c-kit"/Scal (myeloid progenitors, R3) fractions were then
sorted for quantitative RT-PCR. (D-E) Granulocytes were @goftem the mouse BM by
forward/side scatter characteristics (S1) and labelirtg anti-Gr-1 antibody (S2). (F) Total
RNA was extracted from lineagt-7R/c-kit'/Scal (LKS), lineagé/IL-7R /c-kit'/Scal
(myeloid progenitors), and Gr-1 populations followed by real-time RT-PCR was performed
using TagMan probes directed at YB-1 gndctin. The relative amount of mRNA in each cell
population was normalized to an internal control gpraetin and expressed as fold change
relative to stem cells. The statistical significanc&'Bf1 expression was assessed by ANOVA
combined with the student's t-test (* indicate comparisons tm sl levels, ~ indicate
comparisons to progenitor cell levelgs 0.01). Data is representative of four independent
experiments (N=12).
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YB-1 expression in leukemic cells

YB-1 is involved in erythropoiesis and aberrant YB-1 expression reag Ito
abnormalities in erythroid differentiation (Yokoyamaal, 2003). MDS is characterized by
ineffective production of mature blood cells due to increasedifgnation and reduced
differentiation of hematopoietic stem/progenitor cells, withigh predisposition to transform

into acute leukemia (Greenbergal, 1997).
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Figure 2.5. YB-1 expression in leukemidA) Western blot analysis was performed on the
nuclear extracts from HL-60 (human promyelocytic leukemia), U{@Biman promonocytic
leukemia), K-562 (human chronic myelogenous leukemia), WEHI-3 (@®urmonocytic
leukemia) cell lines using anti YB-1 antibody. Untreated, RA aMICGSF treated EML cells
served as positive and negative controls. GAPDH was used #ading control. (B)
Densitometric analysis of the above western blot. This datanés representative of three
independent experiments all giving similar results.

YB-1 has been shown to be up-regulated in the bone marrow of patigmt®&DS

(Lee et al, 2001; Yokoyameet al, 2003). Since we saw a high expression of YB-1 in
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stem/progenitor cells as compared to differentiated calks,investigated whether higher
expression of YB-1 is associated with leukemia. For this wepeeid western blot analysis
on protein extracted from several human and mouse leukemiaesli(Fig. 2.5 A, B). DMSO
treated, RA+IL-3, and GMCSF treated EML cells served arentes for these experiments.
HL-60 (human promyelocytic leukemia), U-937 (human promonocytic leuBerkicb62
(human chronic myelogenous leukemia), WEHI-3 (murine monocytic leakecell lines
arrested at progenitor stage of myeloid differentiation esprb¥B-1 at different levels. As
native EML cells are more like stem/early progenitors;ethey express high levels of YB-1
protein as compared to the more committed myeloid progenitors. és@ression levels in all
the leukemic cell lines lie between stem and early myeladegitor state except the K-562
cell line, in which the expression is even higher than the EMIs.c This data indicates that

YB-1 is highly expressed in myelogenous leukemias.

Biological significance of down-regulation of YB-1 expressn on cell proliferation

apoptosis and differentiation in K562 leukemic cells

To determine the role of YB-1 in leukemic cells, we downtaigd YB-1 in K562 cell
line (Lozzio and Lozzio, 1975)using specific sShRNA and studied the effects of low YB-1
levels on cell proliferation and apoptosis. Three stable clsin@s sh7-, sh8- were selected and
down-regulation of YB-1 was confirmed by western blotting. Apprataty a 40% reduction
in YB-1 expression was achieved compared to EGFP transfected K562roelig vector (EV)
(Figure 2.6A).YB-1 down-regulation itself resulted in redmetin cell viability in sh6-, sh7-,
and sh8- K562 relative to the normal K562 cells and EV at 72 hourse Was a statistically
significant reduction in cell proliferation in sh6- (68%), si6%) & sh8- (66%) after

treatment with 0.5 uM A®; relative to the untreated K562 cd)fs<0.01)(Figure 2.6B).
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Figure 2.6. Effects of down-regulation of YB-1 expression ortell proliferation and
apoptosis in K562 leukemic cellsk562 leukemic cells were co-transfected with a plasmid
containing YB-1 shRNA and pEGFP. pEGFP was used as a setegtatiter to establish stable
clones. (A) Three clones sh6-, sh7- & sh8- were selecteddawd-regulation of YB-1 was
confirmed by western blot usirnanti-YB-1 antibody (1pg/ml). GAPDH was used as loading
control. Approximately 40% reduction in YB-1 expression was actieveach of these clones.
(N=3) (B) Shé6-, sh7-, & sh8- transfected K562 cells weretdteavith 0.5uM AsO; for 72
hours and cell viability assay was done at 24, 48 &72 hours as ddscrimethodg* indicate

p< 0.01). (C) Apoptotic analysis was done in K562 cells aftenrad treatment with or without
0.5uM AsQOs. These cells were labeled with annexin V pacific blue aWdAD- and then
subjected to flow cytometric analysis. Untransfected K562 @id EV served as contrdfs
indicate p< 0.01). Data is expressed as the mean + SEM of triplisateples. Data is
representative of at least two independent experiments. AN@Y multiple pairwise
comparisons was used to analyze the data along with Studehtomeparing each to untreated
cells.
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A higher number of apoptotic cells were detected in sh6-, sh7-K588-compared to the
normal K562 cells and EV at 72 hours. A statistically sigaificincrease in the number of
annexin-V positive cells was seen in sh6- (61%), sh7- (57%))ted@ment with 0.5 uM ASs
for 72 hourqp<0.01)(Figure 2.6C). These data indicate that loss of YB-1 reduce aeillity in

leukemic cells, and confers some protection from apoptosis in these cells.

YB-1 down-regulation leads to the induction of megakaryocyti@wfitiation in sh6-,
sh7-, and sh8- in comparison to the normal K562 cells and EV at 72 dfterrgreatment with
0.5 uM AsOs;. Phase contrast microscopic examination ofCAs¢reated sh6- sh7-, and sh8-
K562 cells revealed an increase in the nuclear to cytopftatim and an elongated shape
characteristic of megakaryocytic morphology (Figure 2.7A). Toigonthe megakaryocytic
differentiation in sh6-, sh7-, and sh8- K562 cells, CD41a (GPld)/dxpression, a marker for
platelet/megakaryocytes, was measured. Interestingly ¥Bwin-regulation alone resulted in
an increase in CD41a expression. Further increase in CD4lasapress observed after 72
hours of treatment with 0.5 uM AG; (Figure 2.7B). Polyploidization is a unique feature of
megakaryocytesSzalaiet al, 2006).To further confirm megakaryocytic differentiation, DNA
content was measured by Pl staining. Ploidy analysis revealed acsignificrease in the 4 and
8N population of cells 72 hours after treatment with 0.5 pMOA& sh6-, sh7-, and sh8- in
comparison to the normal K562 cells and EV (Figure 2.7C). Frond#iasit is evident that
down-regulation of YB-1 primes the sh6-, sh7-, and sh8-K562 cetlsmi@gakaryocytic

differentiation after treatment with 0.5 pM A3.
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Figure 2.7. Effects of down-regulation of YB-1 expression on cell dérentiation in K562
leukemic cells(A) Morphological changes in K562 cells at 72 hrs with or withceatment of
0.5uM AsOs. Arrows indicate megakaryocytic cellsagnification is 400x. Scale bars are
50um. (B) K562 cells were treated with or withdubpM AsO; for 72 hrs and CD4la
expression which labels platelets and megakaryocytes wasirada(* indicatep< 0.01). Data
are expressed as the mean + SEM of triplicate samplessamegresentative of at least two
independent experiments. ANOVA for multiple pairwise compariseas used to analyze the
data along with Student t test comparing each to untreated CekH62 cells were treated with
or without 0.5 uM AsOs for 72 hrs and DNA content of cells was assayed by staining with
propidium iodide (PI) and then analyzed by flow cytometry. Data is repraseraét least two
independent experiments. EV indicates empty vector.
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Discussion

Y box binding protein is a multifunctional protein and is involvedegulating both
transcription and translation. YB-1 promotes cell proliierathrough transactivation of target
genes such as proliferating cell nuclear antigen, epidermealtly factor receptor, DNA
topoisomerase 1, thymidine kinase and DNA polymeras@Nolfe, 1994; Ladomery and
Sommerville, 1995). It has also been implicated in cell cyetpilation, cell survival, stress

response regulation, DNA repair, and drug resistancei(lal, 2005; Kohneet al, 2003).

YB-1 has been shown to be involved in erythroid development through ciibasa
with GATA (Yokoyamaet al, 2003); however the role of YB-1 in early hematopoietic
differentiation has not been investigated. For the first,timeshow in this study that YB-1 is
expressed in early hematopoiesis and both YB-1 mRNA and proteis lere down-regulated
during myeloid differentiation. EML cells undergoing myeloid defetiation down-regulate
YB-1 expression after three days of culture in RA+IL-3. YB-1 esgimn is further down-
regulated at six days when these myeloid progenitors are clulinr&SM-CSF with the
appearance of an increasing number of more committed grateilreg monocyte progenitors.
A previous cDNA microarray study that analyzed changes in gepeession during induced
myeloid differentiation of EML cells showed similar resu{Maet al, 2002). This indicates
that YB-1 is highly expressed during hematopoiesis in multipotematupoietic precursor

EML cells but is down-regulated in more committed granulocyte/monocyterptoge

We have observed greater reduction in the YB-1 protein expresscamgsred to the
YB-1 mRNA in both RA/IL-3 and GM-CSF treated EML cells relatto the DMSO treated
EML cells. YB-1 has been shown to regulate gene expressiomntptat the level of
transcription, but also at the level of mMRNA transla{ieukudaet al, 2004). Therefore, lower
levels of YB-1 protein expression as compared to YB-1 mRNA ntigldue to autoregulation

of YB-1 translation by YB-1 mRNA. Another possibility could be tR#t+IL-3 and GM-CSF

54



treatment might lead to post-translation regulation of YB-1 @tval, 2007). YB-1 can shuttle
between the cytosol and nucleus (Jurctadttal, 2003) and can also be localized to the
mitochondria (de Souza-Pintet al, 2009). However, we have examined only nuclear
expression of the YB-1. Thus, a cytoplasmic fraction of YB-ghmiaccount for the lack of

correlation between theYB-1 protein and RNA levels.

