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RIASSUNTO

Le cellule staminali sono una popolazione celluleme la particolare capacita di moltiplicarsi
indefinitamente autorinnovandosi e di differenzianscellule mature di qualsiasi altro tessuto
attraverso il processo di differenziazione. In jgatare I'utilizzo delle cellule staminali adulte
costituisce una promettente applicazione nel cadglla medicina rigenerativa, la riparazione
dei tessuti e la terapia genica. Le cellule stainawulte da midollo osseo (BMCs) comprendono
due popolazioni cellulari: le cellule staminali d@opoietiche (HSCs), dalle quali originano tutte
le cellule mature del sangue, e le cellule stamimaésenchimali (MSCs) che possono
differenziare in osteoblasti, condrociti, adipqcitiiociti, tenociti e cellule stromali di supporto
per lI'ematopoiesi. In condizioni normali l'autoriwvamento della popolazione staminale e
strettamente regolato sia da segnali estrinsecinthiaseci ed un'alterazione di questo equilibrio
puo portare all'instaurarsi di un cancro.

In questa tesi abbiamo analizzato due differeqtetisdelle cellule staminali: le cellule staminali
che danno origine a leucemia nella leucemia miela@duta (AML) e I'utilizzo delle cellule
staminali nella medicina rigenerativa.

Nella prima parte del lavoro abbiamo approfonditméccanismo molecolare dell' AML-ETO,
risultato della traslocazione genica t(8:21) chenei associata alla trasformazione leucemica. La
leucemia mieloide acuta (AML) é definita come uappo eterogeneo di disordini clonali causati
dalla trasformazione maligna di cellule stamingtirogenitori staminali di derivazione midollare,
che mostrano un aumento della capacita prolifexativsi come un differenziamento aberrante
che porta ad una insufficienza ematopoietica (gemgpio: granulocitopenia, trombocitopenia o
anemia). Questi tipi di leucemia sembrano essenisultato dell'acquisizione di riarrangiamenti
cromosomici e mutazioni geniche multiple da parkedcellule ematopoietiche multipotenti o di
progenitori cellulari piu differenziati e indiriztiaverso una linea cellulare specifica, che risudta
cosi trasformati in cellule staminali leucemicheetiule inizianti la leucemia, che mantengono la
capacita di autorinnovamento. L' AML e solitamertensiderata una malattia delle cellule
staminali e comunemente presenta alterazioni Bieello genetico che epigenetico. L' AML € la
forma piu comune di leucemia acuta che colpisceasyito la popolazione adulta e la sua
incidenza aumenta con I'eta. Gli attuali approe@peutici hanno come target le cellule staminali

leucemiche e la popolazione leucemica per intetayuihdi di cruciale importanza riuscire a



determinare e caratterizzare I'esatto meccanismtecwiare coinvolto nella trasformazione
leucemica per lo sviluppo di nuovi bersagli teraeul pazienti affetti da AML che manifestano
la traslocazione t(8:21) hanno una prognosi intéiene l'identificazione di ampi eventi genici in
guesto subset delle AML é clinicamente rilevantejiranto potrebbe portare alla comprensione
dei meccanismi molecolari della progressione debdattia.

A questo scopo sono stati analizzati i patterredaime al DNA di AML1-ETO nelle cellule di
linea AML e nei blasti di AML. Abbiamo dimostrathhe AML1-ETO lega preferenzialmente le
regioni che contengono le sequenze di consenso RUMNML1 e ETS e che i siti di legame di
AML1-ETO si sovrappongono invariabilmente a qudilHEB e parzialmente a quelli di CBF
RUNX1/AML1 cosi come accade per i fattori ETS, q&RG e FLI1. Le successive analisi sulle
cellule t(8;21) e t(15;17) (un'altra traslocazioassociata con I' AML) hanno evidenziato il
legame di fattori ETS specifici per questi tipila&dri e il legame preferenziale di AML1-ETO ai
siti di legame per i fattori ETS specifici peripd cellulare. Inoltre & stato anche scoperto the i
legame di un fattore ETS, ERG, correla con un degtiaacetilazione istonica "attiva".

Presi insieme questi risultati suggeriscono cheattofi ETS demarcano i siti regolatori
ematopoietici che forniscono un target per la r@gohe epigenetica (aberrante) da parte delle
proteine di oncofusione.

Nella seconda parte di questa tesi e stata telstgtassibilita di ottenerén vitro un esofago
ingegnerizzato composto da matrice acellulare gsafe cellule staminali mesenchimali (MSCs)
che potesse essere impiantatgivo.

Le cellule staminali mesenchimali (MSCs) nei verégibsono precursori multipotenti di molte
linee cellulari di origine mesodermica e vengonerite per la maggior parte dal midollo osseo.
Alcune caratteristiche delle MSCs, inclusa la cépati migrare verso i siti di infiammazione, la
facilita di trasduzione e la perdita di immunogéaicsuggeriscono che queste cellule possano
essere potenzialmente utilizzabili nella medicingemerativa. | probabili usi terapeutici
includono la possibilita di rigenerare un tessuBmrieggiato, agendo come veicolo per il
trasporto di transgeni terapeutici, di supportdte #pi cellulari per il riparo tessutale, e di
modulare la reazione immunitaria dell'ospite nenfoanti delle cellule o dei tessuti co-

trapiantati. L'uso delle MSCs permette di evitaggrablemi di natura etica e morale associati



all'utilizzo delle cellule staminali di origine embnale; inoltre le MSCs hanno gia dimostrato la
loro efficacia in studi preliminari che prevedevdadoro applicazione in ingegneria tessutale.

I materiali artificiali e i tessuti autologhi utilzati per la ricostruzione dell'esofago spesso
comportano complicazioni come stenosi e rotturdimianto nei follow-up a lungo termine.
Nel presente studio e stata valutata lI'adesiorle #$Cs ad una matrice acellulare di esofago
per la costruzione di un tessuto esofageo ingegradd. Le MSCs sono state isolate da midollo
osseo di coniglio, caratterizzate, espansgtro e seminate su una matrice esofagea di coniglio.
Le matrici acellulari ottenute attraverso un metatkiergente-enzimatico non presentavano
marker per il complesso maggiore di istocompatanilinoltre supportavano I'adesione cellulare e
in non piu di 24 ore dalla semina lo scaffold apmacompletamente coperto dalle MSCs sia in
condizione statica che in bioreattore.

Complessivamente questi risultati suggerisconoidhssuti ingegnerizzati composti da matrice
acellulare omologa e MSCs autologhe possono rappt@® un promettente approccio per il

riparo di danni all'esofago.



SUMMARY

Stem Cells are rare cells with the crucial abild@yself-renew and to generate mature cells of any
tissue through differentiation. Adult stem cellsichgreat promise for regenerative medicine,
tissue repair, and gene therapy. Adult bone mawrells (BMCs) include two populations of
bone marrow stem cells (BMCs): hematopoietic stetts §(HSCs), which give rise to all mature
lineages of blood, and mesenchymal stem cells (NMiIS@sch can differentiate into osteoblasts,
chondrocytes, adipocytes, myocytes, tenocytes, l@matopoiesis supporting stromal cells.
Under normal condition these stem cells are tightlgulated by both intrinsic and extrinsic
signals and malfunctioning in this balance can Itéswcancer. In this thesis we focused on two
different aspects of stem cells: the leukemia gtetiating cells in acute myeloid leukemia
(AML) and the usage of stem cells in regeneratieglitine.

In the first part we focused on the molecular medra of AML-ETO, a results from the t(8:21)
translocation which has been associated with leuké&@ansformation. Acute myeloid leukaemia
(AML) is defined as a heterogeneous group of clodaorders caused by malignant
transformation of a bone marrow-derived self-remgwistem or progenitor cell, which
demonstrates an enhanced proliferation as well lasrrant differentiation resulting in
haematopoietic insufficiency (i.e. granulocytopentarombocytopenia or anaemia). These
leukaemias are suggested to result from the atiguisof chromosomal rearrangements and
multiple gene mutations in either a hematopoietigltimotent cell or a more differentiated,
lineage-restricted progenitor cell that is transfed in a so-called leukaemic stem or initiating
cell, which keeps the ability to self-renewal. ANK. generally regarded as a stem cell disease
and is commonly altered both at the epigenetic e as the genetic level. AML is the most
common acute leukemia affecting adults, and itgdamce increases with age. Therapies based
on the current knowledge target the bulk leukenaipypation and spare the leukemic stem cells.
It is therefore critical to determine and chardetethe exact molecular mechanism involved in
leukemic transformation for the development of notteerapeutic targets. AML patients
harboring the t(8:21) translocation has intermedi@ognosis and the identification of genome
wide events in this subset of AML is clinically eghnt and would lead to the understanding of
molecular mechanism of disease progression.



To this end we analyzed the DNA binding patternAML1-ETO in AML cell lines and in
primary AML blasts. We demonstrate that AML1-ETCefarentially binds regions that contain
RUNX1/AML1 and ETS core consensus sequences andthiea AML1-ETO binding sites
invariably consist of HEB and partially CBFRUNX1/AML1 as well as of ETS factors such as
ERG and FLI1. Subsequent analysis in t(8;21) arib;1() (another AML associated
translocation) cells revealed cell type specificSEfactor binding and preferential AML1-ETO
binding to the cell type specific ETS factor binglisites. In addition, we uncovered that binding
of the ETS factor ERG correlates with the *actilisstone acetylation mark.

Together our results suggest that ETS factors dmaterhematopoietic regulatory sites that
provide a target for (aberrant) epigenetic regafaby oncofusion proteins.

In the second part we attempted to evaluate thsilpbty to obtain in vitro an implantable
tissue-engineered esophagus composed of acellsbgphageal matrix and Mesenchymal stem
cells (MSCs).

Mesenchymal Stem Cells (MSCs) are multipotent pas to many mesodermal cell lineages
in vertebrate animals and are most often obtairmd bone marrow. Certain attributes of MSCs,
including migration toward sites of inflammationase of transduction, and lack of
immunogenicity, suggest these cells may be potgntiaeful for regenerative medicine. Putative
therapeutic uses include regeneration of damagesuidj acting as a vessel for delivering a
therapeutic transgene, support of other cell typedissue repair, and modulating the immune
reaction to co-transplanted cells or tissues. Tée af MSCs in tissue engineering approaches
avoids the moral and technical issues associatéttiae use of those from embryonic source and
MSCs have already demonstrated their efficacy @tinpinary tissue engineering application.
Artificial materials and autologous tissues used ésophageal reconstruction often induce
complications like stenosis and leakage at longrtiedlow-up. In the present study we attempted
to evaluate the adhesion of MSCs on acellular emggdd matrix for esophagus tissue
engineering. MSCs were isolated from rabbit bonerowg characterized, expanded in vitro, and
seeded onto rabbit acellular esophageal matrix.

Acellular matrices obtained by detergent-enzymatiethod did not present any major

histocompatibility complex marker. Moreover, theypported cell adhesion, and in as much as



just after 24 h from seeding, the scaffold appeamdpletely covered by MSCs in static as well
as in bioreactor.
Collectively, these results suggest that patchesposed of homologous esophageal acellular

matrix and autologous MSCs may represent a proguiggsue engineering approach for the
repair of esophageal injuries.



PART I: Role of oncofusion proteins AML-ETO in Acute Myeloid Leukemia (AML).
CHAPTER 1 INTRODUCTION

E-twenty-six (ETS) specific transcription facton®e a family of more than 20 helix-loop-helix
domain transcription factors that have been impidan a myriad of cellular processes, amongst
which hematopoiesis (Sharrocks et al., 1997). Tabmiark ETS factor protein involved in
hematopoietic development is SPI1 (PU.1), whiclivate#s gene expression during myeloid and
B-lymphoid cell development. Other ETS factors e the two closely related proteins ERG
and FLI1, which both play crucial roles in hematepio development (Kruse et al., 2009; Taoudi
et al., 2011) and multiple forms of cancer (Martettsl1; Lessick and Ladanyi, 2011).

1.1 Hematopoiesis and hematopoietic stem cells

Hematopoiesis is the formation and developmentlobd cells. This is a continuous process
throughout life where millions of blood cells areoguced each hour which ensures the daily
production of the over a thousand billion (1 ¥4 ®lood cells needed for the survival of an adult
(Ogawa, 1993). In cases of stress, such as bleedimgfection, the production increases even
further to maintain homeostasis and can there gpemsate stress (Kaushansky, 2006). The
blood consists of a mixture of many different cglpes as well as blood plasma -a liquid
containing nutrients, proteins and growth factdiise blood cells are generally divided into red
and white blood cells. The red blood cells (erytiytes) have the important function of oxygen
delivery from the lungs to all parts of the bodyheTwhite blood cells, myeloid or lymphoid,
comprise the cellular part of the immune systenmhwiite function to fight infectious or other
harmful agents, but also to clear dead cells frbenliody. Blood platelets (thrombocytes) are
formed from megakaryocytes and are crucial in préag bleedings from damaged blood
vessels. Most mature cells in the blood systenreledively short lived. Apart from some types
of lymphocytes, like memory B-cells which can suevfor years, most blood cells have a life-
span ranging from a few days to a few months. Thege progenitors are required to
continuously fill up all the mature cell populat®rirhe general progenitor is the hematopoietic
stem cell (HSC).



HSCs are rare cells present in the bone marrow (BMEh are defined by their ability to self-
renew as well as giving rise to differentiated edf all blood lineages. These highly self
renewing HSCs which are also termed long-term refating HSCs (LT-HSCs) are at the top of
the hierarchy in the stem cell model of the hemaitetr system and are defined by their ability
to provide life-long hematopoiesis in the host. HECs give rise to progeny cells that
sequentially lose self-renewal capacity while gagnihe capacity to proliferate extensively.
Short-term HSCs (ST-HSC) have limited self-renewapacity but are still multipotent. The
MPP, or multipotential progenitor, is a cell dowesim of the LT and ST-HSCs that has the
same multilineage differentiation capacity, butnist defined as a stem cell as it lacks self-
renewal ability (Morrison et al., 1997; Weissma@0@). Up to this point all cells have the ability
to differentiate to all mature lineages. From hame progenitors become stepwise more restricted
towards a specific lineage in the hematopoieti¢tesys(Figure 1). Mixed populations consisting
of both HSCs and progenitor populations can benmedeto as hematopoietic stem and progenitor
cells (HSPC). The next step in differentiation ilwes a lineage choice and a restriction in
potential as, according to the commonly acceptedsatal model of hematopoiesis, either a
common myeloid progenitor (CMP) or a common lymphmiogenitor (CLP) is formed.

The CMP can give rise to two oligopotential cepag, the megakaryocytic/erythroid (MEP) and
granulocyte/monocyte (GMP) progenitors, each retgirthe ability to differentiate to platelets
and red cells, or granulocytes, macrophages, andritie cells, respectively (Akashi et al., 1999;
Akashi et al., 2000). The lymphoid branch of thenh&poietic tree arises at the level of the
CLP, which has the potential to form B, T, natidler (NK), and dendritic (DC) lymphoid cells
(Kondo et al., 1997). However, this model has bebkallenged, and it is now thought that
megakaryocytic/erythroid progenitors deviate alyeatithe level of ST-HSCs while a lymphoid
primed multipotent progenitor (LMPP) gives risdymphoid and myeloid cells.

Normal hematopoietic development is critically degent on a tightly regulated balance between
HSCs self renewal and differentiation. Studies ssgghat the decision of these HSCs to
differentiate or self-renew is regulated by bothrinsic and extrinsic signals (O'Reilly et al.,
1997; Van Den Berg et al., 1998; Bhardwaj et @02 Antonchuk et al.,, 2002; Reya and
Clevers, 2005). The balance between these mechsandetermines whether cells remain
quiescent, proliferate, differentiate, self-renew, undergo apoptosis (Domen and Wessman,
1999; Domen et al., 2000; Orkin and Zon, 2002ndnmmal conditions, the majority of HSCs are



qguiescent and mainly the more committed progenaocesproliferating and produce mature blood
cells (Hao et al., 1996). Malfunctioning in thisldriace can result in leukemia or other

hematological malignancies (Warner et al., 2004).

Haematopoietic stem cell
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Figure 1. The hematopoietic hierarchy. Schematic drawinghef hematopoietic tree showing
involved cell types and their hierarchical relaships The hematopoietic hierarchy consists of
the hematopoietic stem cells (HSC), the multipotgnbgenitors (MPPs) and the more
downstream progenitors, the common myeloid ancctimemon lymphoid progenitor (CMP and
CLP, respectively). Collectively, these give rige dll the mature cells of the hematopoietic
lineage (adapted from Reya et al., 2001).



1.2 Cancer stem cells

A marked functional heterogeneity is observed amtmgor cells with regards to proliferative
potential and tumorigenicity. It has been consityedemonstrated that only a small subset of
cells within the bulk cancerous population in salichors has tumor initiating ability (Buick and
Pollak, 1984; Mackillop et al., 1983) as well absiantial proliferative potential (Mendelsohn,
1962; Wantzin and Killmann, 1977). This heteroggn@an be explained by two different
models. One model, termed the stochastic modephoses that every cell within a blast cell
population possesses an equal but low probabifityeang able to initiate the tumor by entering
the cell cycle (Till et al., 1964). This model asgs that a cell capable of extensive proliferation,
necessary to initiate and sustain tumor growthimaltely undergoes many more divisions than a
cell lacking this ability. Therefore, the majority cells are unable to regrow the tumor because
the cumulative probability of undergoing the reqdinumber of cell divisions is very low (Reya
et al., 2001). The other model, the hierarchicatlei, proposes that not all cells within the tumor
are malignant but only a defined subset of thesplastic cells can give rise to the bulk tumor.
The hierarchical model is also called the canaanstell (CSC) model because the group of cells
responsible for this maintenance of the tumor ham<cell-like characteristics (Schwarz and
Melendez, 2011; Lane et al., 2009; Bonnet and Di&97) (Figure 2). Increasing evidences
support the CSC hypothesis and the overlap bet@&=sand CSCs has been found to be very
close (Reya et al., 2001). Normal SCs have thetylbd proliferate life-long, are immortal and
are mostly resistant to drugs by multiple mechagsis®Cs can divide asymmetrically and
produce two cells: a daughter SC and a progenidr tbat can differentiate into different
lineages but cannot self-renew. SCs have specifickens and are able to differentiate into
certain tissues and cells due to the microenvirariraed other factors. CSCs are quite similar to
these criteria. CSCs have the ability to proliferand self-renew and are heterogeneous. The
CSC develops along the differentiation path simiar normal SCs and finally the tumor
comprises of tumor initiating cells (CSCs) and bluiadant non-tumor initiating cells. CSCs
express specific markers, often also found on $@sraportantly CSCs are often more resistant
to drugs then the bulk of the tumor (Reya et &Q12 Soltysova et al., 2005; McCulloch and Till,
2005). Other evidences for the existence of CS@® d&romin vitro andin vivo experiments.