Since we found a dramatic down-regulation of YB-1 expression in E&lls during
myeloid differentiation, we investigated YB-1 expressiowvivo. HSCs and progenitors were
isolated based upon the parameters linédg&R /c-kit'/Scal (which is an enriched fraction
for HSC), lineagéIL-7R/c-kit'/Scal (myeloid progenitors). Like EML cells, we found high
expression of YB-1 mRNA levels in the stem/progenitor celimofise BM as compared to the
differentiated cells like granulocytes. YB-1 has a role éil proliferation and is known to
repress transcription of genes involved in differentiation (G8F) and apoptosis (Fas) so one
possible explanation for YB-1 to be down-regulated in granulocytiesalliow the expression
of differentiation factors (Colest al, 1996; Lashanet al, 2000). A gene expression study of
mouse transcriptome agrees with this data as similaltségave been shown in mouse BM for
YB-1 expression (http://biogps.gnf.org). Taken together, the EML stetlies and primary
bone marrow studies share consistent results and thus prowdg swidence that YB-1 is
highly expressed in stem/ early progenitor cells and is downategul during

granulocyte/monocyte lineage differentiation.

Our data revealed a significant reduction in the YB-1 expressi&@ML cells upon
treatment with RA/IL-3, while we saw an increase in the YBIRNA expression in myeloid
progenitors as compared to the HSC in mouse BM. This differemdd be attributed to the
fact that thein vitro model involves using relatively high pharmacological concentratof
retinoic acid (10 uM) about 100-1000-fold higher than the endogenous physablogi

concentration of retinoids (1-10 nM) normally present in serimchwcould lead to off target
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effects (Collins, 2002). Moreover, we have differentiated EMIlsctowards only CFU-GM,
which generates granulocyte monocyte progenitors (GMP) whiteea mouse BM we have
assayed all the myeloid progenitors as one group including commoloignygogenitor

(CMP), GMP and megakaryocyte erythroid progenitor (MEP).siBlys YB-1 expression goes

down in the GMPs, but not in the CMP and MEP.

YB-1 has been shown to be up-regulated in the bone marrow of patigmt®DS
(Lee et al, 2001; Yokoyameet al, 2003). Over-expression of YB-1 mRNA and protein is
associated with several human cancers including breast, tproptcreas, colorectal and
melanoma (Kohnoet al, 2003), but its role in leukemia has not yet been investigate
Therefore, cell linederived from patients with HL-60 (acute promyelocytic leulks, U-937
(acute promonocytic leukemia), K562, chronic myelogenous leukenid.)@nd WEHI-3
(murine monocytic leukemia), which are arrested at varitages of myeloid differentiation,
were used to analyze the expression of YB-1 protein. YB-1 pretas expressed by all the
myeloid leukemic cell lines, indicating that YB-1 is asatail with myelogenous leukemia.
Additionally, it is intriguing that YB-1 was up-regulated in meysogenitor cells as compared
to mouse HSCs. This finding is consistent with the hypotleddise progenitor being the cell

of origin for some leukemias (Jamiesatral, 2004).

To determine the role of YB-1 in leukemia we investigated th@gichl consequences
of YB-1 knockdown in K562 leukemia cells. This cell line was chadee to high expression
of YB-1. We treated cells with A®; because it is being used as a therapeutic agent for the
treatment of acute promyelocytic leukemiehe concentration of A®; used was 0.5 uM,
which is within the known plasma concentration in patients under treatind does affect cell
viability (Tanget al, 1997).YB-1 down-regulation resulted in growth arrest and induction of
apoptosis. Upon treatment with &% these effects were more pronouncéB:1 promotes cell

proliferation by transactivating various genes involved in dieision and also by controlling
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cyclin A and B1 gene expression (Wolfe, 1994; Ladomery and Somieed895; Jurchotet
al., 2003). A few studies have reported biological effects oflYESchitteket al, 2007;
Chatterjeeet al, 2008).In the multidrug resistant cell line, K562/A02 YB-1 down-regjola
leads to decreased cell proliferation and induction of apopfbsese results are consistent

with our findings in untreated K562 cellsy et al, 2009).

K562 is an erythroleukemia cell line that is situated adbmmon progenitor stage of
megakaryocytic and erythroid lineages of hematopoietic dédrdntiation. K562 cells can be
induced to erythroid or megakaryocytic differentiation by déferagentsRaligaet al, 1993;
Tabilio and Pelicei, 1983)As,0; exerts double effects on acute promyelocytic cells, i.e.,
induction of apoptosis and partial differentiatiohagg et al, 1997). Interestingly, down-
regulation of YB-1 and treatment with A% led to megakaryocytic cell differentiation in K562
leukemia cells, further strengthenig our observation tN&-1 is associated with
stem/progenitor cell maintenance. We saw a significamgehan cellular morphology after 72
hr treatment of K562 leukemic cellgth As,Os; evident by an increase in nuclesze and
cytoplasmic mass. YB-1 knockdown alone resulted in an increase 4iaC cell surface
marker associated with megakaryocytic differentiation esgpom. However, we did not see
any large change in cellular morphology. After treatment witO4 there was a steep,
statistically significant increase in the expression of CD4harmi¥B-1 was downregulated in
sh6-, sh7- and sh8- K562 cells. Further confirmation of mega&gtig differentiation was our
detection of polyploidy in K562 cells when YB-1 was downregulatétigt et al, 1998).The
ability of K562 cells to partially differentiate upon YB-1 knockvn supplemented with AQ;

treatment is a novel finding.

In conclusion, our data reveals that YB-1 is highly expressed in the EMIneéut is
down-regulated upon differentiation of these cells towardsniiieloid lineage. Terminally

differentiated cells, such as granulocytes, express low le¥ef8-1 as compared to murine
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BM stem and progenitor cells. Expression of YB-1 in sevengloid leukemia cell lines
indicates its association with leukemia. Down-regulation of IYBxpression reduced cell
proliferation, induced apoptosis and cell differentiation. Furthelieguate needed to decipher

the mechanism of how YB-1 contributes to the blockage of myeloid diffetientia
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In leukemia there is uncontrolled proliferation of immatpregenitors and blockage to their
differentiation.Understanding the mechanisms involved in hematopdiéfrentiation will help
in developing therapies against leukemia. Our major focui®famtork was to identify different
genes that play role in hematopoietic differentiation. Hsg9@ imolecular chaperone that is
involved with protein folding and various signal transduction cascades. Hsp90 hasibggested
to regulate Wnt signaling in thd&rosophila model. Wnt signaling is associated with
hematopoietic stem cell maintainenace and is important foeteiakprogression. In chapter 3,
we investigated the role of Hsp90 in the regulation of Wnt signalingammalian hematopoietic

system.
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CHAPTER Three: Activation of the canonical Wnt pathway in
the hematopoietic precursor EML cell line upon Hsp9
inhibition
Abstract

Acute myeloid leukemia (AML) in adults has a 20% 5-year diseasestire@val, despite
treatment with aggressive cytotoxic chemotheragat shock protein (Hsp90) is a chaperone
for several client proteins involved in transcriptional reyofg signal transduction and cell
cycle control. 17-AAG, the synthetic analogue of geldanamyck),(i8 an Hsp90 inhibitor that
is presently in phase Il clinical trials for the treatrhof various leukemia and other cancers. In
Drosophilg functional inactivation of Hsp90 resulted in a transdifféation event where the
eye tissue becomes a limb-like outgrowth due to abnormal egagxpression (wg). Expression
of this phenotype induced by Hsp90 inhibition becomes independehiapémne after being
inherited across successive generations, suggesting anefiigmechanism. Wnt signaling is
associated with hematopoietic stem cell maintenance ang@tant for leukemia progression.
The objective of the study in chapter 3 was to determine whitbai/nt pathway is regulated
by Hsp90 in mammalian cells through epigenetic mechanismebasrved in flies. Our
preliminary data showed the activation of the canonical Wnt @athw a hematopoietic
precursor cell line, EML, after inhibition of Hsp90. Thifeet seemed to be short lived and
pharmacological inactivation of Hsp90 did not cause any changes WWnh@athway activity
during myeloid differentiation of EML cells. However thereswansiderable variability in our
results that prevented further progress in these studiethelr investigation into the molecular
mechanism of Hsp90 inhibition and Wnt signaling in adult hematopaittin cells is needed to

determine whether Hsp90 play a role in maintaining the leukemic statdlin A
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Introduction

Hsp90 is a specialized molecular chaperone involved in thesstesponse and in
normal homoeostatic control mechanisms. Several client proteins incluansgription factors
and protein kinases are Hsp90 substrates, where it faslitheir stabilization and activation.
Inhibition of Hsp90 leads to disruption of various signal transolugbathways in the cell.
Hsp90 inhibitors such as geldanamycin act by interacting spaljifiith a single molecular
target, the Hsp90 chaperone, thereby destabilizing and degrading Hep®@rdteins (Peast

al., 2008).

Although Hsp90 is expressed in normal cells, it is frequentlyesyeessed in cancer
cells, suggesting a role in maintaining malignant transfition. Hsp90 has been implicated in
oncogenesis by associating with multiple mutated, chimeric aed expressed signaling
proteins that promote cancer cell growth and survival (R¢al, 2008).Several studies have
shown thatHsp90 inhibitors target tumor cells over normal cells bexaishigher binding
affinity of the Hsp90 complexes present in these tumor deliertet al,, 2010; Flandriret al,
2008). Thus targeting Hsp90 could result in simultaneous disruptionutiiple oncogenic

signal transduction pathways suggesting utility for treatment of addaaceers.

According to Waddington’s canalization model there are masked pfpeisan a wild-
type population which can be expressed during environment stress. Wésm adaptive
phenotypes are selected over subsequent generations they geinfixean be expressed even
in the absence of stress (Waddington, 1942). Under stressful oosditsp90 deviates from its
usual role of activating signal transduction proteins and sesgess can temporarily
overwhelm the Hsp90 chaperone system. This leads to geneshitiaried phenotypes, which
when selected, can be fixed in the population and are signifitaetms of evolution (Wong
and Houry, 2006). Impairment of Hsp83, msophilahomolog of Hsp90 produced abnormal

phenotypes which are inherited in subsequent generations (Ruthetfal, 1998). Thus
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Hsp90 can act as genetic capacitor by storing masked phenotypes faidase.r

This impairment of Hsp90 either by genetic mutation or pharmaaalbiihibition in
Drosophila led to phenotypic variation was also reported by another study. Howeawve
epigenetic basis for the capacitor function of Hsp90 was lexveas depletion of Hsp90
induced an altered chromatin state. Progeny of flies which wede Hsp90 inhibitor,
geldanamycin (GA) and a mutation in the trithorax group of gene&jishowed an abnormal
eye-bristle phenotype. Interestingly, phenotypic selection of dhigy-induced phenotype
resulted in an increase in the number of affected progeny inssive@enerations even in the
absence of Hsp90 inhibition indicating, an epigenetic mechanisnthef evidence for an
epigenetic phenomenon came from chromatin remodeling inhibitors, whiclablert reverse

this phenotype (Sollaet al, 2003).

Moreover, it was found that this abnormal eye phenotype inducedpygB8and TrxG
mutations was due to ectopic expression of Wingless (wg) (Sefiaal, 2003). Wingless is
required for many developmental processes ranging from embryagreestation to limb
development. Since mutations in TrxG genes induced up-regulatithre &f/nt pathway, this

indicates a role of epigenetic gene regulation in this pathway.

The Wnt signaling pathway is highly conserved during evolution eegllates
hematopoietic stem cell maintenance and self renewal (Kiesttet al, 2006). Its
dysregulation is responsible for various hematological maligeariocluding leukemia. The
canonical Wnt pathway regulates target gene expression viatdbéization and nuclear
translocation of the cytoplasmic pool of 3-catenin (Bremletckl, 2003). The focus of this
study was to find out whether Hsp90 modulation can regulate the Witgatpigenetically

in a mammalian model system.
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Hematopoiesis is an excellent model to study differentiation dubetgresence of
different cell surface markers along the course of developniém Erythroid Myeloid
Lymphoid clone 1 (EML) cell line was developed from murine boneanacells transfected
with a vector expressing a dominant negative form of retinaa r@ceptor. These cells are a
uniquein vitro model to study hematopoietic differentiation. EML cells can be imitielfy
propagated in medium containing stem cell factor (SCF) and cafféreniiated into erythoid,

myeloid and lymphoid lineages by the addition of appropriate cytokinesdiahi1994).

Our hypothesis was that Hsp90 acts as an epigenetic modulteotingf the Wnt
pathway in the EML cell model. To test this hypothesis, EMLsoskre treated with GA and
Wnt pathway activation was examined based upon [3-catenin actiomalad translocation to

the nucleus.

Materials and Methods

Materials

Geldanamycin, GA (G3381) and retinoic acid (R2625) were purchasad Sigma.
FITC conjugated total 3-catenin (610155) and Fc Blocker (55314iPpdies were purchased
from BD Biosciences while active R-catenin (05-665) was p@ms@th from Millipore.
Paraformaldehyde (15014601) and Triton X-100 (02300221) were bought from MP

Biomedicals. GM-CSF was purchased from Stem Cell technologies (Varc&m).

Cell culture

EML C1 cells were the kind gift of Dr. Schickwann Tsai arefevmaintained in growth
medium which is base medium (IMDM supplemented with 20% heativaged horse serum,

American Type Culture Collection, ATCC, Manassas, VA) and BMK/MKL-conditioned
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medium, (Tsaiet al, 1994). EML cells were maintained at a density below 5>xcéls/ml for
these experiments. BHK cells were cultured in EMEM and WEHElls (TIB-68, ATCC)
were cultured in IMDM supplemented with 10% FBS at 37° C and 39 C Cells
(immortalized mouse fibroblast) were maintained in Dulbecco’s neatdiEagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (ATCC, CRL-2648Nrit-3a cells, the
Wnt 3a expressing clone of L cells and L-Wnt 5a, the Wnt 5a esipgeslone of L cells
(ATCC, CRL-2647 and 2814), were maintained in the same medium cogt&rd mg/ml of

G418.
EML cell differentiation

EML cells were seeded at a density of 1%aélls/ml in base medium along with 10pM
all-trans retinoic acid (ATRA; sigma, St. Louis, MO, USA0% BHK conditioned medium
(source of stem cell factor) and 15% WEHI conditioned medgouar€e of interleukin-3) for
three days. Cells were then washed twice with PBS and resesbandx10 cells/ml in base
medium with 20 ng/ml of murine granulocyte-monocyte colony stimngafiactor (GM-CSF)

(Stem Cell Technologies, Vancouver, BC, Canada) for the next thyse da
Treatment with Geldanamycin (GA)

EML cells were seeded at 2xIlls/ml in growth medium and treated with 5, 10 or 15
nM GA for 24 hours. DMSO was used as a vehicle. Cells weshadaand reseeded at 2x10
cells/ml in growth medium after 24 hours of treatment followed B¢ &our recovery period.

All the experiments were performed after the 24 hour recovery period.

Flow Cytometry

Treated as well as untreated L, L-Wnt3a, L-Wnt 5a and EMIs eedire washed twice
with FACS buffer (Phosphate buffered saline, (PBS) supplementbB%i BSA, 0.02% sodium

azide and 1 mM EDTA) and collected by centrifugation. Thered#fiey were incubated with
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FeyRI/T receptor (553142, BD Pharmingen) to prevent nonspecific binty blocking the Fc
receptors for half an hour at 4°C. Cells were then fixgd %6 paraformaldehyde /PBS for half
an hour and permeabilized with wash buffer (PBS supplemented withS3®% ®B1% Triton X-
100). After washing the cells in buffer they were then labelith FITC conjugated total 13-
catenin antibody (610155, BD Transduction) for half an hour at 4° C. Apesatytibody labeled
with FITC was used as a negative control for FITC. Datmiaition was performed using BD
FACS Aria sorter and data analysis was done using Flow 8easefv.7.5.5 (Treestar, Ashland,

OR).

Western blot

Treated cells from different experiments were rinsed onde iasét-cold PBS and whole
cell protein extracts were obtained by briefly sonicating dek pellets and then boiling the
lysates for 5 minutes in sample lysis buffer containing s Tris (tris hydroxymethyl
aminomethane; pH 6.8), 1% sodium dodecyl sulfate (SDS), 10% glycerolrakddithiothreitol
(DTT). Nuclear and cytoplasmic fractions were separated tss§lE-PER extraction kit as per
the manufacturer’s instructions (Pierce, Rockford, IL). FPmotmncentration was determined
using bicinchoninic acid (BCA) protein assay reagents fromrc®ieaccording to the
manufacturer’s guidelines. Cell extracts were then derthtared5°C for 5 min in 2x sample
buffer (62.5 mM Tris HCI, pH 6.8, 25% glycerol, 0.01% bromophenol blue SP¥&,10%-
mercaptoethanol). Equal amount of protein extracts were separatad 8-16% gradient Tris-
Glycine SDS—poly acrylamide gel (Bio-Rad, Hercules, CA) hacteophoresis (PAGE) and
transferred onto nitrocellulose membranes (Millipore) using Bio-RadRvibtean3® system. The
membranes were treated in blocking solution (5% non fat dry milkBS containing 0.1%
Tween 20) and incubated with primary active 3-catenin antibodyp&65-Millipore, 1 pg/ml)
overnight at 4°C, followed by incubation with HRP-conjugated monoclonal ensesondary

IgG antibody (1: 3000, 7074, GE Healthcare, CT). An anti-mouse GARDHody (MAB374,
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GE Healthcare, CT) was used to assess equal loading. Pratgiiesvisualized by ECL (GE
Healthcare, CT). A BenchmafK protein ladder was used to visualize the transfer of protein onto

the membrane and MagicMafkXP (Invitrogen) was used as a molecular size standard.

Results

EML cells have high total 3-catenin levels

Wnt signaling is important in embryogenesis and is required forntamtenance of the
hematopoietic stem cell state (Regtaal, 2003). The canonical Wnt pathway involves the
stabilization and nuclear accumulation of its downstream ttaggeatenin (Mc Donalét al,
2006). In order to determine the activity of Wnt signaling intthmatopoietic precursor cell

line EML, we performed intracellular staining to assess tbat&nin accumulation.

Cell line FITC

L-Cells isotype 162.02

L-Cells +ve 676.29

LWnt 3a Cells 855.86

L-Wnt 5a Cells 542.99

EML Cells 1591.39

Number of cells

I e Lna I J L

T il
0 100

e e
1000 10000 100000

Beta Catenin Mean Fluroscence

Figure 3.1 High B-catenin accumulation in EML cells. Intracellular staining was done to
examine the level of tot@-catenin protein in EML cells. Increas@ed catenin accumulation is
present in EML (purple) cells in comparison with other cell sypermal L cells (brown), Wnt
3a (green) which have active canonical Wnt pathway due to sectiwnt in the medium.
Noncanonical Wnt 5a (red) expressing cells do not appear to showcaoyulation off-
catenin. FITC mean fluroscence values are listed in theefid--cells +ve is labeled with FITC
conjugateds- catenin antibody.
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EML cells showed higher 3-catenin accumulation compared toahdrigells, Wnt 3a L
and Wnt 5a L cells (Figure 3.1). Wnt 3a transfected ce#ise used as a positive control for
active canonical Wnt signaling and Wnt 5a as a positive coffiolnon-canonical Wnt
signaling. However, L cells represented basal levels @t@&im, which is expected because of
its role in the cytoskeleton (Brembeekal, 2006). The signal intensity of 3-catenin was two-
fold higher in EML cells relative to Wnt 3a-L cells. Thent\ba expressing cells do not appear
to show any accumulation of 3-catenin as the signal intensiycatenin was similar in them

relative to the L cells.

Hsp90 inhibition leads to reduction in total 3-catenin levelen EML cells

Functional inactivation of Hsp90 led to a transdifferentiatimeng in successive
generations ofDrosophila due to epigenetic regulation. This transdifferentiation event in
Drosophilaalso led to abnormal activation of Wnt signaling (Sol&iral, 2003). My study was
aimed at ascertaining whether in a mammalian model Hsp90 tregtihe Wnt pathway through
an epigenetic mechanism. A hematopoietic precursor cell linel,, EMas used as a
representative mammalian model system. Since the half life of HigSgciation and biological
persistence is shofBupkoet al., 1995),and EML cells undergo one cellular division during the
24 hour rest period, a protocol of pharmacological inhibition followed scovery period will
help in analyzing epigenetic effects. Our goal is to achievepaenetic phenotype for the EML
cells which will be analyzed in future experiments. Beforérigdhe epigenetic mechanism we
wanted to examine the effect of Hsp90 inhibition on the Wrgadimg. Thus, EML cells were
treated with GA for 24 hours followed by a 24 hour rest period befetermining the
accumulation of 3-catenin. We observed a decrease in tot&fdrchevels after GA treatment,
indicated by both the reduction in the percentage positiveelisag'the median fluorescence of

total 3-catenin (Figure 3.2). There was more than a 40%, istdtstsignificant reduction of
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signal intensity for total R-catenin in 10 nM GA treated EMllscedlative to control.
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Figure 3.2 Decrease in totalg-catenin protein in EML cells after Hsp90 inhibition. EML
cells were exposed to vehicle (DMSO), 5 nM or 10 nM GA foh&drs. The cells were then
allowed to recover for 24 hours, aptatenin levels were analysed using flow cytometry. Total
volume of DMSO was constant in all trials. (A) shows the pgege of EML cells which were
positive for p-catenin (*p value < 0.01). (B) shows the median fluorescence vidugs
catenin protein (**p value < 0.05) (N=3).