When myeloma cells were extracted from mouse ascseparated from normal hematopoietic
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cells and used in clonal colony-formation assapy @-10,000 to 1-100 cells were able to form
colonies (Park et al., 1971). When leukemic celiseantransplanted in mice assays, only 1-4% of
cells could form spleen colonies (Reya et al., 2@xdltysova et al., 2005; McCulloch and Till,
2005; Park et al., 1971; Bergsagel and Valeridd®8). Thisin vivo assay suggests two possible
causes explaining the small percentages of ceilitsifig colonies. Either these 1-4% cells are the
only cells that have clonogenic capacity, or thebpbility of proliferation was low and these
cells were the only cells that did proliferate wehih theory all cells could have proliferated.
Bonnet et al. proves that the first possibilityhe most plausible one by showing that cells with
the CD34+/CD38- phenotype are the cells that ale tbproliferate and initiate leukemia. This

population of cells represent 0.2% of the humakdeuia population (Bonnet and Dick, 1997).

i OT“@ i .T*@
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Tumour cells are Tumour cells are heterogeneous
heterogenecus, but most and only the cancer stem cell

cells can proliferate subset (C5C; yellow) has the ability
extensively and form to proliferate extensively and

new tumours form new tumours

Figure 2. Two models of cancer development. Two general msodk heterogeneity in solid
cancer cellsa, Cancer cells of many different phenotypes hawe pbtential to proliferate
extensively, but any one cell would have a low pimlity of exhibiting this potential in an assay
of clonogenicity or tumorigenicityp, Most cancer cells have only limited proliferatpetential,

but a subset of cancer cells consistently prolieeextensively in clonogenic assays and can form
new tumours on transplantation. The model showln predicts that a distinct subset of cells is
enriched for the ability to form new tumours, wresenost cells are depleted of this ability.
Existing therapeutic approaches have been basgelyasn the model shown in a, but the failure
of these therapies to cure most solid cancers stgygieat the model shown in b may be more
accurate (adapted from Reya et al., 2001).
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Thus, cancer stem cells are defined as the spedfigopulation inside a tumor which has the
capacity for self-renewal, the potential to deveiafe any cell in the overall tumor population,

and the proliferative ability to drive continuedpaxsion of the population of malignant cells.

(Zou, 2007). A study from 1964 has shown that cacedls develop more or less according to
normal development where it has shown that singtatécarcinoma cells can develop into
different types of tissues and differentiate intmorigenic and nontumorigenic cells (Kleinsmith

and Pierce, 1964). Another study has shown thatezacells are derived from the differentiation

of malignant initiating cells, later to be calle&Cs, in order to develop a tumor (Pierce and
Wallace, 1971). Several studies have demonstragdiie CSC hypothesis holds true in human
tumors (Al-Hajj et al., 2003; Passegue et al., 2(&iAgh et al., 2003). It is not known whether
CSCs really arise from SCs, however it is posdiliée¢ deregulation of the normal SCs give rise
to the development of cancer (Zou et al, 2007). dumenesis starts either with transformation of
a multipotent SC which leads to uncontrolled seffewal or transformation of a more

downstream progenitor cell leading to acquired-sstewal of a cell that did not have self

renewal capacity (Wang and Dick, 2005).

1.3 Acute myeloid leukemia

Acute myeloid leukaemia (AML) is defined as a hetgmeous group of clonal disorders caused
by malignant transformation of a bone marrow-detigelf-renewing stem or progenitor cell,
which demonstrates an enhanced proliferation a$ agelaberrant differentiation resulting in
haematopoietic insufficiency (i.e. granulocytoperttrombocytopenia or anaemia) (Estey and
Dohner, 2006). These leukaemias are suggestedsitt feom the acquisition of chromosomal
rearrangements and multiple gene mutations in regleematopoietic multipotent cell or a more
differentiated, lineage-restricted progenitor ciht is transformed in a so-called leukaemic stem
cell, which keeps the ability to self-renewal. ANK_generally regarded as a stem cell disease.
AML is the most common acute leukemia affectinglegland its incidence increases with age.
AML accounts for 15 to 20 percent of acute leukaemi children and 80 percent of acute
leukaemia in adults, and it is slightly more commimales (Espey et al., 2007; Garcia et al.,
2007; Jemal et al., 2008). In adults, the median atgpresentation is about 70 years, with three

men affected for every two women (Estey et al.,&0With approximately 1% of cancer deaths
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worldwide AML is a relatively rare disease. Stills incidence is expected to increase as the
population ages. The early signs of AML includeegieweakness and fatigue, loss of weight and
appetite, and aches and pains in the bones osjdther signs of AML include tiny red spots in
the skin, easy bruising and bleeding, frequent minfections, and poor healing of minor cuts.
As an acute leukemia, AML progresses rapidly angypgcally fatal within weeks or months if
left untreated. However, acute myeloid leukemia potentially curable disease, although only a

minority of patients are cured with current theespi

1.3.1 Leukemia stem cells

It is likely that leukemia arises through the asifion of defects in the HSCs. The concept of
tumorigenic LSCs has emerged from findings thaty amlsmall subset of leukemic cells is
capable of extensive proliferation vitro andin vivo. By using non-obese diabetic mice with
severe combined immunodeficiency disease (NOD/S@i€e) it was shown that cells that are
able to initiate leukemia (the SCID leukemia-irtitig cells or SL-ICs) have the ability to
proliferate, self-renew, and differentiate via asyetrical division. The cells identified by Bonnet
as the leukemia initiating cells reside in the CBGD38- immunophenotypic compartment
(Bonnet and Dick., 1997). Further, it was demonsttahat the malignant clone is hierarchically
organized similar to the normal hematopoietic systehere the CD34+/CD38- cells are higher
in the hierarchy than the CD34+/CD38+ cells. Thegérency of the tumor initiating cells was
approximately 1 per million AML blasts, establisgithat very few AML cells had LSC capacity.
A similar role for the CD34+CD38- compartment iukemogenesis was suggested for ALL,
chronic myeloid leukemia (CML) and the myelodysptasyndrome (MDS) (Cabaleda et al.,
2000; Holyoake et al., 2001; Nilsson et al., 2002).

However, the view that LSCs reside selectivelyha €D34+/CD38- population was recently
challenged (Tussing et al., 2008). It was demotesirahat anti-CD38 antibodies have an
inhibitory effect on engraftment of cord blood (C&llls as well as on CD38+ AML cells. When
this inhibitory effect is blocked, the CD34+/CD38raction can engraft from certain AML
samples, although future studies will be neededaia further insight into the LSC frequency
within the CD34+/CD38+ population. Furthermorewds recently suggested that in AMLs with
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the NPM mutation, the CD34- compartment might aleatain LSC activity (Wierenga et al.,
2006).

These studies stress that leukemia initiating foanmsation and progression associated genetic
events occur at the level of these primitive CD&DB38- cells. This parallels the hierarchy in
normal BM in which a rare population of CD34+/CD3&lls have stem cell characteristics
(Larochelle et al., 1996), supporting the hypothiébat malignant transformation take place in
normal HSC (Figure 3). However, there is still ertainty whether the transformation to LSC
occurs in the normal stem cell or the normal pritgercell. Recent studies in mice models have
shown that AML specific oncoproteins can transfdrath committed progenitors and HSC into
LSC (Cozzio et al., 2003; Huntly et al., 2004; Ksov et al., 2006; Deshpande et al., 2006). It
has been demonstrated that occurrence of a mutatitme HSC is not strictly necessary, i.e.
mutation of more committed progenitors may alssWiicient to transform into LSCs (Lavau et
al., 2000). Mutations may confer self-renewal prtpe to progenitors that are normally
qguiescent and lead to second mutations and a sudrsejansformed phenotype. Taken together,
cumulative data suggests that LSCs may arise frartations occurring in either the HSC or
committed progenitor compartments, at least in naurnodels of disease (Deshpande et al.,
2006; Lavau et al., 2000).
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Figure 3. Acute myelogenous leukaemia forms a stem-cell ahodyy.
hematopoiesis a CD34+/CD38- hematopoietic stem @dibC) gives rise to the SCID

repopulating cell (SRC) which is capable of seffewal and the production of all form of mature
blood cells through the subsequent differentiatidn multipotential progenitors and committed
CD34+/CD38- hematopoietic progenitors. In AML leake transformation of the HSC leads to
the occurrence of a SCID leukemia initiating c&8L{IC) that is capable of self-renewal and
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produces both the clonogenic blast cells that forenbulk of the tumor, similar to the hierarchy
in normal bone marrow (adapted from Bonnet and Di€i©97).

1.3.2 Classification of AML

The clinical signs and symptoms of AML are divees®d nonspecific, but they are usually

directly caused by leukaemic infiltration of thengomarrow, with resultant cytopenia (Descheler
and Lubbert, 2006). AML is considered to be a logeneous group of disorders with variable

underlying abnormalities and clinical behaviourglimding responses to treatment. Therefore,

classification of the disease is important and s#velassification systems exist to subdivide

AML.
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The most commonly used method of classificatiodeigeloped by the French-American-British
(FAB) group that used the morphologic variabilitydacytochemical criteria to determine degree
of commitment and differentiation of the cell ligea Acute myeloid leukemia has been divided
into 8 subtypes, MO through to M7 under the FABefttah-American-British) classification
system, based on the type of cell from which thekdenia developed and degree of maturity
(Kuriyama, 2003). Although the FAB classificatioa useful in identifying certain biologic
subtypes, it does not include all subtypes (Tablel)

Recurring, non-random cytogenetic abnormalitiescan@mon in haematological malignancies,
and their recognition has paved the way for thatifleation and therapeutic exploitation of the
clonal molecular lesions that are uniquely assediatvith specific subtypes of AML.
Appreciation of the prognostic importance of thesgogenetic and molecular genetic
abnormalities has provided the major thrust for tmaergence of new genetically based
leukaemia classifications. In this way, and to ¢léent that the molecular pathogenesis of AML
has been clarified, patients are characterizednieyad a series of recurring genetic abnormalities
with prognostic implications (Grimwade et al., 1998ahin et al. 2007). Therefore, a new
classification of leukaemia combining morphologwtochemistry, molecular genetics, and
clinical features was proposed by the World He&higanization (WHO) (Harris et al., 1999;
WHO, 2008) shown in Table 2.
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FAB Common name and % | Associated Genes involved
subtype | of case translocations and
rearrangements
MO Acute myeloblastic t(9,22)(g34,911), ABL, BCR,
leukemia with Del(5q), EGR1,IRF1,CSF1,
minimal del(7q), CDK6
differentiation (3%) +8, +13,
t(12;13)(p13;914) ETV6, TTL
M1 Acute myeloblastic +6 (or trisomy 6),
leukemia without +4
maturation (15-20%)
M2 Acute myeloblastic +4
leukemia with t(8;21)(g22;922), AML1, ETO,
maturation (25-30%) t(6;9)(p23;934) DEK, CAN(NUP214)
t(7;11)(p15;p15) HOXA9, NUP98
M3 Acute promyelocytic t(15,17)(g22,912) PML,RARa,
leukemia (5-10%) t(11,17)(g23,912) PLZF,RARa,
t(11,17)(q13,912) NuMa,RARa,
t(5,17)(923,912) NPM1,RARa
M4 Acute +22, +4,
myelomonocytic t(6;9)(p23;934) DEK, CAN
leukemia (25-30%) Inv(16)(p13,922) MYH11,CBFb,
t(10,11)(p11.2,923) ABI1,MLL,
t(10,11)(p12,923) AF10,MLL
t/3;7)(926;921) EVI1, CDK6
M5 Acute monocytic t(9;11)(p22,923) AF9,MLL
leukemia (2-9%) t(10,11)(p11.2,923) ABI1,MLL,
t(10,11)(p12,923) AF10,MLL
M6 Erythroleukemia (3- Del(5q), EGR1,IRF1,CSF1R,
5%) Del(7q) ASNS,EPO,ACHE,MET
M7 Acute megakaryocytic Del(5q), EGR1,IRF1,CSF1R,
leukemia (3-12%) Del(7q), ASNS,EPO,ACHE,MET,

t(1,22)(p13,q13)
t(11,12)(p15,p13)

OTT,MAL,
NUP98,JARID1A

Table 1. The French-American-British (FAB) classificatioi AML and associated genetic

abnormalities (adapted from Bennett et al., 1976).
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Acute myeloid leukemia with recurrent genetic abnomalities

AML with balanced translocationg/inversions

Acute myeloid leukaemia with 1(8;21)(g22;922); RUNRUNXT1(AML1-ETO)
Acute myeloid leukaemia with inv(16)(p13922) oraf16)(p13;922);CBFB-MYH11
Acute promyelocytic leukaemia with t(15;17)(q22;3PML-RARA

Acute myeloid leukaemia with t(9;11)(p22;923);MLLEMT3(MLL-AF9)

Acute myeloid leukaemia with 1(6;9)(p23;934);DEK-RW24

Acute myeloid leukaemia with inv(3)(g21926.2) @;8)(q21;926.2);RPN1-EVI1
Acute myeloid leukaemia (megakaryoblastic) with2@)(p13;913);RBM15-MKL1

AML with gene mutations
Mutations affecting FLT3, NPM1, CEBPA, KIT, MLL, WIT NRAS, and KRAS

Acute myeloid leukemia with myelodisplasia-relatedhanges

Acute leukaemia with 20% or more peripheral bloob@ane marrow blasts with morphological
features of myelodysplasia or a prior history ofigelodysplastic syndrome (MDS) or
myelodysplastic/myeloproliferative neoplasm (MDSM)Por MDS- related cytogenetic
abnormalities, and absence of the specific geabtiormalities of AML with recurrent genetic
abnormalities.

Therapy-related myeloid neoplasms

Therapy-related acute myeloid leukaemia (t-AML),ategysplastic syndrome (t-MDS) and
myelodysplastic/myeloproliferative neoplasms (t-MBI8N) occurring as late complications of
cytotoxic chemotherapy and/or radiation therapyiatstered for a prior neoplastic or non-neoplag
disorder.

Acute myeloid leukemia, not otherwise specified.
Acute myeloid leukaemia with minimal differentiatio
Acute myeloid leukaemia without maturation

Acute myeloid leukaemia with maturation

Acute myelomonocytic leukaemia

Acute monoblastic and monocytic leukaemia
Acute erythroid leukaemia

Acute megakaryoblastic leukaemia

Acute basophilic leukaemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma
Tumour mass consisting of myeloid blasts with dahwaiit maturation, occurring at an anatomical 9
other than the bone marrow.

Myeloid proliferations related to Down syndrome

Transient abnormal myelopoiesis
Myeloid leukaemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasm
Clinically aggressive tumour derived from the pmsous of plasmacytoid dendritic cells, with a hig

frequency of cutaneous and bone marrow involveraedtleukaemic dissemination.

Table 2. The World Health Organization (WHO) classificatiohacute myeloid leukaemia
Chromosomal rearrangements in AML.
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1.3.3 Chromosomal rearrangements in AML

In AML, somatic mutations usually results from reemt balanced rearrangements, most often a
chromosomal translocation, that originates frone@nangement of a critical region of a proto-
oncogene, but also from deletions of single chramess, such as 5g- or 7g-; gain or loss of
whole chromosomes (+8 or -7); or chromosome ingessi such as inv(3), inv(16), or inv(8)
(Mitelman et al., 2007). In addition, it appearsittitertain genomic loci are associated with
specific subtypes of leukaemia. For example, mben t60 different recurring translocations
target the MLL gene locus on chromosome 11923 ared generally associated with a
myelomonocytic or monocytic AML phenotype (FAB M4 M5) (Meyer et al., 2009). As
another example, five different translocations earthe retinoic acid receptor locus (RARA),
including the t(15;17)(922;921), which is the mostnmon, with all being associated with the
APL phenotype (FAB M3) (Lo-Coco et al., 2008).

Of the more than 749 balanced chromosome abersatdentified in leukaemia, the majority
result in the formation of fusion genes (Mitelmarak, 2009). Fusion of portions of two genes
usually does not prevent the process of transonnd translation, thus the fusion gene encodes
a fusion protein that, because of its abnormalctire, can disrupt normal cell pathways and
predispose to malignant transformation.

The mutant protein product is often a transcriptiactor or a key element in the transcription
machinery that disrupts the regulatory sequencesabng growth rate, survival, differentiation
and maturation of blood cell progenitors (Downi2§03; Renneville et al., 2008). For instance,
translocations that target the core-binding fa¢@BF), a heterodimeric transcriptional complex
essential for haematopoiesis, result in expressia@ominant negative inhibitors of normal CBF
function, such as the RUNX1- RUNX1T1 (AML1-ETO) fos protein, leading to impaired
hematopoietic differentiation (Mrézek et al., 2008)ost of these abnormalities have prognostic

implications, allowing the classification of patiefoy risk group (Table 3).

19



Translocation | Prognosis FAB Oncofusion-protein ~ @enue
t(8;21) Favorable M2 AML1-ETO 10% of AML
t(15;17) Favorable M3 PML-RA#R 10% of AML
inv(16) Favorable M4 CBFMYH11 5% of AML
der(11923) Variable M4/M5 MLL-fusions 4% of AML
t(9;22) Adverse M1/M2 BCR-ABL1 2% of AML
t(6;9) Adverse M2/M4 DEK-CAN <1% of AML
t(1;22) Intermediatey M7 OTT-MAL <1% of AML
t(8;16) Adverse M4/M5 MOZ-CBP <1% of AML
t(7;11) Intermediate M2/M4 NUP98-HOXA9 <1% of AML
t(12;22) Variable M4/M7 MN1-TEL <1% of AML
inv(3) Adverse M1/M2/M4/M6/M7| RPN1-EVI1 <1% of AML
t(16;21) Adverse M1/M2/M4/M5/M7 FUS-ERG <1% of AML

Table 3. AML-associated oncofusion proteins (adapted froart®#hs and Stunnenberg, 2010).

1.3.4 Gene mutations in AML

Although gene rearrangements as a result of chromalstranslocations are key events in
leukaemogenesis, they are usually not sufficiemiiesse AML. Additional genetic abnormalities,
including mutations that affect genes that contelto cell proliferation, such as FLT3, KIT, and
RAS mutations affecting other genes involved in loigedifferentiation, such as CEBPA, and
mutations affecting genes implicated in cell cyodgulation or apoptosis such as TP53 and
NPM1, also constitute major events in AML pathogemevith relevant prognostic implications
(Mrések et al., 2007; Renneville et al., 2008).