Activation of the canonical Wnt pathway after inhibition of Hsp90in EML cells

In the absence of phosphorylation by glycogen synthase kinase3((B$SK-catenin is
stabilized referred to as active 3-catenin, whichstomates to the nucleus, an indication of
active Wnt signaling (Van Noort Mt al, 2002). Since total [3-catenin levels are not an accurate
representation of the activation of Wnt pathway we wanted tondiete the effect of Hsp90
inhibition on the active [3-catenin levels in EML cells by t&as blotting. When we treated
EML cells with different concentrations of GA, we found thativac 3-catenin protein was
highly expressed in 10 nM GA treated EML cells relative ebigle control and 15 nM GA

treated EML cells (Figure 3.3 A).
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To further determine the effect of 10 nM GA on 3-cateninl¢egrd to determine how
long the Wnt pathway remains activated, we did a time course. dtusigemed that the up-
regulation in the levels of active 3-catenin protein lasbedhly 24 hours (Figure 3.3 B). In
this figure, ponceau staining was used as a loading control. Tlaissdggests that the Wnt
pathway might be activated after the inhibition of Hsp90OMLEells, but if this does occur it

is of a short duration.

GA Control 10 nM 15 nM

Active [} Catenin
W G

24 hr 48hr 72 hr 1 week

Active b Catenin  qmssir eumms PR—— = W

GA C 10nM C 10nM C 10nM C 10 nM +ve
Ctrl

Figure 3.3 Activation of the Wnt pathway after inhibition of Hsp90 n EML cells. (A) EML
cells were treated with vehicle, 10 and 15 nM GA for 24 hours atedor another 24 hours.
Whole cell lysates were extracted and analyzed by westetraalysis to detect activg
catenin protein levels. Ponceau staining was done to determiaé legding. This blot is
representative of two independent experimgis EML cells were treated with 10 nM GA for
24 hours and followed by a 24 hour rest period as before. Western klakowa on the whole
cell extracts at 24, 48, 72 hours and 1 week time course. ‘C’ refgdbke vehicle control. This
blot is representative of two independent experiments.

Loss of Wnt pathway activation in GA treated EML cells after differentiation

We wanted to observe whether our preliminary finding of theegplation in Wnt

signaling due to Hsp90 inhibition (Fig. 3.3) results in changes inxpeession of B-catenin
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after differentiation of EML cells. Therefore, we inhdatHsp90 and then forced EML cells to

differentiate toward the granulocyte macrophage pathway byingethem with RA and

GMCSF.
A
RA GMCSF
+ ve
GA C 10nMm C 10nM C 10nMm Ctrl
Active [k Catenin CE—— — e
GAPDH r— e TN S S ————
B
GA 24 hr DMSO RA
C 10 nM C 10nM C 10nM +ve ctrl
Active [ Catenin e e —— : —

GAPDH L. G — ————— i

Figure 3.4 Wnt pathway activation in GA treated EML cells afer differentiation. (A)
EML cells were treated with 10 nM GA for 24 hours and restedanother 24 hours before
proceeding with the differentiation protocol. Nuclear extractsewsolated and western blot
analysis was done to determine the levels of aditeatenin after treatment with RA and
GMCSF. This is a representative blot for two independent erpats.(B) EML cells were
treated with 10 nM GA and then a second dose of 5 nM given dortinglifferentiation
protocol along with treatment with RA and IL-3. Western bdoialysis was done after
extraction of nuclear extracts to examine the levels of@ftnatenin. GAPDH was used as a
loading control. This is a representative blot for two indélpat experiments. ‘C’ represents
the vehicle control.

In this experiment, Hsp90 inhibition did not show any effect onattive 3-catenin
expression. Secondly, we found that upon differentiation with RA #isaweGMCSF in the
EML cells activity of -catenin was inhibited regardled Hsp90 inhibition (Figure 3.4A).

This data suggests that Hsp90 inhibition does not seeray@pble in Wnt pathway activation
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with or without forced differentiation of EML cells. Next, vieed to modify our treatment
protocol by giving a second dose of GA during differentiation butatsrt seem to have no

effect on the levels of active R-catenin (Figure 3.4B).

Wnt pathway activation through inhibition of Hsp90 in EML cells was not consistent

Next, we wanted to reproduce the earlier findings of Hsp90 tndibbn 3-catenin
activity in EML cells. Therefore, EML cells were tredite&ith various concentration of GA for

24 hours and active 3-catenin levels were measured by western blot.

A
GA C 1nM 2 nM 5nM 10 nM
Active & Catenin B v S—
GAPDH
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Figure 3.5 Up-regulation of Wnt signaling observed previouslywas not consistent.(A)
EML cells were treated with vehicle, 1, 2, 5 or 10nM GA for 24 hours followed by a 24dsiur
period. Nuclear extracts were isolated and active B3-catereis levere measured. GAPDH was
used as a loading contrdlhis blot is representative of at least three diffeexeriments. ‘C’
represents the vehicle control. (B) The densitometric analysisd@above experiment.
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We found that there was no significant difference in thev@diicatenin levels between
the vehicle control relative to GA treated EML cells (F®3.5). This data indicates that the up-
regulation of Wnt signaling upon Hsp90 inhibition in EML celsabserved in our preliminary

studies is inconsistent.

Discussion

We observed an increased expression of 3-catenin in EML celfsacedto the L-Wnt
3a cells, which have active canonical Wnt signaling. Theoissistent with the fact that EML
cells are stem cell in nature and the self renewal patlswely as canonical Wnt signaling is
required for maintenance of a hematopoietic stem cell stateglation of Wnt signaling,
which is normally tightly regulated, has been identifiedaasimportant step in leukemic
transformation. Common myeloid progenitor (CMP) gives risggrenulocyte macrophage
progenitor (GMP) which can form either granulocytes or macragshtat have an active Wnt/
[3-catenin pathway. The GMP has elevated levels of nuclearfdrcatel has been identified as
candidate leukemic stem cell in blast crisis chronic myogs leukemia (Jamiesah al,
2004). Moreover mutations in members of the Wnt -3- catenin patbe@y in 90% of the
colorectal cancers and other cancers such as hepatocetidlgastric cancers (Brembeek

al., 2006).

In EML cells, after inhibiting Hsp90, we saw a down-regolatbf total 3-catenin
expression in contrast to what was observeDrimsophila Hsp90 inhibitors have been shown
to have higher binding affinity to tumor cells than normal cédiading, to proteosomal
degradation of Hsp90 client proteins. However, several studiesalsvdemonstrated the toxic
effects of Hsp90 inhibitors on the normal cells. In two déferstudies, Hsp90 inhibitors were
found to be extremely cytotoxic to the Oligodendrocyte precurdts @PCs) and human
retinal pigment epithelial cells respectivatyvitro (Alcazar and Cid, 2009; Wet al, 2010). In

another study, it has been shown that the Hsp90 inhibitor gelgamaand its analogs have
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cytotoxic effects on rat primary hepatocytes due to geweraif reactive oxygen species
(Samuniet al, 2010). Therfore Hsp90 inhibitors might be toxic to EML cefid ¢his toxicity
can result in a general down-regulation of protein expressidnaalowering of 3-catenin
protein levels. Moreover, given the role of Hsp90 in divéistbgic processes, drugs targeting

Hsp90 will have side effects on normal cellular function.

Canonical Wnt pathway activation is achieved by stabilizatidn3-catenin and
translocation to the nucleus, activating the transcriptioiarmgfet genes responsible for cellular
proliferation and differentiation (Brembeek al, 2006). Therefore we measured the amount of
active R-catenin that is due to dephosphorylated on Ser 37 or Thildd molecule (Fig. 3.3
and 3.4). Surprisingly, we saw an increase in active 3-cal@rels after inhibition of Hsp90 in
EML cells, which is contradictory to what we previously founlis could be explained by the
fact that R-catenin is also involved in cell-cell adhesiothe plasma membrane by mediating
association of integrins with intracellular actins in foje cells (Brembecket al, 2006).
Inhibition of Hsp90 affects both the transcriptional regulation and celidllaesion functions of
3-catenin. Also, Hsp90 is required for constitutive and inducibleigcof the IKB kinase
(IKK) complex (Broemeret al, 2002). Therefore, inhibition of Hsp90 results in impairment of
IKK activity. IKK regulates 3-catenin via phosphorylation and ubiquitiredelent degradation.

It has been shown that IKK B decreases R —catenin dependergxpeession similar to the
effects seen with GSK-3 3 (Lambertt al, 2001). In addition, the up-regulation in Wnt
signaling upon Hsp90 inhibition in EML cells is consistent witk frevious finding of

increased Wg expressionrosophilaupon Hsp90 inhibition (Sollaet al, 2003).

The up-regulation of Wnt signaling upon Hsp90 inhibiton in EML delised only for
short duration. The half life of the Hsp90- GA complex is shodicating Hsp90 inactivation
is short-lived once GA is no longer supplied to the EML cellsoAhe biological half life of

GA in mice is 77.7 minutes (Supletb al., 1995), which means it is rapidly degraded. Since the
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biological persistence of Hsp90 is short, it is not sumpgidhat the up-regulation in Wnt

signalling was short-lived.

We did not observe any changes in the actigatBnin levelsiponHsp90 inhibitionin
differentiating EML cells. This could be due to the fact thatdid not see an effect of Hsp90
inhibition in the control and GA treated EML cells in this expemt. Interestingly, we found
that activel3-catenin was not expressed in differentiating EML cellss Thiconsistent with the
observation that Wnt signaling is involved in the maintenance emeliMal of hematopoietic
progenitors/stem cells and inhibition of Wnt pathway induces tliérentiation (Kirstetteet
al., 2006). Also, it has been shown that expression of a mutant &tigeenin in normal

progenitors impairs myelomonocytic differentiation (Singdral, 2005).

Future experiments focused on attaining the inhibition of Hsp90 atingeEML cells
with varying doses of GA. It was thought that the effect or\itmé signaling might be seen at
different concentration of GA. We also tried to use early passd&ML cells for our
experiments. Moreover a longer rest period was given to EML cells aftére@ment. But our
repeated attempts to revive the phenotype were unsuccessfuherdwas no significant
difference in the active 3- catenin levels in the vehirld GA treated EML cells. Another
study conducted in our lab to look at the effect of Hsp90 inhibitionhenntyeloid cell
differentiation also indicated variable results and no effechewlifferentiation profile of EML
cells (Napper, 2010). This could be attributed to the factitidlition of Hsp90 might not

have any effect on the Wnt signaling at least ininhgtro EML cell model.

Two earlier studies have reported that EML cells are adg#aous population. In one
study the authors demonstrated that can be separated into twendiffepulations based on
CD34 expression. Levels of stem cell factor receptor {[c-&e similar in both these
populations but they differ in growth characteristics and respansgtokines. The CD34

population shows a growth response when treated with SCF while tB&¢ @@pulation grew
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in the presence of IL-3.The CD3gopulation is able to regenerate the mixed population upon
stimulation with SCF (Yet al, 2005). Another study demonstrated lihead spectrum of Sca-
1 expression in EML cells, which was enlisted as the calusmal subpopulations in these
cells. Both high and low Sca-1 expression populations were abledostitate the parental
distribution of Sca-1. Most strikingly, the cells at the ex&eraf the spectrum differed in their
differentiation potential. Sca-dells were strongly biased toward myeloid differentiatidnlev
Sca-1 cells toward erythroid differentiation (Chaeg al, 2008). These studies indicate that
EML cells are a heterogeneous population having different populatitmgenotypic cell-to-
cell variability. This is consistent with the notion tHamatopoietic cells have an intrinsic
ability that generates a spectrum of progeny with differefféréntiation biases, resulting in
commitment either spontaneously or as a consequence of exiacedignals. This
heterogeneity might be attributed to biological noise, which idlticeuation of transcriptional

regulators.

The Wnt signaling pathway controls hematopoietic stem céllCHself-renewal and
differentiation of hematopoietic progenitors. Aberrant Wntnalipg is associated with
leukemia. Researchers have focused recently on the diatgracids due to their beneficial
effects on health and disease. Omega fatty acids have been gh@nomote myeloid cell
differentiation. Therefore, in the studies described in the nexttehd have investigated the

effect of omega fatty acids on Whnt signaling in the hematopoietit a&d model.
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Chapter Four: Effect of omega-3 and 6 fatty acids o the

Wnt signaling in hematopoietic precursor, EML cell ine
Abstract

The pro-inflammatory omega-6 fatty acids are metabolikezligh the cyclooxygenase
(COX) pathway into inflammatory eicosanoids, including prostaglandinnEntrast, omega-
3 fatty acids exhibit their anti-inflammatory properties bgmpetitively inhibiting the
arachidonic acid (AA) cascade, mainly at the COX pathviag. Wnt signalling pathway has a
key function in stem cell maintenance and differentiation of htmoogetic progenitors and is
involved in leukemia progression. Omega-3 FAs have been shown totprdifferentiation
and induce apoptosis in different cell lines. The objective of #hiildy was to determine
whether omega FA altered Wnt signaling in a hematopoietic s& model. Our preliminary
data suggested that treatment of a lymphohematopoietic stemliregl EML, with
eicosapentanoic acid, EPA (omega-3 FA) might lead to the degulation of Wnt signaling
compared to treatment with arachidonic acid, AA (omega-6 Fhgrestingly, similar results
were seen when promonocytic leukemic HL-60 cells were egleatith omega-3 FA.
Unfortunately, these changes were not consistent and more iaviestigeeds to be done to
standardize the experimental conditions required to obtpiodacible changes in cells treated

with omega-3 FA.
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Introduction

Omega-6 fatty acids (FA) are derived from linolenic atid, (18:2) and omegas 3 FA
are derived fronu-linolenic acids (ALA, 18:3). Linolenic acid andlinolenic FA are essential
FAs that cannot be synthesized in the body and have to be obtainethéraliet (Das, 2008).
Both omega-6 and omega-3 fatty acids (FA) are metabolizedebgaime set of enzymes to
their respective long-chain metabolites. However, the metapadiducts of each pathway are
structurally and functionally distinct. LA is metabolized tachidonic acid (AA, 20:4, omega-
6), while ALA can be metabolized to eicosapentaenoic acid (EPA, ?dngga-3) and
ultimately docosahexanoic acid (DHA, 22:6, omega-3). AlternigtiveA can be obtained from
animal fat sources and EPA and DHA can be consumed directly fnanme sources

(Anderson and Ma., 2009).

EPA exhibits anti-inflammatory propertiesvhile AA has pro-inflammatory action.
EPA and AA exert these effects as tlaag the substrates for the synthesis of a group of anti-
and pro-inflammatory mediators respectively including thromboxareskotrienes, and
prostaglandins, collectively referred to as eicosanoids,tive cyclooxygenase (COX) and

lipoxygenase pathway(Anderson and Ma, 2009).

Theratio of omega-6 to omega-3 FAs is believed to be of highporitance than the
absolute levels of a particular fatty acid and is thought to ptalean inflammatory, heart, and
metabolic diseases, as well as cancer (Gleisshah, 2010).Impaired differentiation is the
hallmark of many forms of cancer, but is particularly pronounicednyeloid leukemias.
Omega-3 FA have been shown to promote differentiation by affectyrdoid progenitor cell
frequency (Dupuiset al, 1997; Varneyet al, 2009) and thus can be potentially used as a

therapy in myeloid leukemias.
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The Wnt signaling pathway controls hematopoietic stem cellCjH&If-renewal and
bone marrow repopulation; aberrant Wnt signaling is associateccarcinogenesis (Jamieson
et al, 2004; Brembeckt al., 2006). It has been shown in previous studies usingtbsophila
model system that the Wnt pathway can be epigeneticallyategu(Sollarset al, 2003). In
these studies mutations in trithorax group of genes or Hsp9Qeesalthe gain of function
expression of wingless, which was epigenetically inherited. It is thoughtdigehetic silencing
of secreted frizzled related proteins (SFRP) that have bephcated in colorectal cancer,
results in the accumulation of the Wnt ligand and activatetbigy (Suzukiet al, 2004). Also,
Wnt activation in stem cells requires PGE2, a byproduct of &abolism (omega-6 FA).
Inhibition of PGE2 synthesis blocks alterations in HSC formadiatie level of 3-catenin Wnt-
induced (Goeslling, 2009). Omega-3 FAs have been shown to inhibit Gfexix@d PGE2 and
Whnt/3-catenin signaling in hepatocellular and cholangiocarcinommadt.al, 2008; Limet al,

2009).

Thus, | hypothesize that high omega-3 FAs might inhibit leukemigrpssion by
inducing differentiation via down-regulation of the Wnt pathway. WeduSEML cells as a
model to study hematopoietic differentiation and determined thet effeexposure to various
ratios of omega-3 and 6 FA on Wnt pathway activation. Wnt patlastiyation was measured

by the nuclear accumulation, R-catenin.

Materials and Methods

Materials

Arachdonic acid, AA (A3555), Eicosapentanoic acid, EPA (E2011) ahddaid free
bovine serum albumin, BSA (A3782) were purchased from Sigma. ABttetenin antibody

(05-665) was purchased from Millipore.
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Cell culture

EML C1 cells (American Type culture collection, ATCC, Manass®A) were
maintained in growth medium which is base medium (IMDM supplemenit#d20% heat
inactivated horse serum and 10% BHK/MKL-conditioned medium, (Tsaiab, 1994). HL-60
cells (ATCC, Manassas, VA) were cultured in IMDM and 20% Ri#sle U-937 cells were

cultured in RPMI supplemented with 10% FBS at 37° C and 5% CO

Fatty acid Treatments

EML cells were seeded at 2Xk&lls/ml in growth medium and treated with 60uM fatty
acids including high AA (AA: EPA; 9:1), equal (AA: EPA; 1:1), hiEPA (AA: EPA; 1:9)
dissolved in vehicle (ethanol) for 96 hours. After 48 hours getle washed with PBS and the

same concentration of fatty acids was resupplemented along with tilne caedium.

Immunoblotting

Nuclear and cytoplasmic fractions were separated using thReBE¥EEextraction kit as
per the manufacturer's instructions (Pierce, Rockford, IL). dirotconcentration was
determined using bicinchoninic acid (BCA) protein assay reafremsPierce according to the
manufacturer’s guidelines. Cell extracts were then denatur@8°@€ for 5 min in 2x sample
buffer (62.5 mM Tris HCI (pH 6.8), 25% glycerol, 0.01% bromophenol [#&e SDS,109§-
mercaptoethanol). Equal amount of protein extracts were separased8h6% gradient Tris-
Glycine SDS—poly acrylamide gel (Bio-Rad, Hercules, CA) lecteophoresis (PAGE) and
transferred onto nitrocellulose membranes (Millipore) usingM&ad MiniProtean3® system.

The membranes were treated in blocking solution (5% non fat dryimilIBS containing 0.1%
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Tween 20) and incubated with primary active R-catenin antib@sh665, Millipore, 1ug/ml)
overnight at 4°C, followed by incubation with HRP-conjugated monoclommalse secondary
IgG antibody (1: 3000, 7074, GE Healthcare,CT). An anti-mouse GAPDblodyt(MAB374,

GE Healthcare, CT) was used to assess equal loading.rBratere visualized by ECL (GE
Healthcare, CT). BenchmafK protein ladder was used to visualize the transfer of protein onto

the membrane and MagicMafkXP (Invitrogen) was used as a molecular size standard.

Results
Omega-3 fatty acids downregulate Wnt signaling in EML and HL- 60 dés

Whnt signaling is involved in maintaining the stem cell statdhe hematopoietic system
(Brembecket al, 2006). Omega-3 FAs have been shown to promote myeloid differemtiatio
(Dupuiset al, 1997, Varneyet al, 2009). Also, omega-3 FAs have been reported to induce
differentiation in breast cancer (Waergal, 2000) and inhibit Wnt signaling in other cancers
(Lim et al, 2008; Limet al, 2009). To determine the effects of omega FAs on Wnt signaling in
the hematopoietic system we used EML cells as a model. Whecgll line was established
from DBA/2 mouse bone marrow infected with a retroviral ve@it®ARa403SN) harboring a
dominant negative retinoic acid receptor (RAR construct)i(@sal, 1994). It is a stem cell
factor dependent multipotent cell line with myeloid, erythromti dymphoid potential and
serves as an excellent model to study the hematopoietic systwwncentration of 60 pM was
chosen for all FAs (Finstaet al, 1998; Finstadkt al, 2000). EML cells were treated with
different ratios of omega-3 (EPA) and 6 (AA) FAs. The dffet omega FA on the Wnt
signaling in EML cells was analyzed based on active [3-catmcimmulation in the nucleus. A
96 hour time point was chosen for our studies based on the prelimirtanshdawing the

effective loading of fatty acid on the cell membrane by g@smatography. High omega-3 FA
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treated EML cells showed reduction in active R-catenin leeddsive to high omega-6 treated

cells (Figure 4.1A).
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Figure 4.1. Omega-3 fatty acids downregulate Wnt signaling in EM and HL- 60 cells.
Cells were exposed to vehicle, high AA (omega-6) (AA: EPA), ®dual ratio of AA and EPA
(omega-6+omega-3) (AA: EPA; 1:1), high EPA (omega-3) (ARA; 1:9) for 96 hours.
Thereatfter, cells were washed with PBS and resupplementedesjiective FA after 48 hours.
Nuclear extracts were isolated and western blot was a@odetérmine the levels of actiye
catenin. Each panel shows a representative blot (A) EML @)I8IL-60 cells. At the bottom
of each blot is the densitometric analysis for that blot. Haoh is representative of two
independent experiments. A549 cell lysate was used as a @agitnrol for active [3-catenin
and is represented as +ve control.