Mutations in FLT3 gene, including both point mubas within the kinase domain and internal
tandem duplications (ITDs), are among the most comrgenetic changes seen in AML,
occurring in 25 to 45 percent of cases and, incdee of FLT3-ITD mutations, are associated
with a poor prognosis, particularly in those casgth loss of the remaining wild-type FLT3
allele (Mrosek et al., 2007; Renneville et al., @0Mutations of NPM1 , which is also a fusion
partner in gene fusions generated by recurrent notbsome translocations such as the
t(2;5)(p23;g35) in anaplastic large-cell lymphontae t(3;5)(q25;935) in AML, and the
t(5;17)(g35;921) in APL (Morris et al., 1994; YoreedKato et al., 1996; Redner et al., 1996),
have been found nearly exclusivelydanovo AML, with an incidence of approximately 30% in

adults (and 2-6% in children), thus becoming thestnfiequent genetic lesions in addé novo
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AML (Renneville et al., 2008). NPM1 mutations ocguedominantly in cytogenetically normal
(CN) patients, and are associated with a signiflgamproved outcome in the absence of FLT3 -
ITD mutation (Mrések et al., 2007; Renneville et, &008). An improved outcome is also
associated with CEBPA mutations, which are pargidylcommon in AML cases with a normal
karyotype. CEBPA mutations are associated withisogmtly better event-free survival, disease-
free survival and overall survival (Preudhommelgt2002; Barjesteh et al., 2003). In contrast,
the partial tandem duplication of the MLL gene (MBOD), the first gene mutation shown to
affect prognosis in AML, particularly in CN patispntwas shown to be associated with
significantly shorter complete remission durati@dlner et al., 2002). The same seems to be
true for the BAALC and ERG genes, whose over-exgioesis associated in both cases with an
adverse prognosis, particularly in CN AML (Marcuetial., 2005; Baldus et al., 2006).

1.4 The two-hit model of leukemogenesis

A lot of the commonly occurring leukemia-associafedion genes have been shown to be
insufficient for transformation. In human leukemihere are numerous cases in which a
chromosomal translocation, co-expressed with anvaittg mutation or with an aberrant
expression of proto-oncogenes, is detected. Thbsenaations favour a pathogenic model of
AML, in which the interaction of at least two difeat groups of genetic alterations are necessary
for disease development (Gilliland, 2002) (Figuje #hese oncogenic events can be divided in
two classes according to the two-hit model of lemkagenesis (Kelly and Gilliland, 2002; Speck
and Gilliland, 2002). In this model, there is a peration between gene rearrangements and
mutations that confer a proliferative and/or sualivadvantage and those that impair
hematopoietic differentiation (Kelly and Gillilan@002; Frohling et al., 2005; Kosmider and
Moreau-Gachelin, 2006; Moreau-Gachelin, 2006; Rettieeet al., 2008). Class | mutations
represented by activating mutations of cell-surfeseeptors such as RAS, or tyrosine kinases
such as FLT3, result in enhanced proliferative andurvival advantage for hematopoietic
progenitors, leading to clonal expansion of the@#d haematopoietic progenitors (Frohling et
al., 2005; Kosmider and Moreau- Gachelin, 2006; #dorGachelin, 2006; Renneville et al.,
2008).
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The second type of lesion, class Il mutations @sented by core-binding-factor gene
rearrangements, resulting from the t(8;21), inv(t8)t(16;16), or by the PML-RARA and MLL
gene rearrangements) are associated with impaeethtopoietic differentiation (Frohling et al.,
2005; Kosmider and Moreau-Gachelin, 2006; Moreaakgkn, 2006; Renneville et al., 2008).
Support for this model comes from the studies iuseoshowing that class | and Il mutations by
themselves can only produce a myeloproliferatigoier but do not cause AML (Renneville et
al., 2008). Only when both classes of mutationspaesent, their cumulative effect can develop
AML. In a conditionally expressing AML1-ETO mousedel, only mice which had been treated
additionally with the mutagen ENU developed AML, ilghthe non treated group showed only
minimal hematopoietic abnormalities (Higuchi et, &002). A very similar observation was
reported with an hMRP8-AML1-ETO transgenic mousedatand a murine retroviral AML1-
ETO model (de Guzman et al., 2002; Yuan et al.1208ML1-ETO co-expressed with tyrosine
kinase FLT3-LM (Schessl et al., 2005) or Wilms twum@NT1), a proto-oncogene, could induce
full blown leukemia (Nishida et al., 2006) in muwgirbone marrow transplantation models.
Similarly, the TEL/PDGFR fusion gene cooperates with AML1/ETO in inducinijlAin mice
(Grisolano et al., 2003). Similarly translocati¢h3;17) PML-RARy, commonly found in acute
pro-myelocytic leukemias, is known to co-operat¢hwBCL2 (Wuchter et al., 1999) or with
activating FLT3 mutations (Kelly et al., 2002; Rgil2002) in inducing leukemia. These data
clearly show that additional cooperating mutati@me crucial for the pathogenesis of most
frequent sub-types of AML.

Additional support for the two-hit model comes fratemonstration that class | and class Il
lesions occur together more commonly than do tves<scll or two class 1l lesions (Dash and
Gilliland, 2001; Care et al., 2003; Downing, 200&lk et al., 2004b; Cammenga et al., 2005;
Cairoli et al., 2006; Schnittger et al., 2006; Revile et al., 2008). This model, however, cannot
easily explain the -5/-7 AML but could be modifiemlaccount for the role of epigenetic factors
(Egger et al., 2004). Specifically, various putattumour suppressor genes are hypermethylated
and thus silenced in AML, and because hypermetioylatonce present, is permanent, it is
functionally equivalent to a genetic mutation (Tyet al., 2001). Many of the identified gene
mutations that affect proliferation or differenitat pathways represent potential targets for the
development of new drugs (Figure 4). Class | matatican be molecularly targeted with FLT3 -

specific inhibitors, or with farnesyltransferaséilntors, which preclude localization of RAS to
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the plasma membrane. Class Il mutations might getad by compounds that restore normal
haematopoietic differentiation, as in the use bfrahs-retinoic acid (ATRA) for the treatment of
acute promyelocytic leukaemia that is associated thie PML-RARA fusion, and potentially by
histone deacetylase (HDAC) inhibitors (Rennevitiale 2008).

Class | mutations Class Il mutations

Froliferation and survival Impaired differentiation
BCR-ABL RUNXT-ETO
TEL-PDGFRB RUNXT-EW
FLT3 TEL-RUNXT

RAS CBFB-SMMHC

TOthers RUNXT point mutation

PML-RARA

Acute I|I
leukaemia

Gleevec ATRA
FLT3 inhibiticn HDAC inhibitors
Farnesylransferase inhibition

Figure 4. Two hit model of leukaemogenesis. The Class | trarita which are involved in
proliferation and Class Il mutations which resaultimpaired differentiation cooperate with each
other in inducing leukemia (adapted from Speck @illiland, 2002).

1.5 CBF family of transcription factors
The core binding factors (CBFs) are heterodimerandgcription factors which activate and

repress transcription of key regulators of growstiryival and differentiation pathways. These are

frequent targets of mutations and re-arrangementaiman AMLs and ALLs. The CBF family
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consists of three distinct DNA binding CBRinits: RUNX1, RUNX2, RUNX3 and a common
non DNA binding CBB subunit that is encoded by CBF

AML1. RUNX1 or AML1 was the first mammalian CBF gene sodloned. All RUNX proteins
contain a runt homology DNA binding domain at thediminus which is highly homologous to
the drosophila Runt protein which is involved igsentation and sex determination (Romana et
al., 1995). Runx1 (and by extension (¥Hs required for the differentiation of definitive
hematopoietic progenitors and HSCs from a hemogenmothelium in the mouse embryo
(Miyoshi et al., 1991; Mukouyama et al., 2000). iBes the RUNT domain AML1 also contains
a transactivation domain (Meyers et al., 1995) amticlear matrix attachment signal (NMTS)
(Zeng et al., 1998). Mutations in the AML1 gene avehown to be associated with a number of
malignant and premalignant conditions includingtaamyelogenous leukemia, childhood acute
lymphocytic leukemia, familial platelet disordemdamyelodysplastic syndromes (Speck and
Gilliland, 2002). AML1 is involved in many differérchromosomal translocations, the most
common ones being (8;21)(g22;922) (Downing et &P93; Erickson et al.,, 1992) and
inv(16)(p13;922) which account for approximately ¥%450f adult AML (Martens and
Stunnenberg., 2010). The TEL-AML1 translocatiooliserved in 20-25% of pediatric ALL (Liu
et al., 1993). The AML1 gene generates three diffespliced isoforms, AML1a, AML1b, and
AML1c, where AML1a differs from AML1b and AML1c bthe lack of a C-terminus (Miyoshi
et al., 1995).

ETO. ETO (also called MTG8 or CBFA2T1) is best knowntlas fusion partner of AML1 in
leukemia carrying the t(8;21) translocation (Miybshal., 1993). The ETO gene is located on
chromosome 8qg22. Earlier studies have revealedBm& interacts with nuclear co-repressor
proteins and have shown that these interactionslemato play a critical role as transcriptional
repressor by interacting with co-repressors likeOWRC SMRT, Sin3 and various other HDACS. It
also acts as a negative regulator of AML1 transiomal regulation (Gelmetti et al., 1998;
Lutterbach et al., 1998; Wang et al., 1998)

AML1-ETO. AMLI1-ETO was first reported by Janet D. Rowley inleukemic patient.
Approximately 10% of AML cases carry the t(8;21artslocation, which involves the AML1
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(RUNX1) and ETO genes, and express the resultind ARTO fusion protein. The resulting
fusion yields 177 amino acids (aa) of AML1 with fsterminal region containing the Runt
domain (RHD) and 575 amino acids of the entire irgadkame of ETO. Due to its similarities
with drosophila nervy proteins, ETO has four dormailamed nervy homology domains (NHR1-
4). It has 50% to 70% sequence homology with tlesahila homologue. The NHR1 domain is
also known as TAF domain and resembles the TATAlibop associated factors in humans as
well as drosophila (TAF110) (Erickson, 1994), whiolicates its role as a transcription factor.
NHR2 is known as ‘Hydrophobic Heptad Repeats’ (HHRssential for hetero- and
homodimerizations (Gelmetti, 1998). NHR3 contaims predicted coiled-coil structure (Minucci
et al., 2000) and NHR4 a myeloid-Nervy-DEAF1 hongyl@omain (MYND) with two predicted
zinc-finger motifs which are involved in proteinepein interaction ((Erickson et al., 1994; Gross
and McGinnis, 1996). The fusion protein AML1-ETGCsisggested to function as a transcriptional
repressor by recruiting NCoR/SMRT/HDAC complexePtdA through its ETO moiety (Davis
et al.,, 2003). Moreover, it has been shown that AMATO blocks AML1-dependent
transactivation in various promoter reporter assayggesting it may function as a dominant
negative regulator of wild-type AML1 (Meyers et,al995; Uchida et al.,, 1997; Frank et al.,
1995). AML1- ETO was recently hypothesized to talgNA through E-box motifs as a result of
physical interactions with transcription factorstioé E-protein family, in particular HEB/TCF12
(Gardini et al., 2008; Zhang et al., 2004). Funthere it has been shown that ETS factors interact
with AML1-ETO and thus play a major role in leukegemesis in t(8;21) leukemia.

1.6 E-twenty-six (ETS) factors

E-twenty-six (ETS) specific factors are a family wiore than 20 helix—loop—helix domain
transcription factors that have been implicated imyriad of cellular processes, amongst which
(aberrant) hematopoiesis (Sharrocks et al., 199he hallmark ETS factor involved in
hematopoiesis is encoded by the PU.1 (SPI1) gedaepresents an ETS-domain transcription
factor that is a master regulator of gene exprassioring myeloid and B-lymphoid cell
development. Other ETS factors include the twoetloselated proteins ERG and FLI1, which
both play crucial roles in hematopoietic developthi{&nuse et al., 2009; Taoudi et al., 2011) and

multiple forms of cancer (Martens, 2011; LessicH &adanyi, 2011).
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PU.1. PU.1 is a key differentiation regulator that, imcert with transcriptional partners, can
modulate the expression of numerous genes expressetnatopoietic cells (Burda et al., 2010)
including known cell-surface proteins (CD11b, CDIE)18 and CD64), cytokines and their
respective receptors (G-CSF, GM-CSF and M-CSF) amahy other gene targets. The
requirement of PU.1 during hematopoiesis has beddreased by various experimental
approaches (reviewed in Burda et al., 2010). Cillely these studies revealed an important and
crucial role of PU.1 as a primary transcription@tetminant of hematopoietic cell fate and

emphasize the potential consequences on hematapoiedberrant regulation of this ETS factor.

ERG. ERG emerged as a central player in blood developniena genetic screen for
hematopoietic regulators in mice (Loughran et20Q8; Kruse et al., 2009). This screen revealed
the necessity of ERG in establishing definitive aéwpoiesis and for hematopoietic stem cell
maintenanceThe importance of ERG in blood development wash&riconfirmed when it was
shown that ERG is involved in megakaryopoiesis &l development, that ERG is required
for ESC differentiation toward the endothelial fate and ttlitaregulates angiogenesis and
endothelial apoptosis (Anderson et al., 1999; Lefelet al., 2005; Kruse et al., 2009; Nikolova-
Krstevski et al., 2009; Birdsey et al., 2008; Stankcz and Crispino, 2009). Finally, a role for
ERG in growth promotion of hematopoietic cells wsaggested in experiments showing that
forced expression of ERG in adult bone marrow celthuces expansion of T, erythroid and
precursor B cells (Tsuzuki et al., 2011). The glopttomoting effects of ERG in all these studies
suggest that aberrant regulation of ERG could ptaymportant role in development of leukemia
and other cancers. Indeed, shRNA mediated silerafifsRG in a panel of 10 leukemic cell lines
attenuated growth (Tsuzuki et al., 2011), sugggséincrucial role of ERG in maintaining a

proliferative state.

FLI1. Flil is a phosphoprotein, closely related to ER@ plays a central role in hematopoiesis.
Compared to ERG, which has a half life of 21 hdeitgl has a relatively short half life of 100
min (Zhang et al., 2005). Fli1 is mutated in a nembf cancers, including Ewing’s sarcoma and
erythroleukemia (Delattre et al., 1992). Geneticnipalation in mice (Hart et al., 2000;
Spyropoulos et al., 2000) and mutation in humarert(ldt al.,2000; Raslova et al., 2004) have

revealed multiple roles for FLil1l in hematopoiesmluding the production of megakaryocytes
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and platelets, and a requirement for Flil in nor\&8C and megakaryocyte homeostasis (Kruse
et al., 2009). Indeed, Flil is implicated in thegukation of important stem cell genes,
emphasizing its role within the hematopoietic steai compartment (Pimanda et al., 2007;
Gottgens et al., 2002).

1.7 ETS factors and oncofusion proteins

Recently, SPI1 (PU.1) was identified as a bindiagner of the PML-RAR oncofusion protein
complex in an inducible overexpression model (Wangl., 2010). The PML-RA&oncofusion
protein is the result of a translocation involvittge PML gene on chromosome 15 and the
retinoic acid recepton (RARa) on chromosome 17 (de The et al., 1990; Kakizuka.e1991).
Numerous studies have shown that at the molecelael IPML-RARy aberrantly regulates
chromatin through recruitment of histone deaceedg$IDACs) (Martens et al., 2010; Lin et al.,
1998; Grignani et al.,, 1998). Although the genomegions targeted by the PML-RAR
oncofusion protein have recently been identifiecdftdns et al., 2010), genomic binding analysis
of AML1-ETO has thus far only been studied usingratucible AML1-ETO cell line (Gardini et
al., 2008).

1.8 Aim of the study

Significant progress has been made toward a detailearacterization of chromosomal
translocations/rearrangements in AML; however, ibshtases the exact molecular mechanism
of leukemic transformation is not known. Studieggasted that cancer is stem cell disease and it
is epigenetic as well as genetic disease and tiesréyased on the current knowledge target the
bulk leukemic population and spare the leukemimstells. It is therefore critical to determine
and characterize the exact molecular mechanismhesgoin leukemic transformation for the
development of novel therapeutic targets. AML pdgeharboring the t(8:21) translocation has
intermediate prognosis and the identification of@ee wide events in this subset of AML is
clinically relevant and would lead to the underdiag of disease progression. The purpose of
this study is to establish genome wide binding ifgasf the AML-ETO oncofusion protein to

gain further insight into genetic as well as epgenmechanisms by which AML-ETO affects
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normal hematopoiesis and facilitate leukemic tramstion into leukemic stem cells with
following objectives:

* To identify Genome wide binding profile of AML-ETEII lines and patients
* To identify the role of other factors in AML-ETOukemogenesis

» To identify epigenetic association with t(8:21x$tl
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CHAPTER 2 MATERIALS AND METHODS

2.1 IN VITRO EXPERIMENTS

2.1.1 Cell culture. Kasumi-1 (Asou et al., 1991), SKNO-1 (Matozaki &t 4995) and U937
AML1 ETO (UAE) cells (Alcalay et al., 2003) were utinely cultured in RPMI 1640
supplemented with 10% FCS at 3¢. AML1-ETO expression in UAE cells was induced by
treatment for 5 hours with 1 mM zinc. 293T and MCE®&lls were cultured in DMEM
supplemented with 10% FCS at 32. K562-ERG cells were cultured in RPMI with 10% %C
500 pg/ml G418 and 1 pg/ml puromycin at 37. ERG expression in K562-ERG cells was
induced by treatment for 72 hours with 1 pg/ml doygfin.

2.1.2 Transfection.293T, MCF7 and K562-ERG cells were transfected witbNA ERG or
AML1-ETO expression constructs using lipofectamirfgnvitrogen) according to the
manufacturers protocol. Cells were harvested 24 shatter transfection. Protein lysates were
tested by western blotting using antibodies agadMt1-ETO (AE), TBP (Diagenode), KAP1
(Abcam) and ERG (sc-353, Santa Cruz) and subsdguesgd for ChIP experiments.

2.1.3 Protein extraction and Western Blot.Nuclear fractions were harvested as described
(Nancy et al1991). Briefly cells were washed withdcPBS, resuspended in cold hypotonic lysis
buffer and incubated on ice for 10 minutes. Cytspi® fraction was yielded after centrifugation
for 10 second. The pellet was suspended in hypertmurffer, incubated on ice for 20 min and
centrifuged for 2 min at°’€ and supernatant (nuclear fraction) was storedledn fractions were
mixed with 5x sample buffer and separated on 8%usodlodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to nitrocellulose mamé (Bio-Rad), blocked in 5% nonfat dry milk
in Tris(tris(hydroxymethyl)aminomethane) bufferealise with 0.1% Tween 20 (TBS-T) for 1
hour at room temperature, and then incubated withgry antibodies in TBS-T (with 5 % nonfat
dry milk) overnight at 4°C. AML-ETO was detectedthvirabbit polyclonal antibody against
AML-ETO, TBP, KAP1 and ERG (1:1000) followed by d9G-HRP-conjugated secondary
antibody against rabbit (Dako). Proteins were \ligad using ECL (GE healthcare).

2.1.4 CHIP. For ChIP cells were crosslinked with 1% formaldehyldr 20 min at room
temperature, quenched with 1.25 M glycine and wastith three buffers: (1) PBS, (ii) buffer of
composition 0.25% Triton X 100,10mM EDTA, .5 mM E&, 20mM HEPES pH 7.6 and (iii)
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0.15 M NaCl, 10mM EDTA, .5 mM EGTA, 20mM HEPES pk6.7Cells were then suspended in
ChIP incubation buffer ( .15% SDS, 1% Triton X 1AG0mM NaCl, 10mM EDTA, .5 mM
EGTA, 20mM HEPES pH 7.6) and sonicated using algitor sonicator (Diagenode) for 20 min
at high power, 30 sec ON, 30 seconds OFF. Soniadtezmatin was centrifuged at maximum
speed for 10 min and then incubated overnight &t ib°incubation buffer supplemented with
.1% BSA with protein A/G-Sepharose beads (Santa)Camd 1pg of antibody. Beads were
washed sequentially with four different wash budfeat 4°C: two times with solution of
composition 0.1% SDS, 0.1% DOC, 1% Triton, 150 m&ICAN HEG, one time with the solution
same as before but with 500 mM NacCl, one time witlution of composition 0.25 M LiCl, 0.5%
DOC, 0.5% NP-40, HEG and two times with HEG. Prieatpd chromatin was eluted from the
beads with 400 ul of elution buffer (1% SDS, 0.1NMAHCO3) at room temperature for 20
minutes. Protein-DNA crosslinks were reversed &C6tor 4 hours in the presence of 200mM
NacCl, after which DNA was isolated by giagen column

Chips were performed using specific antibodies TOE HEB, ERG, FLI1 (Santa Cruz),
H3K9K14ac, AML1-ETO, ETO, CB#& RNAPII (Diagenode), RUNX1, FLI1 (Abcam) and
H4panAc (Millipore) and analyzed by quantitativeRP@PCR) or ChiP-seq.

2.1.5 gPCR.ChIP experiments were analyzed by gPCR with spepifimers using SYBR Green
mix (Biorad) with MyiQ machine (Biorad). Relativecaipancy was calculated as fold over
background, for which the second exon of the Mybgiaene or the promoter of the H2B gene
was used. Primers for qPCR were designed with PrisnePCR efficiency of primers was
calculated with series of 10-times dilutions andegpted when found to be reliable (20.15).
Primer sequences are available in appendix1.

2.1.6 RE-CHIP. For re-Chip experiment, chromatin was first inceldlabvernight at 4 °C with
first antibodies (either ERG or AML-ETO) as for tégr ChIPs. After standard washing, elution
was performed with 1% SDS (30 min, 37 °C). Eluaeswliluted with Incubation buffer with
protease inhibitors and incubated overnight witbose antibodies (AML-ETO or ERG) and
protein-A/G beads (Santa Cruz) at 4°C. The subsegsteps were performed as for regular
ChlPs followed by qPCR.

2.1.7 Co-immunoprecipitation. Co-immunoprecipitation experiments were performgdyefore
(Martens et al., 2002) in assay buffer (0.1% NP2B) mM NaCl, 50 mM Tris-HCI (pH 7.5)

containing a mixture of protease inhibitors). SKN(protein lysates were incubated overnight
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with ERG or IgG antibodies and prot A/G beads (8&#&uz), washed 4 times in assay buffer and
tested using western blotting for the presenceMiA-ETO or RNAPII (Diagenode).

2.1.8 GST-fusion proteins.GST fusion protein-coated beads and GST fusionepr®twere
prepared as previously reported (Martens et aD2PR0GST fusion proteins were constructed by
PCR amplification of different AML1-ETO domains pGEX-2T using the BamHI and EcoRI
restriction sites. Expression of GST and GST-fugarteins was induced by IPTG treatment for
3 hours.

GST-constructs (with corresponding AML1-ETO amimidasequence):

1 RHD/AML (aa 1-183)

2 PST1 (aa 172-271)

3 NHR1 (aa 257-395)

4 PST2 (aa 396-481)

5 NHR2 (aa 467-579)

6 NHR3 (aa 565-662)

7 NHR4PST (aa 663-752)

2.1.9 MethylCap™. Pull down experiments were performed using GST duse the MBD
domain of MeCP2 (Diagenode). DNA was isolated frbrast cells, sonicated to generate
fragments of approximately 400 bp and pulled dovith @ST-MBD coated paramagnetic beads
and the IP-STAR robot (Diagenode). After washinghvd00 mM NacCl, the bound methylated
DNA was eluted using 700 mM NaCl and used for higloughput DNA sequencing (Brinkman
et al., 2010).

2.1.10 Illlumina high throughput sequencingEnd repair was performed using the precipitated
DNA of ~ 6 million cells (3-4 pooled biological rigas) using Klenow and T4 PNK. A 3
protruding A base was generated using Taq polyraeaad adapters were ligated. The DNA was
loaded on gel and a band corresponding to ~30@ChfP(fragment + adapters) was excised. The
DNA was isolated, amplified by PCR and used fostu generation on the lllumina 1G genome
analyzer. The 32 bp tags were mapped to the hureaonge HG18 using the eland program
allowing 1 mismatch. For each base pair in the genthe number of overlapping sequence
reads was determined and averaged over a 10 bppwiadd visualized in the UCSC genome
browser (http://genome.ucsc.edu).
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2.1.11 Patients’ AML blasts and normal CD34+ hemaitaoietic cells.t(8;21) AML blasts from
peripheral blood or bone marrow from de novo AMLli@ats were studied after informed
consent was obtained in accordance with the Detader of Helsinki. The protocol was approved
by the Ethical Review Board of the University Madi€enter Groningen, the Netherlands. AML
mononuclear cells were isolated by density gradientrifugation and AML CD34+ cells were
selected as described (Schepers et al., 2007)eRages of CD34+ cells in the mononuclear
AML cell fraction for patient 186 were 25%, for 22@re 38% and for 12 were 32%. Normal
CD34+ cells were obtained from donors following tvem informed consent. APL blasts were
obtained from a patient with newly diagnosed AMLving t(15;17). The sample consisted of
more than 80% bone marrow invasion and was a typie8 M3 expressing the Bcrl PML-
RARa variant. Normal karyotype AML blasts were obtairfiezin patients with newly diagnosed
AML FAB MO/M1 and FAB M2. These studies were apdwy the S.U.N. Ethical Committee
(7028032003).

2.1.12 RNA-Seq.Total RNA was extracted from SKNO-1 cells with tR&leasy kit and on-
column DNase treatment (Qiagen) and the conceotratas measured with a Qubit fluorometer
(Invitrogen). 250 ng of total RNA was treated byo&iZero rRNA Removal Kit (epicentre) to
remove ribosomal RNAs according to manufactunstructions. 16 pul of purified RNA was
fragmented by addition of 4 pl 5x fragmentationfeu{200 mM Tris acetate pH 8.2, 500 mM
potassium acetate and 150 mM magnesium acetate)ingntated at 94°C for exactly 90
seconds. After ethanol precipitation first strafdNé& was synthesized from the fragmented
RNA with Superscriptlll (Invitrogen) using randoraxamers. First strand cDNA was purified by
Qiagen mini elute columns and second strand cDNA pr@pared in the presence of dUTP
instead of dTTP. Double stranded cDNA was puritigdQiagen mini elute columns and used
for lllumina sample prepping and sequenced accgrtirthe manufacturars instructions. A total
of 16,178,852 RNA-seq reads were uniquely mappedH®L8 and used for bioinformatic
analysis. RPKM (reads per kilobase of gene lengthrpillion reads) (Mortazavi et al. 2008)
values for RefSeq genes were computed using tagtioguscripts and used to analyze the
expression level of AML1-ETO and RUNX1/AML1 targgénes in SKNO-1 cells. The Mann-
Whitney U test was used to statistically addressdifference between AML1-ETO and RUNX1
target genes.
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2.2 Bioinformatic analysis

2.2.1 Identification of AML1-ETO binding sites in Kasumi-1 and SKNO-1 AML1-ETO
peaks in SKNO-1 and Kasumi-1 cells were detectaaguBIACS (Zhang et al., 2008) at a p-
value cut off for peak detection of $0To identify high confidence binding sites, i.¢he
strongest fraction of binding events in both thesk lines we employed a regression analysis in
which each binding site is evaluated for its rekatiag density in both cell lines. For this, inleac
resulting peak region the number of tags for AMLICEIn Kasumi-1 and SKNO-1 cells was
counted. Subsequently all regions were testeddiative AML1-ETO tag densities (tag density
at peak divided by total number of tags in all akorted and visualized in a dot plot. The data
points of the dot plot were subsequently used égression analysis, with resulting regression
curves, plus cut off values shown in figures 6B &@kd To increase visibility, dots representing
the individual data points were removed. A cutwafue was set at 0,00010 (>14 tags/kb), which
represent in Kasumi-1 cells a binding site composked4 tags in a window of 1 kb and 6.2
million tags sequenced in total.

2.2.2 Quantitative PCR validation of AML1-ETO binding sites High confidence AML1-ETO
peaks from Kasumi-1/SKNO-1 cells were divided ineth categories: high, middle, low. From
each of these categories 10 peaks were selectecsugequently validated in ChIP-gPCR
experiments using the primer pairs below. The tegplbccupancy levels for each of the three
categories was plotted in a boxplot and comparatigmumber of tags within each high, middle
or low peak region.

2.2.3 Peak detectionPeaks were generally identified using MACS (Zhangl.e 2008). Random
genomic regions were selected using the completaahugenome sequence and the Rand
function of Perl to identify sets of random genomigsitions. These random positions were
subsequently extended to 1 kb.

2.2.4 Tag counting.Tags within a given region were counted and adjlgigoresent the number
of tags within a 1 kb region. Subsequently the @etage of these tags as a measure of the total
number of sequenced tags of the sample was cadulor the heatmap display in Figures 6C,
9C and 13B a cut off was used of 3 % tags/kb (10wiich represent a peak of 1000 bp width
and composed of 30 tags or more with 10 milliorstaggquenced (or 15 tags with 5 million tags

sequenced). In Figure 19E and 19F the averageetagjtg per bin of H3ac or DNAme from two
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patients (pz229 and pz186) was determined. In EiglC a t-test was used to show statistical
difference between AML1-ETO occupancy before artdradox treatment of K562-ERG cells.
For box plots the middle dot represents the medéaue, the bottom and top of the box are the
25th and 75th percentile and the ends of the wisslepresent the 9th and the 91st percentile.
2.2.5 Peak distribution analysis.To determine genomic locations of binding siteskpgias
were analyzed using a script that annotates binsitieg according to all RefSeq genes. With this
tool every binding site is annotated either as mt@m(-500 bp to the Transcription Start Site),
non promoter CpG island, intron, exon or intergépicerything else).

2.2.6 Accessibility mapping To examine whether ERG bound to accessible wsigessed public
available DNAsel accessibility data from K562 cdlBEO series GSE29692) and the DNAsel
hotspots as can be found under the ‘regulatiocksan the UCSC browser.

2.2.7 Motif analysis To identify the motifs underlying the AML1-ETO a@les gimmemotifs (van
Heeringen and Veenstra, 2011) was used. Briefljnggmotifs is a de novo motif prediction
pipeline combining three motif prediction tools, tlSampler (Thijs et al., 2001), Weeder
(Pavesi et al.,, 2004) and MDmodule (Liu et al., 200Gimmemotifs was run on 20% of
randomly selected 200-bp peak sequences (centetbed peak summit as reported by MACS)
and position weight matrices (PWMs) were generaiée. ‘large’ analysis setting was used for
Weeder. MDmodule and MotifSampler were each usegréalict 10 motifs for each of the
widths between 6 and 20. The significance of thedioted motifs was determined by scanning
the remaining 80% of the peak sequences and twerelit backgrounds: a set of random
genomic sequences with a similar genomic distridyuéis the peak sequences and a set of random
sequences generated according to a 1st order Mankdel, matching the dinucleotide frequency
of the peak sequences. P-values were calculated tis¢ hypergeometric distribution with the
Benjamin-Hochberg multiple testing correction. Abtifs with a p-value <0.001 and an absolute
enrichment of at least >1.5-fold compared to babkigrounds were determined as significant.
To count motifs in ERG binding sites we derived theight matrix of different consensus
binding sites for various proteins involved in heomwiesis from Jaspar
(http://jaspar.genereg.net/). All ERG binding sitesre subsequently examined for the presence
or absence of these motifs using a script thatsséanhomology of the matrix within the DNA
sequence underlying the ERG binding site (pwmsgafsge also van Heeringen et al., 2010)

using a threshold score of 0.9 (on a scale from @)t Due to the different composition and
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length of the motifs the resulting homology scoresld not be directly compared and needed to
be normalized. For this we calculated the lower lfopmology) and higher (complete homology)
scores for each individual motif with the script ppwscores.py, and used these scores to rank
each motif score within an ERG binding site to alesdrom 0 to 1. These ranked values were
subsequently displayed in a heatmap in which redns@ high score for a particular motif (and
thus the presence of a motif) and green a low georé the absence of the motif).

For the motif count distribution analysis in Figut&F the Chi-square test was used to show a
statistical significant change in the pattern.

2.2.8 Identification of AML1-ETO binding sites in patients cells Peaks in patient samples 12,
186 and 229 were detected using MACS (Zhang et2808) at a p-value cutoff for peak
detection of 10-6. Resulting peaks files were ampked and common peaks identified in all three
patient samples were selected for further analysis.

2.2.9 Expression analysisExpression of ETS factors in AML samples was exauah in the
dataset published by (Valk et al., 2004) using amoce (www.oncomine.com). ETS factor
candidate proteins were selected based on levagpséssion and change in expression in AML
as compared to control cells (CD34+ and bone magrrow

For expression analysis of the AML1-ETO high coefide binding sites identified in patient
samples the AML1-ETO binding sites were couplethtr nearest ENSEMBL gene. Expression
of these genes was evaluated through usage of lsshpedh data set (Valk et al., 2004) on 22
t(8;21) AMLs, 18 t(15;17), 3 normal CD34+ cells a6l non AML1-ETO FAB M2 AMLs. For
this, the corresponding affymetrix ID for each ENVBE. gene was identified and corresponding
expression changes of non AML1-ETO FAB M2 AMLs wersnormal CD34+ cells, AML1-
ETO AMLs versus normal CD34+ cells and t(15;17) AdMersus normal CD34+ cells were
determined and used as log2 values in hierarcbigatering.

For expression analysis in U937AE cells all 9,639LA-ETO peaks were assigned to their
nearest ENSEMBL gene. For each AML1-ETO target geNAPII occupancy was measured as
described previously (Nielsen et al., 2008; Welhoge al., 2009; Martens et al., 2010). Briefly,
the number of sequence tags within ENSEMBL genedso(t+500 bp to end of gene) was
counted for all genes of the normalized RNAPII ksagenerated in uninduced and zinc induced
U937 AML1-ETO cells and presented as % tags/kb. rEtie of uninduced versus induced was
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determined and a cut off of the median plus/minustandard deviation was used to select genes
that show increased or decreased RNAPII occupancy.

Expression of ERG and FLI1 in SKNO-1, UAE and NB#lilx was examined using RNA-seq
(data not shown) and analyzing RPKM values. Thieated that SKNO-1 cells express both
ERG and FLI1 to equal level, while in UAE and NB2lls FLI1 is highest expressed.
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CHAPTER 3 RESULTS

3.1 Identification of AML1-ETO binding sites in Kasumi-1 and SKNO-1 leukemic cells

To identify new targets of the AML1-ETO oncofusiprotein we developed a specific antibody
against the fusion point of AML1-ETO. This antibo@E) recognizes the fusion of AML1-ETO
protein in western blot analysis (Figure 5A) andows specificity in chromatin
immunoprecipitation (ChlP) and AML1-ETO domain arsaé experiments (Figure 5B, C). The
AE antibody was used in ChlP-seq experiments irAflié 1-ETO expressing leukemic cell lines
Kasumi-1 and SKNO-1. AML1-ETO peaks were detectedegions that have been previously
described as AML1-ETO targets suchJad® (Muller-Tidow et al., 2004)JAG1 (Alcalay et al.,)
CSFIR (Follows et al., 2003)FUT7 and OGGL1 (Gardini et al., 2008) and numerous targets for
which the AML1-ETO binding sites have not been déged before, such as fé@XIN1, RARqx,
RARy, RXRa the leukemia associated genB&L1 and MLL, and the hematopoietic regulators
RUNX1 andSPI1 (Figure 6A ), suggesting that AML1-ETO influenaasny factors involved in
hematopoietic differentiation. We used MACS (Zhatgl., 2008) at a p-value cut off of 4
identify all AML1-ETO binding regions in SKNO-1 aritasumi-1 cells, counted the number of
AML1-ETO tags for each identified AML1-ETO bindinnggion in both cell lines and calculated
for each binding region the relative tag densigy density at one region divided by average
density at all regions. Regression curve analyBSigufe 6B) revealed a set of 2,754 genomic
regions at a cut off of 0.00010 (>14 tags/kb) tacPAML1-ETO binds with high confidence.
These binding sites were verified using two adddioantibodies that recognize different
domains within the AML1-ETO protein (Figure 5C, &g 7A-C) as well as with ChIP-gPCR
experiments (Figure 8 A,B) suggesting that our héghfidence binding sites represent a set of
bona fide AML1-ETO targets.