Activated Wnt signaling is involved in many forms of cancerudtig acute and
chronic myeloid leukemia (Wargt al, 2010; Jamiesoat al, 2004). Therefore, we examined
the effect of omega fatty acids on Wnt signaling in HL-60, a human promyelecyenhic cell
line. HL- 60 cells were treated with different ratioseE®?A and AA as described above and 13-
catenin accumulation was assayed by western blot anaijgig€ 4.1B). Our data suggested
the down-regulation of active 3-catenin levels in high on8§a-treated HL-60 cells relative

to high omega-6 treatment

This data indicates that the Wnt pathway is inhibited upon treatmentomvega-3 fatty

acids in hematopoietic stem cell culture as well as the leokdm60 cell line.

Down-regulation of Wnt signaling by omega-3 fatty acids in EML.HL-60 and U-937 cells

was inconsistent

Unfortunately when further experiments were done to understandytiificsince of the
above data we found conflicting results. We did not see any sigmifdifference between the
levels of active 3-catenin in high omega-3 FA treatedivel#o high omega-6 FA treated EML

cells (Figure 4.2 A).
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Figure 4.2 Down-regulation of Wnt signaling by omega-3 fatty acids in EM, HL-60 and
U-937 cells was inconsistenEML cells were exposed to vehicle, high AA (omega-6) (AA:
EPA; 9:1), equal ratio of AA and EPA (omega-6+omega-3) (AA: EPA; 1:1h, BRA (omega-

3) (AA: EPA; 1:9) for 96 hours. Cells were washed with PBS eswilipplemented with
respective FA after 48 hours. Nuclear extracts were isblatel western blot was done to
determine the levels of actiyiecatenin. Each panel shows a representative blot (A) EML (B)
HL-60 C) U-937. At the bottom of each blot is the densitometnalysis for that blot. Each
blot is representative of two independent experiments.A549 caltdywas used as a positive
control for active R-catenin and is represented as +ve control.

Similarly, the preliminary data showing that Wnt signalingyimibe downregulated in
omega-3 FA treated relative to omega-6 FA treated HL-60 cells wasproducible (Figure 4.2
B). We looked at the effects of omega fatty acid treatmem@inbther monocyte like leukemia
cell line, U-937, but we found no difference in the level of actreat@nin expression in omega-

3 FA treated versus high omega-6 FA treated U-937 cells (Figure 4.2 C)
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Attempts to achieve the reduction in the Wnt signaling s previously upon omega-3 fatty

acid treatment were unsuccessful

We wanted to standardize our treatment protocol with orfkéga Therefore, we used
different methods to treat EML cells with omega FA to dethdére was an effect on Wnt
signaling. Some studies had demonstrated the use of EPA/AA witnsadilt as a base
(Asanoet al, 1997; Seung Kinet al, 2001; Edwardst al, 2004). Therefore, we treated EML
cells with sodium salts of EPA and AA but did not observe siggificant difference in the
active [3-catenin levels in omega-3 and omega-6 FA trésttidcells (data not shown). Other
studies reported the treatment of cells after serum siamvaith FAs along with bovine serum
albumin (BSA) (Melki and Abumrad, 1992; Ishata al, 2006). To test this protocol, EML
cells were serum starved for 24 hours and then treated with AZ°Arcomplexed to bovine
serum albumin (BSA) at a molar ratio of 4:1 (FA/BSA) to a final conag&otr of 60pmol/L for
5 hours. Interestingly, treatment of FA itself led to massieetality in EML cells. We also
used variable molar ratios of FA/BSA; 2:1 and 1:1. Furtheey a#rum starvation for 24 hours
we supplemented EML cells with reduced concentration of serum (&ndd,5%) treated with
AA and EPA and performed cell viability assay after 24 d48chours (Fig. 4.3). There was
significant mortality in EML cells treated with FAs aéive to vehicle control, but this effect
was more pronounced in omega-6 compared to omega-3 FA treated HE8AMb&e speculated
that omega FAs treated cells might be differentiating and meayg a stimulant like IL-3 for
survival. More investigation needs to be done to find a protocaidating EML and leukemic

cell lines with omega fatty acids that will yield consistent ltssu
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Figure 4.3. Attempts to achieve the reduction in the Wnsignaling seen previously upon
omega-3 fatty acid treatment were unsuccessfUEML cells were serum starved for 24 hours
and then treated with vehicle, high AA (omega-6) (AA: EPA; 9:d)iaé ratios of AA and EPA
(omega-6+omega-3) (AA: EPA; 1:1), high EPA (omega-3) (ARA; 1:9) in 5, 10 and 15%
horse serum. Cell counts were performed by trypan blue dye exclusitwdnat 24 and 48

hours after the treatment.
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Discussion

EML cells are stem cell in nature and have an active $igmaling pathway indicated
by the nuclear translocation of active [3-catenin. Wnt signa@gglates stem cell fate in the
hematopoietic system by self renewal of HSC. Deregulation of ¥ignaling, which is
normally tightly regulated, has been identified as an impost&ptin leukemic transformation.
HSC differentiate into common myeloid progenitor cells (CNHRt gives rise to granulocyte
macrophage progenitors (GMP). GMP has been identified asatididate leukemic stem cell
in the blast crisis stage of chronic myelogenous leukemibhes an active Wnt/[3-catenin
pathway (Jamiesoet al, 2004). We observed reduction in active [3-catenin expressionlin EM
cells treated with high omega-3 FA relative to omega-6 FA, demsiwith the fact that omega-

3 FAs have been shown to promote myeloid differentiation (Dwgiwa$, 1997; Varneyet al,

2009).

We initially saw down-regulation of active [3-catenin prmotei acute promyelocytic
leukemia, HL-60 cells upon exposure to high omega-3 FAs. It hasdbesvn previously that
omega-3 FAs inhibit proliferation and induce differentiation in&0_cells which supports our
data (Finstad, 1994). Also, Wnt signaling is active in varioascers including myeloid
leukemia. Omega-3 FAs have been shown to inhibit omega-6 FA prde@&2 and Wnt/3-
catenin signaling in hepatocellular and cholangiocarcinoma ¢tiah, 2008; Limet al, 2009).
Up-regulation of Wnt signaling through epigenetic gene silenoin@FRPs is involved in
many forms of cancer. Wnt activation in stem cells requd@&2 (product of omega-6 FAS),
and it has been shown recently that inhibition of PGE2 synthdeisked Wnt-induced
alterations in HSC formation at the level of 3-catdnitvivo (Goesllinget al, 2009). These
initial findings indicated that omega-3 FA therapies aimedistuption of the Wnf- catenin

pathways may be effective in the treatment and chemopreventive affeaatkemia.
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Unfortunately, additional experiments aimed at understanding tlehamism and
effects of down-regulation of Wnt signaling, gave variabkulte. There was no significant
difference in theactive R-catenin expression in both EML and HL-60 omega-3trEAted
compared to the omega-6 FA treated cells. We also meastinesi[catenin levels in the pro-
monocytic U-937 cell line but did not see any difference in the egfposed to omega-3 versus
omega-6 FAs. This inconsistency could be attributed to theHatt-As exert their effects at
several levels, both through signal transduction pathways agérentranscription. Since the
effect of FA on various cellular processes like differeittiaand apoptosis depend upon the
concentration of FA and serum, exposure time and the cell model used (ReidalpR001). It
may be possible that inactivation of Wnt signaling by omeg#&s3i§ a sensitive event which
requires a specific set conditions to be met. Another posgibditld be that omega FAs exerts
their effects in the hematopoietic system through signaldteni®n pathways other than Wnt

3-catenin pathway.

We used different methods to treat EML and HL-60 cells witibua ratios of FA to
achieve our initial results but none of these were succeSsfide, PUFA are not soluble in the
aqueous medium we tried sodium salts of FAs which have increaatat wolubility.
Moreover, FAs are carried within the body complexed to serlnmah and the FA: BSA
complexes are the main factors controlling FA availgbior uptake (Melkiet al, 1992).
Therefore, we serum starved EML cells to deplete any alburasept in the serum that might

bind to the free fatty acid and then treated the cells with FAs compie@gsiA.

We observed massive cell mortality in EML cells after exnp@$o either omega-3 or 6
FAs complexed with BSA, relative to the vehicle control. $a&lvetudies have reported the
cytotoxic effects of FA on different model systems. In one stilyauthors demonstrated that
FA sensitive Burkitt lymphoma cell lines, Raji and Ramos, di@éxgrosis and apoptosis than

the FA resistant U-698 cell line upon incubation with EPA, rdspdyg. These FA sensitive
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cell lines exhibit a 2 to 3 fold higher uptake rate ofAEfRan the FA resistant cell line.
Accumulation of TAG-rich lipid bodies was seen in Ramos daltsibated with 60 um EPA
indicating a role for lipid bodies in regulation of the cellular isi@grogram. A high number of
TAG-rich bodies in Ramos cells, containing 2—-3 molecules of EP®KA per glycerol

backbone, may cause marked changes in intracellular signal ttéioadand thereby initiate
apoptosis (Finstackt al, 2000)This response tan vitro fatty acid supplementation has
previously been reported for U937-1 cells (Finstadl, 1998). In another study AA and EPA
were shown to induce apotosis and necrosis in a dose dependent marmenurine

macrophage cell line, J774. When these cells were treatbdFRAs, they exhibited higher
granularity, suggesting accumulation of lipid droplets. The oytoteffects of the FAs were

suggested to be related to their ability to be incorporated into T/Ad®tifidet al, 2006).

Moreover, the variability in our data could be due to the heterogemature of EML
cells. It has been shown that EML cells can be separatedaatditferent populations based
on CD34 expression. Levels of stem cell factor receptor Jcekié similar in both these
populations but they differ in growth characteristics and response tarsadly eet al, 2005).
Another study demonstratedbaoad spectrum of Sca-1 expression in EML cells which was
suggested to be the cause of clonal subpopulations in theseMimisstrikingly, the cells at
the extremes of the spectrum differed in their differemtimafbotential (Changt al, 2008).
These studies indicate that EML cells are a heterogeneousapoputaving phenotypic cell-

to-cell variability.