3.2 AML1-ETO co-localizes with HEB, AML1/RUNX1 and CBF

Although AML1-ETO has been reported to bind DNAaakomodimer or oligomer (Minucci et
al., 2000; Wichmann et al., 2010), more recentifigd in a zinc inducible AML1-ETO
overexpressing cell line, indicate that RUNX1/AMtan be present at AML1-ETO binding sites
(Gardini et al., 2008). In addition, the E-box giotHEB as well as the core binding factor GBF
(the heterodimer partner of wildtype RUNX1/AML1)eathought to be co-localizing with
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AML1-ETO through interaction with the ETO and AMlamp, respectively (Gardini et al., 2008;
Zhang et al., 2004; Roudaia et al., 2009; Kwoklgt2®09). To further substantiate our AML1-
ETO binding results and to investigate whether AMETIO, RUNX1, CBB and HEB co-
localize at a genome-wide level we performed Clag-sxperiments with specific RUNX1
(recognizing the C-terminus of RUNX1 and not AMLT-®), HEB and CBB antibodies which,
using MACS at a p-value cut off of £0yielded 23,278 RUNX1, 27,501 HEB and 11,227 BBF
peaks, respectively (Figure 8C). At the vast majooi AML1-ETO binding sites we detected
enrichments of both RUNX1/AML1 and HEB (Figure 6Ayhile CBF enrichment was only
detected at a subset of AML1-ETO binding sites. ri@itetion of RUNX1, HEB and CBf-tag
densities at AML1-ETO peaks revealed enrichmentsothh RUNX1/AML1 and HEB at all high
confidence AML1-ETO binding sites, while CBFenrichment was only detected at a subset
(~41%) of AML1-ETO binding sites (Figure 6C).

Interestingly, the distribution of the 2,754 highnfidence AML1-ETO binding sites differs with
that of the 23,278 RUNX1/AML1 sites as AML1-ETO #&izes predominantly to non-promoter
regions (Figure 6D), whereas RUNX1 localizes peiéally to promoter regions. In addition,
RNA-seq analysis of AML1-ETO target genes in SKNGQCzélls revealed that these are
significantly lower expressed then RUNX1 target eger{fFigure 8D). Together these results
suggest that AML1-ETO targets enhancer sites rdtiaar promoter elements and that AML1-

ETO might act as a transcriptional repressor of RWtarget genes.

3.3 Colocalization of ERG and FLI1 with AML1-ETO

Motif analysis of the AML1-ETO binding sites revedlthe presence of the RUNX1 motif in
99% of our binding sites (Figure 9A). Interestingly conjunction with the RUNX1 motif we
found the ETS factor core motif GGAAG in nearly @B%) of the binding sites (Figure 9A),
suggesting that ETS family members might bind simglenomic regions as AML1-ETO. As the
ETS factor family harbors over 20 representatives €ach bind the GGAAG core consensus we
investigated which ETS candidate might interplayhvthe AML1-ETO complex. Analysis of
published expression data (Valk et al., 2004) rieekthat 3 ETS proteins, TEL, FLI1 and ERG,
are highly expressed in AML cells with t(8;21), mdiéying these as prime candidates to be
colocalizing with AML1-ETO.
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ChIP-seq analysis in SKNO-1 cells revealed enricitnoé FLI1 and ERG at the AML1-ETO
binding sites at th8CL2 andFLT3 genes (Figure 9B), while the presence of TEL cowdtbe
addressed due to lack of a suitable ChIP-seq gratieody. Quantitation of ERG and FLI1 tag
densities at AML1-ETO peaks revealed high level€BG and FLI1 at ~79% of AML1-ETO
binding sites (Figure 9C), while the remaining sighowed either ERG or FLI1 colocalization.
We also observed colocalization of ERG and FLIhwaherous other genomic regions that are
not occupied by AML1-ETO. Overlapping the 26,931 &Rnd 20,884 FLI1 binding regions
confirmed this observation and suggested that EREGGRLIL bind similar genomic loci (Figure
9D).

Our AML1-ETO/ERG colocalization results extend @enet study that showed interaction of
AML1 and ERG co-occupancy of similar genomic regiom the mouse model cell line HPC-7
(Wilson et al., 2010). Indeed, re-ChIP analysisficored occupancy of AML1-ETO and ERG at
similar genomic regions in SKNO-1 cells. 5 bindsites were selected and validated for AML1-
ETO/ERG binding by using either ERG antibodies he first round of ChIP followed by a
second round using AML1-ETO and no antibodies (F@dlDA) or AML1-ETO antibodies in the
first round of ChIP followed by a second round gsERG and no antibodies (Figure 10B). Also
direct interaction of endogenous AML1-ETO and ER&fomed by co-immunoprecipitation
experiments (Figure 9E). Moreover, transfectiorE®G and AML1-ETO in the MCF7 breast
cancer cell line, which does not endogenously esgpitbese proteins (Figure 10C), revealed
colocalization of both proteins to the same genoramgions (Figure 10D, E), suggesting that
colocalization of AML1-ETO and ERG does not need tlontribution of other hematopoietic-

specific factors.

3.4 ETS factors demarcate AML1-ETO binding sites

To investigate whether ETS factors are co-recruiigdAML1-ETO or facilitates AML1-ETO
binding we extended our analysis to an inducibl@T®ell line (UAE) that upon zinc addition
expresses AML1-ETO (Figure 10F) (Alcalay et al.02)0 Genome-wide profiling of AML-ETO
after 5 hours zinc induction revealed numerousihmdgites, such as at ti&1 andNFE2 genes
(Figure 9F and Figure 10G). Using MACS we identif®635 AML1-ETO binding sites in zinc-
treated UAE cells (Figure 9G, left). Interestingllge high confidence binding sites identified in

the two AML model cell lines only partially overlpped with those found in UAE cells (Figure
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10H), suggesting that the AML1-ETO binding repedas dependent on the cell type in which it
is expressed.

We wondered whether in UAE cells AML1-ETO targehge are transcriptional active or silent.
Therefore we performed expression analysis usingPRNoccupancy as readout (Martens et al.,
2010), focusing on genes that have AML1-ETO bindwithin a genomic region covering the
complete gene (introns and exons) and its putagigelatory up- and downstream regions (-25kb
to TSS and 3'UTR to +25 kb) upon zinc inductiontehestingly, of the 7,523 genes that have
AML1-ETO binding 829 have decreases in RNAPII oangy (median fold change 1 + standard
deviation) whereas 241 have increased occupangur@ilOl), suggesting that AML1-ETO can
act as a transcriptional repressor, but its efecontext dependent, in line with previous reports
that showed that AML1-ETO can function both as angcriptional activator as well as a
repressor (reviewed in e.g. Peterson and Zhangt)200

ChiP-seq experiments in UAE cells, which expregfhHevels of FLI1, revealed that FLI1 is
already present at the AML1-ETO binding sites befexpression of the oncofusion protein at for
example theSKl and NFE2 genes (Figure 9F and Figure 10G), suggesting Ei& factors
demarcate potential AML1-ETO binding sites. Quantitiin of FLI1 tag densities at AML1-ETO
peaks confirmed the observation that AML1-ETO hmgdsites are predefined by FLI1 binding
(Figure 9G, right). Together, these results sugtiegtETS factors might represent proteins that
facilitate AML1-ETO binding.

3.5 ETS factors facilitate AML1-ETO binding

To further investigate the interplay of AML1-ETOM®ETS factors, we utilized a dox-inducible
ERG K562 cell line (Mochmann et al., 2011), whidmows lower ERG expression before
treatment and increased ERG expression after 72shdax treatment (Figure 11A). We
transfected these cells 24 hours before harvestily an expression vector that results in
abundant expression of the AML1-ETO protein (Figuié\). We used ChlP-seq and MACS at a
p-value cut off of 18 to identify all ERG binding sites before and afteox induction and
identified 10,642 and 15,855 binding events be&me after ERG induction, respectively (Figure
12A). Interestingly, we detect 7,037 new ERG bigdsites that appear after dox treatment
(Figure 12A), for example at the SPI1 promoter i@ TAF12 enhancer region (Figure 11B and
12B). Comparison with public DNAsel-seq data in BR5€&ells (see UCSC ‘regulation’ tracks)
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revealed that the vast majority of new ERG bindgitgs, similar as the ERG binding sites
present before dox induction, localize to accessikggions (Figure 12C), although, in
comparison to ERG binding sites before dox indutimore intronic and intergenic regions then
promoter are targeted (Figure 12D).

Subsequent AML1-ETO ChlP-seq analysis revealedANHt1-ETO was recruited to the TAF12
and SPI1 regions upon dox induction (Figure 12B Bhid). Of the 7,037 new ERG binding sites,
6,178 harbor low levels of ERG before induction 859 do not show ERG binding in the
uninduced state (Figure 12E and 11C). Interestjrafiyhe 6,178 ‘increased’ ERG binding sites
AML1-ETO is localized before dox induction and maately increased (Figure 11C), while at
the 859 ‘new’ ERG binding regions AML1-ETO is retted only after dox treatment (Figure
12E). Together these results suggest that AML1-ETIOcalized to regions that harbor the ERG
protein and that ERG facilitates AML1-ETO binding.

3.6 PML-RARa also colocalizes with ETS factors

To investigate whether ETS factors are also presemML-RARy binding sites ChlP-seq was
performed using specific antibodies against FLI1tha PML-RARx expressing leukemic cell
line NB4. This revealed colocalization at many gaitw regions such as the PRAM1 and
GALNACA4S-6ST genes (Figure 13A). Counting the Ftafis within a previously defined set of
2,722 PML-RAR: binding regions (Martens et al., 2010) revealeddased FLI1 binding at 71%
of PML-RARa peaks (Figure 13B). As recently also the ETS fa8fell (PU.1) was identified as
a binding partner of the PML-RARoncofusion protein complex (Wang et al., 2010gsth
results suggest that, as for AML1-ETO, the PML-RARNcofusion protein preferentially
colocalizes with ETS factors.

We used MACS at a p-value of 1@ identify all FLI1 binding sites in NB4 cells drtompared
those with the FLI1 binding sites observed in tt&21) cell lines. Only 13% of t(8;21) FLI1
peaks overlapped with FLI1 peaks in NB4 cells (Feg3C), which we interpret as cell type
specificity of ETS factor binding in line with aleoof ETS factors in demarcating regulatory sites
during differentiation.

In agreement with the oncofusion protein/ETS factlt specific binding we find AML1-ETO
and PML-RAR: binding to many non-overlapping regions. Still & sf 594 regions, which

includes key regulators of hematopoiesis such alXXUand SPI1, could be identified to which
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both AML1-ETO and PML-RAR bind. As these regions are potential common doutors for
transformation we performed functional analysighd associated genes using KEGG pathway
analysis (Figure 14A). This revealed enrichment f@nes involved in various signaling

pathways, cell death and leukemogenesis.

3.7 Decreased acetylation at genomic regions upovA 1-ETO binding

Similar to PML-RARy (Martens et al., 2010), AML1-ETO has been suggke&ide a modulator
of H3 acetylation via recruitment of HDACs to targenes (Gelmetti et al., 1998; Amann et al.,
2001). In contrast, AML1-ETO has also been repottecblocalize with the HAT p300 (Wang et
al., 2011), where p300 is involved in acetylatidrAML1-ETO residues. To investigate the link
between AML1-ETO binding and histone (de)acetylatice performed ChlP-seq experiments in
a U937 cell line expressing zinc inducible AML1-ETGenome-wide profiling of H3ac and
H4ac revealed decreased acetylation at many aZnh@duced AML1-ETO binding sites, such
as those found at tHENFRS-8 andFGGY genes (Figure 13D and 14B). In contrast, the amaly
also revealed alternative histone acetylation pattesuch as at tH8BASH3B gene for which a
decrease in H3ac and a moderate increase in H4a@etacted (Figure 14C). To substantiate
these findings we counted the number of H3ac anacHdgs within all the AML1-ETO target
regions before and after zinc induction and idesdiffour groups (Figure 13E and 14D). The
largest group (n=3,082) showed decreases in bo#t ldBd H4ac, while in other groups only
H4ac (n=2,272) or H3ac decreased (n= 2,104) or H&ad H4ac moderately increased
(n=2,177). Together, these results reveal that\egra large number (77%) AML1-ETO binding
sites induce decreases in H3 and/or H4 acetylatmmhsuggest that AML1-ETO recruits HDAC

activities to its binding sites.

3.8 AML1-ETO binding sites in AML primary patient b lasts

To examine whether the high confidence AML1-ETOding sites found in Kasumi-1 and
SKNO-1 cells are present in patient AML cells wi{8,21) we performed ChlIP-seq using the AE
antibody. We obtained AML1-ETO peaks at similar @gaic regions in these primary AML
blasts (n=3) as in Kasumi-1 and SKNO-1 cells, fwaraple at thd TGB2 and OGG1 genes
(Figure 15A). We performed MACS at a p-value cutoff 10° to identify all AML1-ETO
binding sites and detected 4,475 sites in pati@ntl?,344 in patient 186 and 8,234 in patient
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229. Comparing these sites with those obtainetient(3;21) cell lines revealed that 45% of the
2,754 Kasumi-1/SKNO-1 AML1-ETO peaks overlappedhwittose from patient 12, 58% with
the binding sites detected in patient 186 and 46# those from patient 229.

Overlapping the binding regions of the three pasesamples (Figure 15B) revealed a common
set of 2,898 regions. As these AML common regiokaly represent the key binding sites for
AML1-ETO induced oncogenic transformation we parfed functional analysis of the
associated genes using GO annotation clusterirgui@il6A). This revealed high enrichment
scores (>3) for genes involved in cell death, $tmad processes and hematopoietic
differentiation.

AML1-ETO has been reported to be involved in traipsional activation as well as in repression
(Peterson and Zhang, 2004). To examine the tramsurilevel of AML1-ETO target genes all
common AML1-ETO binding sites were assigned to rtlobosest genes and correlated with
published expression datasets from human proge@@@4" cells and AML1-ETO, PML-RAR
and non AML1-ETO expressing FAB M2 AMLs (Valk et,a2004). Although transcriptional
changes were in general not dramatic (Figure 128)% of AML1-ETO target genes are lower
expressed in t(8;21) compared to normal CDB&4lls, while the remaining genes display
increased expression levels. Interestingly, theobgenes that is lower expressed in t(8;21) cells
is higher expressed in non AML1-ETO M2 cells andiply higher expressed in t(15;17) cells.
To examine whether the ETS factor colocalizationdliig results in SKNO-1 cells could be
validated in primary AML blasts carrying t(8,21) weerformed ChIP-seq using the ERG
antibody with cells from an AML patient (pz12) thaarbors t(8;21). We again found
colocalization of ERG and AML1-ETO at similar genemegions in primary patient cells, for
example at th&P11 gene (Figure 15C). Using MACS we identified 18,FRG binding sites in
this patient and confirmed that the majority of ta&98 common AML1-ETO binding sites
identified in the AML cells colocalized with ERGiffare 15D), corroborating and extending the
AML1-ETO/ETS factor colocalization to primary patieblasts.

3.9 Distinct ERG distribution in normal CD34" and AML1-ETO expressing cells

As our results suggest that ETS factors such as #ERRAML1-ETO docking sites we wondered
whether the ERG highlighted regions are laid dowmarmal hematopoietic CD34ells that
have the potential to differentiate towards both mthyeloid and lymphoid lineage (Figure 17A)
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(Morrison et al., 1995). Therefore, ChIP-seq wasgomed to determine the ERG binding profile
in normal CD34 human progenitors. Our analysis revealed ERG bmngit nearly 25,000
binding regions, such as at tBAMK1 transcription start site and on t8el1 gene (Figure 17B).
Motif analysis of the sequences underlying ERG inigdsites in CD34 cells confirmed the
presence of the ETS factor core motif, validating binding sites as genuine ETS binding.
Moreover, it revealed the presence of multiple eossis sequences for hematopoietic regulators
such as RUNX1, TAL1, nuclear receptor half sited af1 factors (Figure 17C). Interestingly,
recognition motifs for E2A (in 6,637 ERG bindinges) and C/EBP (in 8,388 ERG binding
sites), two proteins specifying lymphoid and myellmeages, respectively, were also enriched in
mostly non-overlapping subpopulations of CDERG binding regions, suggesting indeed that
ERG binding sites in normal CD34ells predefine regulatory sites for differentatitowards
both the myeloid and lymphoid lineage.

Comparison of the CD34+ ERG binding sites with ¢hdetected in t(8;21) blasts revealed the
presence of ERG at many common sites such as &RkHe downstream region (Figure 17B).
However, also differential ERG binding sites weretedted such as observed at the OGG1
promoter and th&PI1 gene (Figure 17B). Of the ERG binding sites deta CD34 only 40%
overlapped with those in t(8;21) cells (Figure 1Abggesting that ERG profiles are cell type
specific. To even further extend this observatiam @empared ERG binding sites detected in
normal CD34 cells and t(8;21) cells with those present ingdticells that harbor the t(15;17)
translocation (Figure 17E) confirming that ERG flesf are to a large extend cell type specific.
Motif analysis of the 8,376 newly gained ERG birgisites in t(8;21) cells revealed no major
shifts in the presence of consensus sequenced frRUNX1, TAL1, nuclear receptor half sites
and AP1 factors as compared to normal CD&ls (Figure 18A), although less C/EBP and E2A
consensus sequences were found. However, we ndtiegda large fraction of AML1-ETO
protein targets newly gained ERG binding sites Fég17D), which becomes even more
apparent when examining AML1-ETO binding in t(8;28]l lines (Figure 18B), where 69% of
AML1-ETO protein targets ERG binding sites that amecific for SKNO-1 cells in the
comparison with CD34 cells. Together these results suggest that AMLDEireferentially
target cell type specific ETS factor bound genoragions.

Despite that all ERG binding sites have a RUNX1semsus sequence AML1-ETO binds only to

a subset, suggesting that these regions harbortia@ddi molecular characteristics. We
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hypothesized that targeting of AML1-ETO could bepeiedent on the number of RUNX1
sequences underlying the ERG binding regions. Qogithe number of RUNX1 motifs in ERG
only binding sites in comparison with those thatifmb also AML1-ETO revealed a statistical
significant difference (p-value 1.8x¥pin the distribution of the number of binding sit&Vhile
most overlapping AML1-ETO and ERG binding sites énd/ to 4 consensus RUNX1 motifs
(Figure 17F, right), other ERG binding sites haemagally 1 (Figure 17F, left). These results
suggest that the underlying DNA template suppdrés ltinding of oligomerized AML1-ETO

protein in line with previous reports (Minucci ¢t, 2000; Wichmann et al., 2010).

3.10 ERG binding sites have defined epigenetic mairlg in CD34" cells

To investigate whether oncofusion proteins coutdrahe epigenetic make-up of ERG binding
sites, we correlated the epigenetic modificationghase genomic regions. To this aim, we
performed ChiIP-seq for H3K9K14ac in normal CD84lls and included 9 previously published
histone modification profiles of hematopoietic peagor cells (Cui et al., 2009) in our analysis.
This revealed a strong correlation of ERG bindiitgsswith H3K9K14ac (Figure 19A) while
other modifications are not, or enriched only irosets of ERG binding regions, such as
H3K4me3, which is specifically enriched at ERG hingdsites located at promoters. Indeed, at
the ERG binding sites that are present atpB@) promoter and th&0X10 exon we detect H3
acetylation in normal CD34cells (Figure 19B). The ERG site at tp@00 promoter is still
present in t(8;21) cells while ERG binding and HBH{4ac are lost at th80X10 gene.

To extend these observations we examined H3K9Katiadl ERG peaks that are maintained in
t(8;21) AML blasts in comparison with unique ER@dling sites in normal CD34ells. These
results show that ERG peaks present in normal CB8d t(8;21) AML cells have high levels of
H3K9K14ac both in normal CD34ells and in AML cells (Figure 19C), while ERG peahat
are unique for normal CD34ells do only have increased H3K9K14ac in normBB& cells
but not in t(8;21) AML cells. Together these resuleveal an intimate connection of ERG
binding and H3 acetylation.

To investigate whether AML1-ETO recruits histon@acketylation activities to ERG binding sites
in patient samples we analyzed in t(8;21) blasimff patients (pz186 and pz229) the H3ac and
DNAme levels at all ERG binding sites. For this, raeked the ERG binding sites according to
AML1-ETO tag density (Figure 19D) and divided thR& binding sites in 10 bins of equal size.
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For most bins we observe an inverse correlatiomvéxt H3ac levels and DNA methylation
(Figure 19E and 19 F). In contrast, bins 9 andwltich have the highest AML1-ETO tag count
and represent the high confidence AML1-ETO/ERG inigdites, show reduced levels of H3ac,
despite low levels of DNAme. This analysis suggéisés reduced H3ac is a hallmark of ERG
sites occupied by AML1-ETO. Together these resufigly that a major molecular strategy of
the oncofusion protein AML1-ETO involves targetind histone deacetylation activities to

hematopoietic regulatory sites bound by ERG.
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Figure 5. Analysis of the AML1-ETO recognizing antibody AE. 293T cells were transfected
with full length AML1-ETO or control vector and gen extracts were analyzed for the presence
of AML1-ETO in Western using the AE antibody. Ordysignal was detected at the expected
height of the AML1-ETO proteinB. ChIP analysis using the AE antibody and 6 preslipu
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described AML1-ETO binding sites in the AML1-ETOneiinducible U937 cell line UAEC.

Analysis of the recognition capacity of the AE, ET(Diagenode) and ETOsc (Santa Cruz)
antibodies towards GST fusion domains of AML1-ETIhe fusion point of AML1-ETO is
present both in GST fusion product 1 and 2, peptitiat were used for generating the ETO1
antibody were present in GST fusion 2 and 4 whike $anta Cruz ETO antibody (ETOsc) was
developed against a peptide present in GST fusioRHD, Runt-Homology Domain; PST,
Proline-Serine-Threonine-rich regioNHR, Nervy Homology Region; MYND, Myeloid-Nervy-

Deaf domain. The RUNX1/AML1 part of AML1-ETO is Hitighted in yellow.
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Figure 6. AML1-ETO, RUNX1, CBEB and HEB colocalization to genomic regionA.
Overview of theOGG1, SPI1, andMLL AML1-ETO binding sites. In blue the Kasumi-1 AML1-
ETO (AE) ChlIP-seq data is plotted, in red the SKNAML1-ETO (AE), in orange the RUNX1,
in green the CBfand in black the HEB dat&. AML1-ETO binding sites detected by ChlP-seq
in leukemic Kasumi-1 and SKNO-1 cells. AML1-ETO gsavere called using MACS (p-value
10%) after which relative AML1-ETO density in Kasumigk SKNO-1 cells was determined at
these peaks. Results were sorted according toiveeléag density and the top 6000 peaks
displayed in a regression curve. A cut off wasaset relative tag density of 0.0001 (14 tags/kb).
C. Heat map displaying HEB, CBFand RUNX1 tag densities at the 2,754 high confiden
AML1-ETO binding sitesD. Distribution of the AML1-ETO and RUNX1/AML1 bindg site
locations relative to RefSeq genes. Locations oflinig sites are divided in promoter (-500 bp to
the Transcription Start Site), non-promoter CpGuridl, exon, intron and intergenic (everything
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Figure 7. A. Analysis of AML1-ETO binding sites by two addmial ETO antibodies, ETO1 and
ETOsc. Overview of theUT7, OGG1 andCEBPE AML1-ETO binding sites in Kasumi-1 cells.
In blue the AE ChIP-seq data is plotted, in grele@ ETOL1 and in red the ETOsc daBa.
Regression curve analysis of AE, ETO1 and ETOss &gdhe 2,754 AML1-ETO binding sites
identified in SKNO-1 and Kasumi-1 cell€. Boxplot showing the percentage of AE, ETO1 and
ETOsc tags, within three groups of AML1-ETO bindisges that harbor different ETOsc
densities or a set of random regions of similag.siz
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Figure 8. A Validation of ChIP-sequencing data by gPCR. Rangadnagh, medium and low
(n=10) AML1-ETO binding sites were selected anddatkd for AML1-ETO binding by ChIP-
gPCR in SKNO-1 cells. Occupancy results for eadsslof binding sites (high, medium, low)
are represented in a boxpl&. SKNO-1 AML1-ETO ChIP-seq tag count for the setechigh,
medium and low binding site€. Venn diagram representing the overlap of RUNXBFE and
HEB binding sites in t(8;21) cell lineB. RPKM values as determined by RNA-seq of genes tha
have AML1-ETO or RUNXL1 binding to its promoter flebr to an intragenic (intron and exon)
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Figure 9. AML1-ETO is recruited to ETS factor binding sités. Overview of the RUNX1 and
ETS core binding motifB. Overview of theBCL2 and FLT3 AML1-ETO binding sites in
SKNO-1 cells. In red the AML1-ETO (AE) ChiP-seq @as plotted, in orange the ERG and in
pink the FLI1 dataC. Heat map displaying ERG and FLI1 tag densitietiigh confidence
AML1-ETO binding sitesD. Venn diagram representing the overlap of ERG Fdd binding
sites in SKNO-1 cells. E. Coimmunoprecipitation of AML1-ETO with ERG.
Immunoprecipitations were performed in SKNO-1 celsing IgG and ERG antibodies and
analyzed by Western using RNAPII and AML1-ETO aotiies.F. ChIP-seq using U937 cells
expressing (+ zinc) or not expressing (no zinc) AMETO. Overview of theéXl AML1-ETO
binding site in U937 AML1-ETO cells. In blue the AEhIP-seq data is plotted and in pink the
FLI1 data.G. Intensity plot showing the tag density of AML1-@Tand FLI1 tags within a 10 kb
window around AML1-ETO binding sites in U937 AMLIFD cells treated or untreated with

zinc.
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Figure 10. A, B. re-ChlIP experiments using either ERG antibodmethe first round of ChIP
followed by a second round using AML1-ETO and ntladies(A) or vice versgB). C. MCF7
cells transfected with expression constructs forlAMETO and ERG or empty vectors. Resultant
protein levels were detected by Western blot uamgpodies recognizing AML1-ETO, ERG and
TBP. D. Transfected AML1-ETO and ERG colocalize to theKRYgenomic region in MCF7
cells. In blue the AML1-ETO ChlIP-seq data is pldite yellow the ERG dat&. Venn diagram
showing the overlap of AML1-ETO and ERG peaks al&CS peak calling for AML1-ETO
and ERG in transfected MCF7 cells. UAE cells were treated with zinc to induce AMLT-@®
expression. Protein levels were detected using &uedtiot analysis and antibodies recognizing
AML1-ETO and KAP1.G. ChiIP-seq using U937 cells expressing (plus zama)ot expressing
(no zinc) AML1-ETO. Overview of th&lFE2 AML1-ETO binding site in U937 AML1-ETO
cells. In blue the AML1-ETO ChlIP-seq data is pldti@nd in pink the FLI1 datdd. Venn
diagram representing the overlap of AML1-ETO (AH)ding sites in cell lines (Kasumi-1 and
SKNO-1) and zinc treated U937 AML1-ETO cells. RNAPII occupancy as determined by
ChiP-seq of genes that have AML1-ETO binding upoic mduction in U937 AML1-ETO cells
and are up- or down regulated. RNAPII occupancyeaised for 829 genes upon AML1-ETO
binding, while occupancy is increased for 241 games AML1-ETO binding.
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Figure 11. A.K562-ERG cells transfected with expression conssrimr AML1-ETO or empty
vectors and treated or not treated with dox fohdgrs. Resultant protein levels were detected
using Western blot analysis and antibodies recagmiaML1-ETO and ERGB. ChIP-seq using
K562-ERG cells expressing high levels (plus doxjoar levels (no dox) ERG and transfected 24
hours before harvesting with AML1-ETO. Overviewtbé SPI1 AML1-ETO/ERG binding site

in K562-ERG cells. In blue the AML1-ETO (AE) Chllgdata is plotted and in yellow the ERG
data.C. Boxplot showing the tag density of AML1-ETO anB@& tags in ERG binding sites in
K562-ERG cells transfected with AML1-ETO and trehte untreated with dox.
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Figure 12.ETS factors facilitate AML1-ETO bindind\. Venn diagram representing the overlap
of ERG binding sites in K562-ERG cells not treatedireated for 72 hours with doB. ChIP-
seq using K562-ERG cells expressing high levelddx}) or low levels (no dox) ERG. Overview
of the TAF12 AML1-ETO/ERG binding site in K562-ERG cells, tréasted 24 hours before
harvesting with AML1-ETO. In blue the AE ChiIP-segtd is plotted and in yellow the ERG
data.C. Overlap of DNAsel accessibility defined regiomsth ERG binding sites present before
dox induction (ERG no dox) and ERG binding sitest thppear after dox induction (ERG new).
D. Distribution of the ERG ‘no dox’ and ERG ‘newinldling site locations relative to RefSeq
genes.E. Boxplot showing the tag density of AML1-ETO an®G& tags within ERG binding
sites in K562-ERG cells transfected with AML1-ET@dareated or untreated with dox.
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Figure 13. ETS factors colocalize with PML-RAR A. Overview of the PRAM1 and
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ChiP-seq data is plotte@®. Heat map displaying FLI1 tag densities at highfickence PML-
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Figure 14. A. Functional annotation clustering to KEGG pathwafgenes that are associated
with AML1-ETO and PML-RAR: common peaksB-C. Overview of theFGGY (B) and
UBASH3B (C) genes in U937 AML1-ETO cells. In blue the AML1-&TChIP-seq data is
plotted, in purple the H3ac and in yellow the Hdata.D. Boxplot displaying the H3ac or H4ac
tag densities in zinc treated or untreated celismHeft to right: sites with decreased H3 and H4
acetylation upon AML1-ETO binding; sites with demsed H4 acetylation; sites with decreased
H3 acetylation; sites with no changes in acetytatio
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Figure 15. AML1-ETO binding sites in patient AML CD34cells with t(8;21)A. Overview of
the ITGB2 and OGG1 AML1-ETO binding sites. Two cell lines (SKNO-1 amsumi-1) and
blasts of three AML patients with t(8;21) were usedChIP-seq experiments using a specific
antibody that could recognize AML1-ETO (ABB. Venn diagram representing the overlap of
binding sites detected in patients AML cells wif8; 21), n=3.C. Overview of theSPI1 AML1-
ETO binding site. A blast from one AML patient wiit8;21) was used in ChlP-seq experiments
using a specific antibody that could recognize E&@ compared to the ChIP-seq results of
AML1-ETO (AE) in three patient blasts with t(8;2D. Venn diagram representing the overlap
of the 2,898 common AML1-ETO binding sites detected3 patients with t(8;21) and ERG
binding sites detected in one patient with t(8;21).
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Figure 16. A. Functional annotation clustering (GO) of genest #re associated with AML1-
ETO common peaks detected in patient blast dBlI€lustering analysis of expression changes
at the AML1-ETO target genes identified in AML matt blasts as compared to CD&4lls.
AML expression data from Valk et al. (2004) wasleaged for all AML1-ETO target genes in
(i) t(8;21) cells as compared to normal CD3#lls as well as in (i) FAB M2 non AML1-ETO
AML cells as compared to normal CD3dells and (iii) t(15;17) cells as compared to Cb34
cells.
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Figure 17. ERG identifies genomic regions important in herpatetic development and has cell
type specific binding profilesA. Schematic representation of normal and aberramiakopoietic
differentiation. HSC, Hematopoietic Stem Cell; LS@ukemic Stem CellB. Overview of the
OGG1, CAMK1 andSPI1 ERG binding sites in normal CD34ells and ERG and AML1-ETO
(AE) binding sites in blast cells from a patientwi(8;21). In yellow the ERG ChIP-seq data is
plotted, in blue the AML1-ETO dat&. Heatmap display of motif scores of DNA sequences
underlying ERG binding sites in CD34ells.D. Venn diagram representing the overlap of ERG
(pz12) and AML1-ETO binding sites in t(8;21) patiekML cells and ERG binding sites in
normal CD34 cells.E. Venn diagram representing the overlap of ERG ibmdites in normal
CD34 cells and t(15;17) APL cells and t(8;21) AML patieells.F. Number of RUNX1 motifs
present in t(8;21) patient ERG binding sites natupied by AML1-ETO (left), or present in
AML1-ETO binding sites (right).
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Figure 19. ERG defines H3 acetylation signatures in normaB&€Dand t(8;21) blast cellsA.
Heat map displaying median tag densities of a tsaagechromatin modifications at ERG binding
sites that are present in normal CD3%lls. B. Overview of theS0X10 and P300 genes in
normal CD34 and AML cells with t(8;21). In yellow the ERG Ch#eq data is plotted and in
green the H3K9K14ac using normal CD3lls and in blue the H3K9K14ac data using patient
AML CD34" cells with t(8;21).C. Boxplot showing the percentage of H3K9K14ac tays
normal CD34 and patient t(8;21) AML cells in ERG peaks tha¢ @resent in both normal
CD34 and AML t(8;21) cells or ERG peaks that are unif@enormal CD34 cells (CD34
exclusive).D-F. Boxplots showing the density of AML1-ET®@), MethylCap-DNAme E) and
H3ac €) tags in patient AML t(8;21) cells within 10 biln§ ERG binding sites (pz12) that are
ranked according to AML1-ETO tag density.
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CHAPTER 4 DISCUSSION

Many breakpoints involved in specific chromosomahslocations have been cloned over the
years. In most cases, however, the role of the @hénoncofusion proteins in tumorigenesis has
not been elucidated. In the case of AML our analgdiPML-RARy represented the first report
of the genome-wide actions of an oncofusion protsiartens et al., 2010). AML1-ETO has thus
far only been studied using ChlP-chip in an indlec®ML1-ETO cell line (Gardini et al., 2008),
while here, we analyzed the genome-wide bindingepatof AML1-ETO, epigenomic features
and its interplay with other regulators of hematepis in cell lines and patient primary blasts.

To identify AML1-ETO binding we used antibodies sgheally recognizing the AML1-ETO
fusion point as well as two antibodies recogniaiiferent parts of the ETO protein in ChlP-seq
and identified 2,754 high confidence, mostly noarmpoter, binding sites in Kasumi-1 and
SKNO-1 cells. In addition we analyzed genome-widéNX1/AML1, HEB and CBRB binding
and could show enrichments of both RUNX1/AML1 anidBHat all high confidence AML1-ETO
binding sites, while CB-enrichment was only detected at a subset.

Analysis of the high confidence AML1-ETO bindindges showed an abundance of ETS factor
consensus motifs at nearly every position. ChiPvedig FLI1 and ERG antibodies revealed the
presence of these ETS factors at AML1-ETO binditesan SKNO-1 cells, a finding that could
be corroborated and extended to a primary AML bt t(8;21). In addition to AML1-ETO,
ETS factor colocalization could also be identifegdsites bound by the oncofusion protein PML-
RARa, substantiating in the APL-derived NB4 cells poas findings that identified co-
occurrence of the ETS factor SPI1 with PML-RAR U937-PR9 cells (Wang et al., 2010).
Interestingly, using an AML1-ETO inducible cell g revealed that AML1-ETO is recruited
to sites pre-occupied by FLI1, uncovering ETS fexts proteins that facilitate binding of other
proteins. Further analysis in an ERG inducible sgtem showed that AML1-ETO can bind
additional genomic regions when these are pre-rdapkeopened up by ERG binding. Together
these data suggest that ETS factors have a piogekmction, demarcating genomic regions to
which oncofusion proteins such as AML1-ETO can &eruited in a cell type specific fashion.
The function of ERG in providing a docking platforfor other hematopoietic regulators is
further substantiated by the recent identificatbba loss of function ERG mutant that still binds

DNA but is suggested to have lost the potentiahteract with other proteins (Loughran et al.,
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2008) and from ChlIP-seq studies in mice that sugtpet ERG colocalizes with a variety of
other hematopoiesis associated proteins (Wils@h ,e2010).

Increased expression of ERG in AMLs is associati#d poor prognosis (Marcucci et al., 2005;
Metzeler et al., 2009). The molecular mechanisnisnioethese findings are unclear. Our results
suggest that binding of ERG is cell type specifitd a@hat it is associated with histone
hyperacetylation. Increased levels of ERG expressight result in changes in global histone
acetylation due to binding of ERG to more sites. dddition, our results reveal that
overexpression of ERG results in localization ois tprotein to many previously unbound
accessible genomic regions and thereby facilitateibbg of secondary proteins. This function
might be crucial in preventing normal hematopoietitferentiation in transformed cells and
supporting leukemogenesis in high ERG expressing. &M

In addition to oncofusion protein expressing cele assessed ERG binding in normal
hematopoietic CD34cells. Normal CD34 cells have the potential to differentiate along th
lymphoid and myeloid lineages dependent on theurailtonditions used, while the t(8;21) and
APL cells are transformed and likely blocked ateatain stage of the myeloid differentiation
program. Analysis and comparison of ERG bindingssin these cell types revealed that ERG
binding sites are marked with ‘active’ H3 acetyati Extending these results to cells that express
oncofusion proteins revealed that a main molecstiategy of AML1-ETO involves targeting of
histone deacetylation activities to ERG and FLIludmb hematopoietic regulatory sites.
Interestingly our study shows that PML-RARIso colocalizes with ETS factors and previously
we reported that PML-RAd&Rhas similar epigenetic effects (Martens et all@0suggesting that
AML1-ETO and PML-RAR: utilize similar molecular mechanisms to block eifntiation.
Indeed, recruitment of histone deacetylation atitizito hyperacetylated ETS factor regulatory
sites can be expected to have a significant impadranscription and epigenetic organization
and likely represents a crucial event in the trammsétion process. Moreover, these observations
also highlight the potential of using specific HDAhibitors or other epigenetic-based drugs in
AML treatment. Specific targeting of the epigenanodifications that underlie ‘normal’ ETS
factor binding sites or targeting the acetylasezdgdase containing complexes (Bantscheff et al.,
2011) might provide an attractive approach to theusically eradicate leukemic cells.