Our preliminary results suggested that the down-regulation wf $inaling upon
exposure to omega-3 FAs may occur in the hematopoietic preagibdine EML and also
leukemic HL-60 cells. Unfortunately we could not reproduce thesmilts. This non-
reproducibility might be due to the fact that EML cells take account only cell autonomous

factors. The stem cell niche, which is an important gastem and progenitor cell biology, is
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not recapitulated in this model. Also, EML cells in cultare a heterogenous mixture of cells
with populations having different self renewal and differertrapotential. This heterogeneity

might have contributed to the variable responses seen in our studies.
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CHAPTER Five: Discussion and Conclusions

Hematopoiesis is maintained by a proper balance between selfakand multipotent
differentiation of the HSC. Acute myelogenous leukemia (AM&)characterized by the
blockage in the differentiation of HSC while self renewal amdliferation is preserved.
Understanding the mechanisms involved in hematopoietic differientiatll help in developing
therapies against various hematological disorders includinghaiak To address this question |
investigated: (1) the involvement of Hsp90 in the regulation of ¥ignaling in HSCs cell line,
(2) the effect of omega-3 and 6 fatty acids treatmentb®@Mnt signaling in HSC cell line, (3)

YB-1 expression and function in early hematopoiesis and leukemic cells.

(1) The involvement of Hsp90 in the regulation of Wit signaling in HSCs cell line

Hsp90acts as a molecular chaperone to ensure the proper foldingefaiding of
client proteins. Hsp90 clients are implicated in various sitpaaisduction pathwayand are
involved in the pathogenesis of cancer making it an attrattemspeutic target for cancer.
Previous studies inDrosophila demonstrated that inhibition of Hsp90 resulted in a
transdifferention event where the eye tissue became liralolikgrowth and was demonstrated
to occur through epigenetic mechamisms. This abnormal eye phenotype wasexbsothahe
upregulated expression of wingless (WgRmsophilahomolog of Wnt, in the eye imaginal
discs. This study indicates that Hsp90 plays a critical roietermining the proper direction
of normal stem cell differentiation and might have implicagiom haematopoesis. In addition,
this study is particularly relevant in stem and progenitdrizelogy aswnt signalingregulates
the hematopoietic stem cell maintenance and self renewal (Krgteal, 2006). Thus, the aim
of the part of my thesis was to determine whether Hsp90 irdnibitiould block the normal

HSC differentiation via up-regulating Wnt signaling.
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EML, a hematopoietic stem/progenitor cell line, was used msdel for my studies
(Tsaiet al, 1994). In chapter 3, our preliminary data showed the transient uptregwi\Wnt
signaling upon Hsp90 inhibition in EML cells. This was an importanilresince it was the
first evidence of this interaction in a mammalian system amfested the possibility of
phenotypic plasticity as seen in tirosophila model upon Hsp90 inhibition. Phenotypic
plasticity is the ability to adapt to an unfavorable enviromnaad this is particularly important
for evolution. Cancer cells show this plasticity, which provittemm the ability to survive
under adverse conditions. Therefore, this increased adaptaluilitd contribute to cancer

progression. However, we had reproducibility issues with these expésime

Two separate studies have demonstrated the heterogeneity Efitheell line. This
characteristic could be the reason behind the variabititypur data. The published study
separated EML cells into two separate populations based @tB4 expression. The CD34
population showed a growth response upon treatment with stem cetl (8€B) while the
CD34 cells did not grow in SCF but responded to IL-3 treatments Shift from the SCF
dependent growth to the requirement of IL-3 suggests an ddfdyentiation event in the
CD34 population. Moreover, CD34 cells were Sca™ while CD34 cells were Sca®
indicating that CD34 population possessed more stem cell characterigtiest al, 2005)
The second study reported the broad spectrum of Sca-1 expression ircddi§llthat was
correlated with changes in differentiation potential. It issfjde that these subpopulations
exhibit different responses upon Hsp90 inhibition (Chah@l, 2008). Therefore, we might
sort EML cells into different subpopulations based on the CD84Sza-1 expression and then
inhibit Hsp90 in the different populations. This will allow the gsa of the specific response

of Wnt signaling of each population upon Hsp90 inhibition.
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In our initial experiments, we saw a down-regulation of toteafénin levels in EML
cells after inhibiting Hsp90. Geldanamycin, a Hsp90 inhibitor, emdnglogs have cytotoxic
effects on normal cells (Alcazar and Cid., 2009; ¥¥al, 2010). Therefore, down-regulation
of total 3-catenin levels via geldanamycin treatment ofLEMIls might be toxic. Since the
effect of Hsp90 inhibition on Wnt signaling is based on the changesweloisin the 3-catenin
expression, the overall down-regulation of [-catenin expressian to toxic effects of

geldanamycin would adversely affect the interpretation of our data.

When we differentiated EML cells, active 3-catenin wdmsbited in RA and GMCSF
treated cells but the undifferentiated EML cells pretreatiéd Hsp90 inhibitor did not show
any effect on the active 3-catenin levels. There was mofisant difference in the level of

activel3-catenin in differentiated and undifferentiated EML cells upon Hsp90 irdribiti

It is possible that Hsp90 might not be involved in regulating Wighaling in the
mammalian hematopoietic system. In Br@sophilamodel, researchers reported that inhibition
of Hsp90 led to the up-regulation in Wg expression resulting inbaormal eye phenotype
(Sollarset al, 2003). However, later analysis of this finding suggested tiopiecadhesion of
hemocytes under the eye imaginal disc to be a possible cause fectopic outgrowth rather
than up-regulated Wg expression in the peripodial membrane. This mewtributed to the
fact that hemocytes are involved in tissue remodeling (Ratlah, 2003). Another possibility
is that the EML cell model takes into account only cell autonomousr$adthe Wnt axis might
not be completely modeled in this system since Wnt is reldem®dthe niche cells and taken
up by the stem cells. Further, the EML cell line has beewatefrom mouse bone marrow by
the transfection of a dominant negative retinoic acid tecephis blockage to hematopoietic

differentiation in the EML cells could be disrupting the normal Wagmaling process.

93



Thus, in this study we show the up-regulation of Wnt signalingML cells upon
Hsp90 inhibition. Unfortunately, this data was not reproducible. Oneilootmg factor to this
lack of reproducibility could be that EML cells are known teéhheterogenous populations.

Also, thisin vitro model does not recapitulate the effects of the stem chlkeni

In the future, the role of Hsp90 regulation of Wnt signaling @dd investigated in an
in vivo mouse model. For this study, mice could be treated with Hsp3itork such as
geldanamycin or 17-AAG and the effect of Hsp90 inhibition on normablb@poesis measured
by colony formation assays and various differentiation markdrsHsp90 inhibition
successfully blocks the normal hematopoietic differentiatiben the expression of active R3-
catenin in HSC or progenitor cell populations would be determined using flow dyyoifieus,
this study would determine the role of Hsp90 in regulating Wnhadiigg during HSC

differentiation.

(2) The effect of omega-3 and 6 fatty acids on Wnt signaling in a HSClldine

AML is characterized by problematic differentiation of HS@ile self-renewal and
proliferation are preserved. Wnt signaling controls HSE reslewal and is active in various
cancers including acute and chronic myeloid leukemia (W&ngl., 2010; Jamiesoet al,
2004). Omega-3 FAs have been reported to promote myeloid difféi@ntlay affecting
myeloid progenitor cell frequency (Dupugs al, 1997; Varneyet al, 2009). Also, omega-3
FAs have been demonstrated to induce differentiation in breastrq@anget al, 2000) and
inhibit Wnt signaling in other cancers (Liet al, 2008; Limet al, 2009). Therefore, this
section of my thesis research analysed the effect of orRégan Wnt signaling in the

hematopoietic system.
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In chapter 4, | showed that treatment of EML and HL-60 cellsesgmting HSC and
myeloid leukemic cells respectively, with omega-3 FAs letbtthe down-regulation of active
3-catenin. In the hematopoietic precursor cell line, EML we fdhatl high eicosapentanoic
acid (EPA) (omega-3) treated cells showed reduction in aBte@enin levels relative to high
arachidonic acid (AA) (omega-6) treated cells. Similaulteswere observed in the human
promyelocyte leukemia cell line, HL-60. These results wegting because they suggested
that omega-3 FA could have therapeutic potential in the tezdtaf leukemia by disrupting the

Wnt/B- catenin pathway.

Unfortunately, the data obtained in these initial experimentanaaseproducible. One
possibility that | cited earlier in discussing the Hsp90 s&I@8 the heterogeneous nature of the
EML cell culture. The presence of different subpopulations in.EEglls which differ in their
growth characteristics and differentiation potential could leagdariable resultgYe et al,

2005;Changet al, 2008).

In addition, a report has shown that omega-3 (EPA) or omega-6 (As\JrEatment of
EML cells do not seem to have a significant difference om therentiation profile (Varney
et al, 2011). In this study EML cells were differentiated into macrgphlganulocytic lineage
after exposure to omega-3 and omega-6 FAs. There was no effdeAadrEAA on the early
stem cell markers Sca-1 and CD117 upon differentiation of EMls,dilough there was a
small increase in F4/80 (macrophage marker) after AAtnrest. Further, there was no
difference in the viability or proliferation of cells tredtwith either EPA or AA. This suggests
that omega FAs does not have any effect on the proliferation aretedifation of early
differentiating EML cells. This could be the one of the reasemslid not observe any changes
in the Wnt signaling with omega FA treatment of thesks cil the same study, when effects of
omega FA were studied in an vivo mouse model it was found that omega FA treatment

affected later stages of differentiation and not the stelinstage. This suggests that to see the
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desired effects of omega-3 to omega-6 treatments in EMLtbesmight need to differentiate

for a longer duration.

Stem cell characteristics are known to be regulated vgralefactors which include
cell-cell interactions, growth factors, cytokines, and the phigsimical nature of the
environmentn vivo. These components may only be replicated to a fairly limitecheitean
in vitro cell model; therefore the EML model gives a limited idea as ta @ffects FAs havn
vivo. Thus, the potential effect of omega FAs on hematopoiesis redbhganvestigation of a

mouse model.

Omega FAs can be fed to the mice in the diet as corn (omewac@hola oil (omega-
3) and its effects on R-catenin accumulation in HSC and ndyglobgenitors could be
quantified by flow cytometry. In addition, to further determine éffects of FA treatment on
Wnt signaling in hematopoietic stem and progenitor cells, thelke can be sorted by flow
cytometry using specific cell surface markers and the sceksl cultured. Unphosphorylated
or active [3-catenin interacts with TCF/LEF transcriptiantdrs to activate the downstream
target genes (Mc Donalet al, 2006). Therefore, a reporter assay for the TCF/LEF can be
performed in these sorted HSC/progenitor cells as a measiurB-catenin mediated
transcriptional activation. Thus, this study would confirm ¢ffect of FA treatments on Wnt
signaling by functional activation of R-catenin in addition to #@scumulation in

HSC/Progenitor cells.