Comparing our PML-RAR and AML1-ETO binding profiles revealed many comngsnomic
targets, amongst which the hematopoietic mastearlaggs SP11 and RUNX1. Apart from this
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several other molecular similarities could be umed. First, both oncofusion proteins form
oligomeric complexes as an effect of the multimegian properties of the fusion partners PML
and ETO, respectively. Consequently, the oligomesimplex can target DNA binding templates
that contain multiple consensus sequences andbthefeviate from parental protein binding,
although the DNA binding domain and hence cis-gciaquence recognition of the RARNnd
AML1 moiety is not changed. Secondly, both oncajasproteins have a protein partner, HEB
and CBR that bind to the ETO and AML1 moiety of AML1-ET@gspectively, and RXR that
binds the RAR moiety of PML-RAR. Third, our study showed almost exclusive bindaig
AML1-ETO and PML-RAR to regions occupied by ERG and/or FLI1. As alse HTS factor
SPI1 has previously been reported to interact ®RML-RARa (Wang et al., 2010), these results
indicate that both oncofusion proteins are targeétednd could potentially interfere with ETS
factors. Finally, our previous observation that RRARa recruits histone deacetylase activities
(Martens et al.,, 2010) could in this study be edtzhto AML1-ETO, revealing that both
oncofusion proteins recruit histone deacetylaseviies to their binding sites. It is tempting to
speculate that other oncofusion proteins might alsre many of these features or, vice versa,
that any protein that is altered such that it confinese four properties has the potential to
transform cells. Still, many targets of AML1-ETOdRML-RARa are not shared and our results
suggest that ETS factors might be important deteaints for guiding this AML subtype specific
oncofusion protein binding. The differences in ETé&&tor binding regions between AML
subtypes might account for the ‘cell stage’ spedifiock of differentiation and features of the
diseases. Future analysis of both these commosaeuific aspects of various AML subtypes are

expected to yield further insights on how to thexatrally eradicate these cancer cells.
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4.1 CONCLUSION

Acute myeloid leukemia (AML) associated oncofusipnoteins play a critical role in
development and progression of the disease. Herédewntified high confidence binding sites of
the oncofusion protein AML1-ETO in two t(8;21) célies and three patients AML blasts and
found colocalization of AML1-ETO with subsets of ERand FLI1 occupied regulatory regions,
a finding that could be extended to PML-RAR Acute Promyelocytic Leukemia (APL). ERG,
which is generally associated with H3 hyperaceityhatis shown to recruit AML1-ETO in a cell
type specific manner, resulting in local decreasekistone acetylation. Together our results
suggest that ERG/FLI1 demarcate hematopoietic atguyl sites and promote leukemogenesis by

providing target sites for aberrant epigenetic faigon by oncofusion proteins.
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APPENDIX

Primers used in this study

ChlIP:
SPI1 Forward
Reverse
FUT7 Forward
Reverse
NFE2 Forward
Reverse
0OGG1 Forward
Reverse
VEGF Forward
Reverse
ITGAM Forward
Reverse
CD344 Forward
Reverse
KREMENL1 Forward
Reverse
H2B Forward
Reverse
MYOG Forward
Reverse

GGGTAAGAGCCTGTGTCAGC
CAGATGCACGTCCTCGATAC
TGAAACCAACCCTCAAGGTC
TCACTGGCATGAATGAGAGC
GGTTAGCAGCATACGTGGAG
ACGATACGGAGAAAACCACG
CCACCCTGATTTCTCATTGG
CAACCACCGCTCATTTCAC
GGTTTGGATCCTCCCATTTC
CAGTCAGTGGTGGGGAGAG
GCTTCCTTGTGGTTCCTCAG
AGGAGCCAGAACCTGGAAG
AGTTTGGCTTGTGGGAACTG
GACAAGGCCACTGAGAAAGC
CGAGAGTGACATCCAGTTGC
TTCACAACCGTTCCAGATGA
TTGCATAAGCGATTCTATATAAAAGCG
ATAAAGCGCCAACGAAAAGG
AAGTTTGACAAGTTCAAGCACCTG
TGGCACCATGCTTCTTTAAGTC

Cloning GST fusion proteins AML1-ETO:

GST-1 forward
reverse
GST-2 forward
reverse
GST-3 forward
reverse
GST-4 forward
reverse
GST-5 forward
reverse
GST-6 forward
reverse
GST-7 forward

reverse

ACTGCGGATCCCGTATCCCCGTAG
CAGTGAATTCTCAGTGCTTCTCAG
ACTGCGGATCCGGGCCCCGAGAACCTC
CAGTGAATTCTCAGAGTTGCCTGGC
ACTGCGGATCCCTGGCTAATCAACAG
CAGTGAATTCTCATCTGTCTGGAGTTC
ACTGCGGATCCACCAAAGAAAATGGC
CAGTGAATTCTCAATGCAACCCCATAG
ACTGCGGATCCAGCCACAGGGAC
CAGTGAATTCTCATTCCCGATGCGC
ACTGCGGATCCAGTCCCGTCAACC
CAGTGAATTCTCAACTCTCGCTTGAATC
ACTGCGGATCCTGCTGGAATTGTG
CAGTGAATTCTCACTAGCGAGGGGTTG
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gPCR validation of high confidence AML1-ETO SKNO-1Kasumi-1 binding sites

High regions
1 forward AAGGGAGGGGAGCTAACTGA
reverse GGCTAATCCCACAGAGCAAG
2 forward CACGCTGGCTACATTTCTCA
reverse GTGTCCCCTCTTGCTGACAT
3 forward CTTCAGTGGCAAACCCAGTT
reverse GCAAGGAAGCTGAGGATGAG
4 forward TGTGTTGGTTGGAAGCTGAA
reverse AAGACCTGTTGCCAGCATCT
5 forward TTGTTGGGGAACACTTCACA
reverse AAGGCTGAGAAAAGGGAAGC
6 forward CTGGACTGGGGAAGGATTTT
reverse ACCCCACACACACTCCCTTA
7 forward AAATGGCAACTGGACCAAAG
reverse GTCGACATCTCCTCCAGCTC
8 forward TCCACAGAAGCCTCCTTGTT
reverse TTGTTTCACCACCAGACTGC
9 forward AATTGCTGTGCACTGTGTCC
reverse GACCACAGCATCCCATTCTT
10 forward CCAAGTTTGCGCAATAGGAC
reverse CCATGTGCCTTGCACAATAA
Middle regions
1 forward GGCCACACTTCATTTCACCT
reverse TAGCGGGAGAGGCAGAGATA
2 forward TGACGCTTAAGAGCCCAGAT
reverse AGCAAGACCACTGCTGGAAT
3 forward CAGCTTGTTTGCACTTTGGA
reverse AGCAGCCTGACTTGAAAAGC
4 forward GGGTCACATCTCCTCCTTCA
reverse GCCACTCAAGCTCACTCTCC
5 forward GCATTTGGAGGCTACTGCTC
reverse TCGGAGGTGAGAATGCTCTT
6 forward TCTGCTGACAACCTGAATGC
reverse GGCTTAGGATGGGGGAGTAG
7 forward AGAGCTCAGGTGTCGTCCAT
reverse GCAAACTGAGCTGTGGCATA
8 forward ACAGGCATCTCCCAGCTCTA
reverse CTTGTGTGCTGGAGGTTGTG
9 forward TCTCCAAGCAGCTGATGATG
reverse AGATGAATGGGAGGGAGCTT
10 forward GGGAAAGGTCCAGAGAGAGG
reverse TGTCTGGAAGGGGAATTCAG
Low regions
1 forward GCTGGCAGTTAAGGGATGAG
reverse CTCTAGCTGCTGCCCTGTCT
2 forward AAGCTGGAGAACAAGGCTCA
reverse GTCAGGGGGTGACACAGACT
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3 forward TCCTACGTTCTGCCCATTGT
reverse CTCCCAAAGAGTTGCCAGAC
4 forward GAGAGACTGCTGCGGGTAAC
reverse GCTTCTGCAAAGCCTGACTC
5 forward CACCAGCCTGAACAGATGAA
reverse TCCAAACAGCAAAGGAGCTT
6 forward GAATCTGGGTGTTGCAAGGT
reverse GGTGATCCTAGGGGGAGAAG
7 forward CTGGGACGTGAAGAGGAGAC
reverse AGAGCCTTACAATGCCTGGA
8 forward TTCCTATGGACTCCCACAGC
reverse AGTCCATGGGGCAGTAGATG
9 forward GGACTTCCAGGCCATGACTA
reverse TCCTTCTCTTTGGGGTCCTT
10 forward GCAGAGCTTGTGGGAGTTTC

reverse CAGAGAGACACGCCTGTACG

Profiles analyzed in this study

Cells ChIP antibody/technique Treatment Mapped read reference
Kasumi-1 AE (A706) no 6716821
Kasumi-1 HEB (sc-357) no 5885202
Kasumi-1 ETO1 (A710) no 6738375
Kasumi-1 ETOsc (sc-9737) no 5193085
SKNO-1 AE (A706) no 9474494
SKNO-1 CBF1 (A1329) no 2084211
SKNO-1 ERG (sc-353) no 13373986
SKNO-1 FLI1 (sc-356) no 1609327
SKNO-1 RUNX1 (ab-23980) no 2084211
SKNO-1 RNA-seq no 16178852
AML pz12 AE (A706) no 11324391
AML pz12 ERG (sc-353) no 16659875
AML pz1 6 AE (A7 6) no 8329 2
AML pz186  H3K9K14ac (Diagenode) no 10175724
AML pz186 MethylCap no 34716102
AML pz229 AE (A706) no 8882375
AML pz229 H3K9K14ac (Diagenode) no 15944616
AML pz229 MethylCap no 21305015
CD34+ nr29 ERG (sc-353) no 16965117
CD34+nr30 H3K9K14ac (Diagenode) no 16201598
CD34+ nr30 FLI1 (sc-356) no 16191803
NB4 PML (H238) no Martens et al., 2010
NB4 RARa (Diagenode) no Martens et al., 2010
NB4 FLI1 (ab-15289) no 8935568
APL pz74 ERG no 17758130
MCF7 ERG AML1-ETO/ERG 3544120
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MCF7

K562-ERG

K562-ERG

K562-ERG

K562-ERG

UAE
UAE
UAE
UAE
UAE
UAE
UAE
UAE
UAE
UAE
CD133+
CD133+
CD133+
CD133+
CD133+
CD133+
CD133+
CD133+

AML1-ETO
ERG
ERG

AML1-ETO

AML1-ETO

AE (A706)
AE (A706)

FLI1 (ab-15289)
FLI1 (ab-15289)
H3K9K14ac (Diagenode)
H3K9K14ac (Diagenode)
H4panac (Upstate)
H4panac (Upstate)
RNAPII (Diagenode)
RNAPII (Diagenode)
H3K4me3
H3K9mel
H3K9me3
H3K27mel
H3K27me3
H4K20mel
H3K4mel
H3K36me3

transfected

AML1-ETO/ERG
transfected
AML1-ETO
transfected, no dox
AML1-ETO
transfected,72 hrs dox
AML1-ETO
transfected, no dox
AML1-ETO
transfected,72 hrs dox

no
5 hrs zinc
no
5 hrs zinc
no
5 hrs zinc
no
5 hrs zinc
no
5 hrs zinc
no
no
no
no
no
no
no
no
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3648588

23220874

18572309

13700478

12259664

8277859
7670219
17661457
19010064
14723129
15057351
13195517
11996351
6648533
9130135

Cui et al., 2009
Cui et al., 2009

Cui et al., 2009
Cui et al., 2009
Cui et al., 2009
Cui et al., 2009
Cui et al., 2009
Cui et al., 2009



Scripts used in this study

Task Name script Used to generate figures

Peak calling MACS 2B; 5D; 8A; 9C; 11B, D; 13D, B,:AC; 6E, H; 14B

Tag counting peakstats.py 2B, C; 5C, G; 8E, 9B1%A, C-F; 3F, G; 4B, D; 6l
7C; 10D

Motif discovery gimme_motifs.py 5A

Motif counting pwmscan.py 13C,F; 14A

Motif scoring pwm_scores.py 13C; 14A

Peak annotation genomic_distributionjsh 2D, 8D

Intensity plot makeColorProfiles.pl 5G

For clustering and heatmap generation TMEV (httpuid.tm4.org/mev/) was used and for
functional annotation DAVID (http://david.abcc.raif.gov/).
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PART II: Tissue-engineered esophagus: am vitro study.

CHAPTER 1 INTRODUCTION

1.1 Diseases causing esophageal loss or dysfunction

There are several conditions where esophageal ceplent and substitution is required but
esophageal reconstruction still remains a chalfepgssue for pediatric and adult general
surgeons. Although this organ looks “simple” frone tanatomical point of view, replacing the
native esophagus is the most compelling part adsophagectomy because of the difficulties in
reproducing the essential properties and functidrise original structure.

1.1.1 Esophageal canceNowadays esophageal cancer is the ninth most emess neoplasia
in the world and the fifth most frequent cancer tire developed countries. Because of
considerable delay in diagnosis and comorbdityindefe surgical resection is possible in only
~20% of cases (Mariette et al., 2007). Actuallye tincidence of esophageal cancer is
approximately 3-6 cases/100.000/year, and the tmeeipal histological types are: i) small cell
carcinoma, ii) squamous cell carcinoma, and iiigramtarcinoma. However, the incidence of
adenocarcinoma of the cardias and lower esophagigised dramatically in the West countries
during the last three decades, while the squameligype remains the most frequent type in
Asia (Kato et al., 2007). Among the causes of eagphl cancer several factors that can damage
DNA have been founded in the past decade, includeayy alcohol consumption, tobacco use,
chronic acid reflux, Barrett's esophagus, diet (lowfruits and vegetables), and obesity.
Sometimes it is also associated with certain ragelical conditions like achalasia, esophageal
webs, and tylosis.

1.1.2 Caustic ingestion.Esophageal injury can occur from ingestion of basesds, and
bleaches, but ingestion of substances containisgsproduces the most significant injury. Since
then the Poison Prevention Packaging Act in 19%Dtha Federal Hazardous Substances Act in
1972 have toughened regulations, and now propeglite including antidote instructions,
concentration restrictions (10%), and child-resistgpackaging is required. Despite these

precautions, it is still estimated that 5,000 aenidl lye ingestions occur yearly by children less
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than 5 years of age. These ingestions are accldant@e pediatric population, mostly at home
and in the kitchen, and almost invariably intengibin the adult population (suicide attempts).
1.1.3 Esophageal atresiaEsophageal atresia incidence is known to be arduB@00. It is
suitable of colon or gastric interposition onlyarfew cases referable to its “long-gap” first type,
that represent not more than 5% of all these patienth four or more vertebral bodies
interposed between the two esophageal stumps.partaof them a few months delay in the
definitive attempt to perform the anastomosis gikegson of the malformation, even if paying
the cost of an increased risk of stenosis due gartiction between the stumps (Bagolan et al.,
2004). So, only a few parts of these patients yeadled an esophageal substitution. Apart of
them, a small number of patients with recurrenthem-esophageal fistula (less of 5% of
esophageal atresia patients) need esophageal tstibstibecause of the fair amount of free
esophageal wall to close the fistula. Moreover ftang type of congenital esophageal stenosis is
even prone to colon or gastric interposition. Hinatomplicated attempts to resolve this
malformation with repeated operations easily lead severe esophageal stenosis because of the
consequent poor vascular supply.

1.1.4 Benign end stage esophageal pathologiddiscellaneous includes different patients
lacking good esophageal tissue for reconstructiah reeeding substitution, like benign tumors,
long term naso-gastric intubation, previous un&attery surgery or dilatations, end-stage

achalasia, perforations.

1.2 Surgical strategies for esophageal reconstruoti

Typically, the esophagus has little redundancyastwlogous tissue for reconstruction is not
available. Even small segmental defects often requomplex tubular interpositions. Autologous
graft tissue derived from stomach, skin, small angé intestine, has been used for segmental
esophageal defects repair, but complication ratesigh, ranging from 30% to 40% (Gawad et
al., 1999; Alcantara et al., 1997; Ellis., 1999).

In the adult patients esophageal cancer and suicalsstic ingestion are the most frequent
conditions requiring a long tract esophageal reptant. Surgery is still the recommended
standard treatment for operable patients with Ipedltumors (Tis — Tla — NO), for squamous

cell carcinoma as well as for adenocarcinoma. Theraiive approach for malignant cancer
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varies from conventional transthoracic esophagegtachiefly for palliation, to limited
esophagectomy without thoracotomy, to en-bloc eagpttomy, and to extended esophagectomy
with 3-field lymph node dissection for curative pases. (Logan, 1963; Law et al., 2001; Altorki
et al., 2001)

Transhiatal esophagectomy gives lower morbidity the patients affected by esophageal
carcinoma, but the trans thoracic approach withukameous linfadenectomy offers better
survival prognosis. Among the ancillary therapies preoperative chemoradiotherapy seems to
give the best survival addiction to these patients.

Wide surgical resection for malignancies needseeithreattachment of the shortened esophagus
to stomach or replacement of the excised portiain wome form of intestinal substitute. The
colon is considered a well-functioning and durakleophageal substitute. For esophageal
reconstruction, an isoperistaltic colon graft skloube used because an antiperistaltic
reconstruction may be associated with significgoassns. The left colon enables the most
extensive mobilization of the graft (Khan et aD03).

The best approach for esophagectomy and esophagestltution is still unidentified, but, since
surgery states as the main step in the esophageeictreatment options, actually it does exist in
four main therapeutic combinations:

i) esophagectomy with chemo- or chemoradiotherapy;

i) primary definitive chemoradiotherapy with orthvout salvage esophagectomy;

iii) preoperative chemoradiotherapy and subsegplanined esophagectomy; and

iv) minimally invasive transthoracic esophagectasyan alternative technical approach.
Intractable benign stenosis actually are more t@rencounter since the endoscopic therapeutic
options have become affordable, increasing theofidéatations and stents.

Esophageal dilatations, usually performed in aregnaide way with guidewire directed balloons
or Savary dilators, but sometimes aborally throagbastrostomy too, are the most frequently
performed therapies in the treatment of differemd& of esophageal stenosis. Recently
esophageal stenting have been reported to prodocel gesults thanks to the use of
polytetrafluoroetylene stents, hypothesizing laiigelications in the attempt of saving the native
esophagus (Atabek et al., 2007).