(3) YB-1 expression and function in early hematopoiesis and leukeoells

YB-1 promotes cell proliferation through transcriptional regatatof various genes
involved in cell division. It also enhances cell growth by promotioti cell cycle progression

and DNA replication (Kohnet al, 2003). In addition it induces the expression of genes such
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as MMP-2 which are associated with invasion and metastasin@€hal, 2002). Thus, YB-1
is implicated in cancer pathogenesis. YB-1 is reported tankelved in erythroid cell
development as it was shown to be highly expressed when erytlabidhaturation was
inhibited (Yokoyamaet al,, 2003a, b. Moreover,YB-1 expression was found to be higher in
the bone marrow samples of patients with MDS. Further, YB-1 ssjore was showed to be
higher specifically in the erythroid progenitors of MDS pasedtithough YB-1 is reported to
be involved in erythropoesis its role and regulation in normal hemasip@enot known. Thus
part of my thesis research was to investigate the roldumudion of YB-1 expression in the

early hematopoiesis.

YB-1 mRNA and protein expression was high in the hematopoietio sell line,
EML, but was down-regulated during myeloid differentiation. Siniéeults were observed in
a previous cDNA microarray study that analyzed changes in g@qmession during induced
myeloid differentiation of EML cells (Mat al, 2002). Moreover, we found YB-1 to be highly
expressed in the lineage-7R/c-kit'/Sca-1 (LKS, enriched fraction for HSC) and lineadtje-
7R/c-kit'/Sca-1 (myeloid progenitorsfompared tan vivo differentiated granulocytes. This
finding is consistent with a previous study where YB-1 is higiXgressed when erythroid cell
maturation was inhibited upon knockdown of GATA-1, an essentiabrfdot erythroid cell
development. (Yokoyamet al, 2003b). YB-1 plays a role in embryogenesis and its expression
level correlates with the cell proliferation state (eual, 2005). High levels of YB-1 are
present in human fetal tissues that represent more a dtestage of development, while YB-1
transcript is not detected or is expressed at very loal lavmany adult tissues (Spitkovsky
al., 1992). These findings are consistent with our data that YBHigisly expressed in
HSC/progenitor cells while down-regulated in differentiatinghgtacytes. Our results with a
more well-defined cell population further suggest that YB-4 &a&ole in maintaining the stem

cell state.
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We also found that YB-1 was highly expressed in various myelakeitaia cell lines,
supporting our hypothesis that YB-1 is involved in cancer progressibms finding is
consistent with a previous study which reported increased exprestiYB-1 in the bone
marrow of patients suffering from MDS (Lest al, 2001). MDS is considered to be the
preleukemic state characterized by the ineffective produafomature blood cells due to
increased proliferation and reduced differentiation of HSC. MDSahlaigh predisposition to
transform into acute myelogenous leukemia. Knockdown of GATA-tamscription factor
required for erythropoieis in mice, leads to inhibition of emwithrdifferentiation. YB-1 is
highly expressed in the GATA-1 knockdown mouse. The mechanism behintl ¥{B-
regulation after GATA-1 knockdown is not known. However, these mive haphenotype
similar to human MDS during early stages of life, and iarlatages of life they develop acute
leukemia (Yokoyamaet al, 2003 b). This suggests that YB-1 might be playing a role in the

development of MDS and leukemia.

To further investigate the biological effects of YB-1 expissn leukemia, we did
loss of function studies. For this we chose the high YB-1 expiges=ll line, K-562, and
knocked down YB-1 using specific shRNA. Knock down of YB-1 resulted iroath arrest
and induction of apoptosis in K562 cells. This effect was much more pronounced whemwe use
arsenic trioxide (AgD;). This compound has been shown to induce apoptosis in acute
promyelocytic cells (APL) and is being used a therapeutic aigetgukemia (Tanget al,
1997). AsO; treatment of K562 cells with YB-1 knockdown led to a statistycaignificant
reduction in cell proliferation. There was also a significantéase in the apoptotic population
of these cells. Down-regulation of YB-1 decreases cell Mwband induces apoptosis in
multiple myeloma and melanoma cells (Schittek al., 2007; Chatterjeest al, 2008).
Knockdown of YB-1 in the multi drug resistant K562/A02 cell limewed similar results and

is consistent with our data (>at al, 2009).
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Moreover, we found that treatment of .85 in K562 cells with down-regulation of
YB-1 resulted in their differentiation toward the megakaryaciheage (Figure 5.1). Since
impaired differentiation is the hallmark of myeloid leukemiais tfinding has a significant
impact on our understanding of myeloid differentiation and might beoiteglfor therapy.
As,O; exerts double effects on acute promyelocytic cells suclncagtion of apoptosis and
partial differentiation (Tangt al, 1997). We observed changes in the cellular morphology of
the YB-1 knockdown cells treated with &%. Subsequently, we determined the expression of
CD41a megakaryocytic/platelet marker. We found significgmtegulation of CD41a in YB-1
depleted K562 cells treated with A5. To confirm this data, we did ploidy analysis which
showed an increase in polyploidy in the,®g treated K562 cells containing reduced YB-1
levels. There was a significant increase in CD41l1a in uetlel562 cells when YB-1 was
reduced but we did not observe any significant change imme{bhology. This indicates that

down-regulation of YB-1 expression could initiate the differentiationgsec

In chapter 2, we show for the first time the expression oflYiB the hematopoietic
stem/progenitor cells and its down-regulation during myeloid @iffigation. Further, abnormal
YB-1 expression in leukemic cells contributes to leukemic properties by enpamati survival

and inhibiting cell differentiation (Figure 5.1).

We studied the expression and function of YBrYitro usingleukemia cell lines. Our
findings can be further verified by measuring YB-1 levels iriepatsamples from acute and
chronic myelogenous leukemia. This will help in translating ondifigs into humans and

determine whether YB-1 might be a useful prognostic marker in leukemia

An important experiment to study the mechanism for the down-rémulaf YB-1
during myeloid differentiation would be knocking down YB-1 in EMells. It would be
interesting to see whether knockdown of YB-1 induces spontaneousuliff¢ion in EML

cells as seen in K562 leukemic cells. If EML cells défgtiate it will further corroborate that
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YB-1 plays role in early stage of hematopoietic diffesitn at an early stage. It might be
possible that EML cells need a stimulant such as IL-3 foemifftiation, which would imply

that YB-1 acts at a later stage of differentiation.

To investigate the potential effects of YB-1 gene knockdown in K562 celieaayray

study could be beneficial. This assay will help in finding the prgdtirget genes for YB-1.

The PI3K/Akt signaling pathway plays an important role in thelifiration,
differentiation and survival of hematopoietic cells. Constitutitévation of PISK/Akt has been
demonstrated in AML patients and is associated with poor prag(idsi et al, 2003; Kubota
et al, 2004). Akt has been shown to phosphorylate YB-1 leading to its nud@afocation
and activation in breast cancer. Inhibition of the PI3K/Akt pathwappresses nuclear
translocation of YB-1 in breast and ovarian cancer (Suthedaatl 2005; Basket al, 2006).
Since there are no direct inhibitors available for YB-1loaa inhibit it indirectly by using Akt
inhibitors in AML cell lines. Further, we could test whethieese Akt inhibitors can reduce

YB-1 expression in a CML mouse model.

Wnt and Notch pathways play an important role in promoting selfwanén
hematopoietic stem and progenitor cells (Reyal, 2003; Duncaret al, 2005). Examining
whether YB-1 is involved in the regulation of Wnt and Notch pathvilaythe hematopoietic
system would be of great interest. A recent study in breasecaeported several members of
Wnt and Notch signaling pathways to be the targets of YB-1h&wyrc-Kit, which is a receptor
expressed on the surface of HSC, was also identified a% téBget (Finkbeineet al, 2009).
Mutations in the c-kit gene have been documented in AML and sa@ciated with a poor
prognosis (Beghingt al, 2004). Thus, Wnt and Notch pathway elements and c-kit could be the
putative targets of YB-1 in the HSC/progenitor cells and in leukemia. @uiopis two projects
focused on the regulation of Wnt signaling in the hematopoietieraybyy Hsp90 and omega

FAs. If Wnt signaling elements are targets of YB-1 itl We interesting to determine the
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association of YB-1 with Hsp90 or omega FAs.

In summary, my overall goal for these studies was to mter potential genes
involved in the regulation of hematopoietic differentiation. Ting study initially suggested
Hsp90 might be involved in regulating Wnt signaling in the hemattiposystem. Our
preliminary data showed the transient activation of the caaniént pathway in a
hematopoietic precursor cell line EML after the inhibition of Hsg®@: second study initially
indicated that omega-3 FAs might affect Wnt signaling in lieenatopoietic system and
leukemic cells. These results had great potential inasang our understanding of how Hsp90
and omega FAs regulate Wnt signaling in the hematopoieticnsy&iefortunately, further
progress in both of these studies was marred by the vasiabilirepeated experiments.
However in our third study we have identified YB-1 as a nraikeleukemia and that is
responsible for HSC maintenance, making it an attractivekeetic target. We show high YB-
1 expression in the hematopoietic stem cell line EML, as vgelhahe HSC and myeloid
progenitors from mouse bone marrow. We found down-regulation of YB-1 ssipneduring
myeloid differentiation in EML cells. Abnormal YB-1 expressioasmbserved in myeloid
leukemic cell lines. In addition, increased expression of YB-1ukemic cells contributes to
the leukemic cell properties by stimulating proliferation, promotely survival and blocking
differentiation. Since inhibition of YB-1 in leukemic cellsncanduce differentiation it is an

attractive target for the development of new therapies for lelakem
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Figure 5.1 Model for the expression and function of YB-1 in ormal and leukemic cells.
Hematopoietic stem cells (HSCs) have the ability td ssiew and give rise to common
myeloid progenitors (CMPs). CMP further differentiatesptoduce mature myeloid cells.
Blockage in the terminal differentiation of HSCs and CMBs msult in myeloid leukemia.
YB-1 is highly expressed in the HSCs and early myeloid progenitelative to the
differentiated myeloid cells. Knockdown of YB-1 expression followedrbgtment of arsenic
trioxide (As0O;) in K562 cells resulted in their differentiation toward thegakaryocytic
lineage. Thus, increased expression of YB-1 contributes toetlieric cell properties by
promoting cell survival and inhibition of differentiation.
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