Preservation of the native esophagus is desiraldlecan be achieved in most cases. As a first

management, esophageal dilatations of the resulinigture can be used. If dilatation is
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considered to have failed or if the esophagus dameo salvaged, esophageal bypass or
substitution is indicated. Operations currently dussre colonic interposition, gastric tube
esophagoplasty, jejunal interposition, and gastdeancement (Cywes et al., 1993; Othersen et
al., 1988; Spitz et al., 1984; Stone et al., 1336 et al., 1982).

Esophageal substitution is barely performed in plediatric age. It represents the definitive
attempt to resolve an intractable disease lik@adigap” esophageal atresia or major disruptions
like caustic ingestion, as previously describedut Bhe colon interposition, gastric pull-up or
other different techniques still have lot of negatconsequences on the esophageal physiology
due to the different composition and motility.

Alternatives for esophageal replacement in infamis children in the past have included a right
or left colon interposition (running the large isti@e from the back of the throat to the stomach),
formation of gastric tube (creating a tube fromtpzrthe stomach and swinging it up to the
backing of the throat), and a jejunal interposit{fomnning small intestine from the back of the
throat to the stomach). All of these have advardaggel disvantages related to short and long

term complications.

1.3 Tissue engineering and organ replacement

Artificial transplantation or transplanted orgassai successful therapy for otherwise incurable
end-stage diseases or tissue loss. However, steaiventions are challenged by organ shortage,
the necessity of lifelong immunosuppression angdtential for serious complications. Tissue
engineering has emerged as a rapidly expandingoapiprto address these problems and is a
major component of regenerative medicine. Tissugneering is an interdisciplinary field that
applies the principles and methods of bioengingennaterial science, and life sciences toward
the assembly of biologic substitutes that will oest maintain, and improve tissue functions
following damage either by disease or traumaticcgsses (Knight et al., 2004; Shieh et al.,
2005).

The general principle of tissue engineering invobaenbining naturally or artificially derived
scaffolds, cells and signalling molecules which rbaybounded to the scaffold or infused onto it
to build a threedimensional living construct thatfunctionally, structurally and mechanically

equal to or better than the tissue that is tcepéaced.
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1.3.1 Scaffold. Scaffold materials are three-dimensional tissueictires that guide the
organization, growth and differentiation of cells ideal scaffolds must be biocompatible and
should be able to

i) naturally providing cell attachment and support

i) dispose of sufficient area to allow cell prolifeoat

iii) develop the ability of shaping specific structures

iv) invivo degrade without release of toxic materials

v) allow tissue remodelling and resorption avoidingeign body reaction

vi) allow the ingrowth of host cells.
It is well-known that cell-extracellular matrix (B interaction plays a basic role in the
regulation of cell migration, proliferation, difiemtiation and survival (Rosso et al., 2004). So,
various ECM-derived scaffolds, such as collageginate, Matrigel and hyaluronic acid, have
been used for cell culture and tissue engineerimggses (Freyman et al., 2001; Marijnissen et
al., 2002). However, synthetic scaffolds preseatdbme advantages in comparison with natural
scaffolds: tightly control of physical propertiessich as mechanical strength, degradation rate and
pore size, and production with fewer batch-to-batehiations. Moreover, scaffolds can be
designed to incorporate ECM molecules that affedit regulation, function and reorganization.
Nevertheless, the surface of synthetic polymersnofieeds to be modify to get an optimum
substrate for tissue engineering. So, adhesionaulgle can be adsorbed or covalently bound to
the surface of scaffolds. ECM adhesion proteinghsas fibronectin, collagen and laminin,
present some disvantages in the view of medicaligions (Langer et al., 2004). They can
elicit immune response, since they are isolatechfather organisms and need to be purified.
They also need to be refreshed continuously, becthey are object of proteolytic degradation.
On the contrary, small peptides, containing onky sequence responsible for cell adhesion, are
characterized by higher stability, easier charaton, and possibility to be packed with an
higher density on surfaces (Cook et al., 1997).sT ltlneir use can overcome most of problems
connected to ECM proteins. For example, small peptcan be design to contain RGD sequence
(Arg-Gly-Asp) which mediates cell-adhesion via celembrane integrin receptors, or heparin
binding sequences able to interact with cell membtaeparin sulphate proteoglycans.
At present, then vivo quick capillary ingrowth into tissue substituteghought to be a basic step

for the survival of the implanted cells and theatetlin vivo successful implant (Mooney et al.,
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1999). To improve new capillary ingrowth from thesh vascular network, several approaches
have been proposed, including the delivery of ageyiic factors and prevascularization using co-
cultures with endothelial cells or by implantatiorthe mesentery (Holder et al., 1997).

1.3.2 Cell source Another basic step in tissue engineering is thacehof the cell type and
source. The cell type that could be used shoulableeto generate sufficient numbers of cells that
maintain the appropriate phenotype and perfornreleired biological functions. For example,
cells must produce extracellular matrix in the eotrorganization, secrete cytokines and other
signaling molecules, and interact with neighboragdis/tissues. The transplanted cells can be
primary cells (mature cells), or stem cells (eithdult or embryonic).

Primary cells are mature cells specific to tissyeetthat can be harvested directly from the
recipient, so avoiding immunological rejection. Mover, autologous cells contained in the
tissue-engineered devices play an important rolentprove thein vivo integration of the
implants because they could represent a signath@rrecruitment of the host cells and the
lowering of inflammatory response (Marzaro et 2002; Conconi et al., 2005). Although mature
cells are still used in tissue engineering, bus¢heells may not be the best source of cells for
tissue regeneration, primarily because these adl#t have already differentiated and committed
to a specific cell type and proliferation ratesdéo be low and for some phenotypes, e.g., spinal
cord neurons, harvesting from a patient or dononas an option. These limitations have
stimulated studies to find and develop alternatie# sources for tissue engineering strategies
and stem cells are already providing solutionsotaes of the problems encountered using mature
cells.

Stem cells can be defined as undifferentiated tietiscan proliferate and have the capacity both
to self-renew and to differentiate to one or monees of specialized cells under appropriate
conditions. There are two main types of stem celtsbryonic and adult. Embryonic stem cells
(ESCs) are totipotent and, accordingly, they cdferdintiate into all three embryonic germ
layers. On the other hand adult stem cells arenustipotent; their potential to differentiate into
different cell types seems to be more limited.

Embryonic stem cells (ES cells) are stem cellsvéerifrom the inner cell mass of an early stage
embryo known as a blastocyst (4-5 days post featibn). ES cells are pluripotent, therefore they
are able to differentiate into all cell types foundadult human body (Edwards, 2004; Gardner,

2007). Pluripotency distinguishes ES cells from tipotent progenitor cells found in the adult;
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these only form a limited number of cell types. W stimuli is given for differentiation, (i.e.
when grownin vitro), ES cells maintain pluripotency through multipk! divisions. Because of
their plasticity and potentially unlimited capacityr self-renewal, ES cell therapies have been
proposed for regenerative medicine and tissue eergimg but ES cells use is restricted due to
teratoma formation and ethical concerns.

Adult stem cells are undifferentiated cells foumdoag differentiated cells in a tissue or organ
where they act as reservoirs to maintain and repaitissue when required. Both their potency
and proliferative potential are typically narrowkan those of their embryonic counterparts. For
a long time, adult stem cells have been considerdze a safer option for clinical applications
than ESC because they have not been shown to évatotas. They have thus far been the only
stem cells used to successfully used in tissueneegng applications. The range of cell sources
for adult stem cells continues to increase but gmtrem bone marrow adult stem cell
populations has been most thoroughly characterBede marrow contains two major types of
stem cells, (1) hematopoietic stem cells which ati the types of blood cells in the body and
discussed in other portion of the thesis and (2yomastromal cells also known as MSCs.

Bone marrow stromal cells were first described 978 by Alexander Friedenstein. He and his
colleagues showed that bone marrow stroma contals that adhere to tissue culture plastic.
He determined that these cells (1) belong to a paplation in the bone marrow, (2) did not
enter “S” phase until up to 60 hours after inip&ting, (3) showed a high replicative capadity
vitro, (4) were clonogenic, and (5) formed colonies roédgular shape and density (Phinney,
2002). Moreover, he showed these cells were capabl®rming bone even after multiple
passages.

These stromal cells can be expanded in vitro oseersl passages and can differentiate into cells
of some mesenchymal tissues, such as osteobldstgidrocytes, adipocytes, myocytes,
tenocytes, and haematopoiesis supporting strortial(€aplan et al., 1998) (Figure 1). Based on
this multilineage differentiation capacity, Caplaoined the term mesenchymal stem cells
(MSCs). MSCs represent a minor fraction in boneravarabout 0.001-0.01% of all nucleated
cells in the marrow (Pittenger et al., 1999). Ferthore the prevalence of MSC decline over age.
MSC (Stromal cells) play an important role as arogavironment (stroma) for the developing
hematopoietic stem and progenitor cells in the hoaerow (Baksh et al., 2004). In addition to
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bone marrow MSC-like cells also have been isoldtech adipose tissue, synovium, placenta,
amniotic fluid, lung and human umbilical cord blo@tuk et al., 2001; In 't Anker et al., 2003

Mesengenic Lineage

Mesenchymal Stem Cell

O ® @ @
I . A

Pre-Osteoblast

@ Pre-Chondrocyte

}

Ostecblast Chondrocyte
W STROMA MUSCLE TENDON/ ,
BONE CARTILAGE FAT MARRO T VENT SKIN

Myotube Dermal Cell

Figure 1. Mesengenic lineage pathway. The process of mesesigeinvolves the generation of
multiple mesenchymal end-stage phenotypes from diféerentiation of a multipotent
mesenchymal stem cell (MSC) through a multistepesesf developmental changes in response
to microenvironmental stimuli. The lineages arasttated from left to right in the order of most
to least characterized (adapted from Caplan e1298).

Isolation of MSCs from BM involve culture of bomearrow mononuclear cells in selective
media on a plastic substrate, which allow fibroblke cells (later named MSCs) to adhere
while others, such as hematopoietic cells, do nblowever, studies have shown that MSC
cultures based solely on adherence to plastic g@dyhheterogeneous (Prockop et al., 2001,
Simmons et al., 1991). Other protocols have alsm loeveloped to isolate MSCs, including flow
cytometry and cell sorting with antibodies to altface markers such as STRO-1 (Simmons and
Torok-Storb., 1991), SSEA-1/CD15 (Anjos-Afonso dddnnet, 2007). The STRO-1 surface
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marker is found on ~10% of bone marrow mononuctesdls. Fibroblast-like colony forming
units (CFU-F) are exclusively STRO-1pos and havewsh adipogenic, myogenic, and
fibroblastic potential, yet the vast majority oe#e cells are erythroid precursors (Simmons and
Torok-Storb., 1991). Anjos-Afonso and Bonnet den@tsd that single cell-derived populations
of murine BM derived MSCs characterized by StagecBjg Embryonic Antigen-1 (SSEA-1)
expression, were capable of differentiation in-yitttus showing their true stem cell properties
(Anjos-Afonso and Bonnet, 2007).

The capacity to differentiate into multiple meseyral lineages, including bone, fat and
cartilage, is being used as a functional critetmaefine human MSCs. Cells from MSC culture
are known to be positive for the surface peptidBs105 (SH2), CD73, and the surface receptors
CD29, CD71, CD90, CD123, and CD166 and negative Hematopoietic and endothelial
markers, such as, CD11b, CD14, CD31 and CD45. Qihletypes also express these markers,
thus it would be preferable if there were trulyraque marker to identify the most immature and
therefore the most highly potent MSCs. Till nowraque marker has not been found on MSCs to
distinguish them from all other cell types andlséll current selection protocols produce
heterogeneous cultures with respect to surfaceemagkhadlag and Mao, 2004

Beside many issues remain to be solved regardieig tharacteristics, phenotype and behavior
in culture; however MSCs have already demonstrdlemir efficacy in preliminary tissue

engineering application (Macchiarini et al., 2008).

1.4 Tissue engineered esophageal substitutes

In the last years, several tissue engineering-bagprbaches using artificial and natural scaffolds
have been proposed for the repair of experimentgted defects in the esophagus. However, the
obtained results are very difficult to compare luseaof the large variability about the animal
model (rat, dog and rabbit), the time-points (frlew weeks to several months), the dimension
and the location of the oesophageal defects. I ghction we will review about the findings
related to the use of tissue engineered devicepasad of artificial or natural scaffolds.

1.4.1 Atrtificial scaffolds. Polytetrafluoroethylene (PTFE) oval patches (3x2)mvare used to
repair full-thichkness defects in the abdominalpbemus of Wistar rats (n=10) but unsatisfactory

results have been obtained. Indeed, after 28 days $urgery, the implants were replaced by
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fibrous tissue(Gonzalez et al, 2003). Despite the low number =df rabbits enclosed in
another study, it was suggested that polyvinykd#uaoride (PVDF) may represent a promising
material for esophageal replacement. In this steliyicircular esophageal defect (0.5x1 cm) 2
cm proximal to the cardia was closed with PVDF me&&h3 month, no stricture or perforation
was revealed. A complete regeneration of the mui¢agar was well visible and immunostaining
showed an initial organization of the muscle lay&n.the contrary, the same authors showed that
implants composed of polyglactin 910 mesh were @apamied by high and early rate of
anastomotic leakage (Lynen Jansen P et al, 2004).

Most of artificial materials can be extruded andealep leakage and stenosis. Thus, to avoid
these effects and maintain the mechanical progediesynthetic scaffolds, many researchers
have tried to improve artificial esophageal substg using also cells and extracellular matrix
components.

Sato and co-workers developed a polyglycolyc aBi@A) mesh-collagen tube whose inner side
was coveredn vitro by cultured human esophageal epithelial cells.eBulvere wrapped in the
latissimus dorsi muscle flaps of athymic rats. Afé8 days from grafting, neovascularization
appeared in the collagen layer and the graftedhepiim grew to 15 cell layer, mimicking human
esophageal one (Sato M et al, 1994). In similarkwor vitro tubes composed of PGA and
collagen layers covered or containing human esaalagpithelial cells and fibroblasts,
respectively were used. No stenosis was observedagd after grafting of the constructs into
muscle flaps of athimic rats (n=2). The Authorsedbthat fibroblasts improved proliferation and
differentiation of epithelial cells, that vivo formed 20 layers of stratification (Miki et al, 99).
Very interesting findings were obtained using agdla-coated vicryl mesh to patch partial (3x2.5
cm) and total segmental (6x2.5 cm) full thicknesgedts in the cervical esophagus of 24 dogs.
At 2 weeks, the patches were covered by epitheBis. After 6 months from reconstructive
surgery, the implants reached almost the thickiwéssmrmal esophagus and contained glands.
Moreover, an initial regeneration of muscle layaswisible (Shinhar D et al, 1998).

Esophagus organoid units obtained from neonataldult Lewis rats were seeded onto
biodegradable polymer tubes composed of PGA ang-Ilptdctic acid (PLLA) to generate
engineered constructs. These constructs were itgolan syngeneic hosts (n=11) to repair both

2-cm long circumferential and 2.5x1 cm partial dedeof the abdominal esophagus. At day 42,
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histological analysis revealed that implants wemmadelled into a complete esophageal wall,
including mucosa, submucosa and muscolaris pré@ri&scheit).

1.4.2 Natural scaffolds.ECM is composed of a complex mixture of structaat functional
proteins, among which collagen is the most abundadtperhaps the most commonly used for
therapeutic application (Badylak, 2004)

Takimoto and co-workers used two-layered tubesisting of a collagen sponge matrix (types |
and lIl) and an inner silicon stent to repair 5-cenvical esophageal defects in 43 dogs. When the
stent was removed after 2 or 3 weeks, dogs werblerna swallow and constriction of patches
was visible. On the contrary, stenosis did not ogewany dogs in which the stents remained in
place for 4 weeks. In these animals oral feeding massible. The implants were covered by
stratified epithelium, contained glands and shosteidted muscle tissue organized into an inner
circular and an outer longitudinal layer (Takimatb al., 1998 The same research group
implanted the collagen tubes described above tlacepa 5 cm thoracic defect in 9 dogs. The
mucosa was fully regenerated within 3 months aedythnds at 12 months. Although the skeletal
muscle regenerated close to the anastomoses, adigéxtend into the middle of regenerated
esophagus even after 24 months. It was suggesaethétse disappointing results could be due to
an insufficient blood supply (Yamamoto et al., 1p990, in another work they evaluated in 14
dogs whether omental pedicle wrapping of the pessthcould promote tissue regeneration and
prolonged retention of the silicone stent couldvprg stenosis. Not only did most dogs die, but
only a thin epithelial and submucosal layer regateel indicating that other approaches to
improve neo-vascularization must be designed (Yaotaret al, 2000).

Type | collagen-based scaffold with human cellso ateve been suggested for esophagus
substitution. In attempt fibroblasts was embedaedollagen superimposed on another collagen
layer containing smooth muscle cells. Next, esophb@pithelial cells were cultured on the
collagen layer containing fibroblasts. After 1 wesfkin vitro culture, the collagen sheets were
transplanted in the latissimus dorsi muscle of t@tbymic rats. At 2 weeks, microscopic
examination revealed that epithelial, submucosdlranscle layers were reconstructed (Hayashi
et al., 2004). Although collagen represents ontefmost widely used ECM molecule for tissue
engineering purposes, its mechanical propertiesapmot fully suitable to reconstruct structures,

like esophagus, that need tensile strength.
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In the last years, biologic scaffolds derived fralecellularized tissues and organs have been
successfully used in both pre-clinical animal stscand in human clinical applications. Acellular
matrices (AMs) are obtained by treating tissuefwarious reagents (Gilbert et al., 2006) that
remove the cellular part leaving almost intact BE@M network. It has been demonstrated that
they can suppotin vitro adhesion, growth and function of several cell syfleurra et al., 2004;
Dettin et al., 2005; Conconi et al., 2005). Morepwe vivo AMs can act as a template allowing
the ingrowth of the host cells and can be remodegiled living tissue (Parnigotto et al., 2000;
Marzaro et al., 2006; Conconi et al., 2000). Moexpthey represent preformed structures whose
length and gauges can be choice according to therdiion of the defect to be repaired. Another
advantage is the possibility to have easy and uteldnavailability of inexpensive grafts
containing tissue-specific proteins. Both xenogerseid homologous AMs have been used to
engineer esophageal substitutes.

AlloDerm®, an acellular donor derived human dermal matsxmiainly used to improve the
healing of burns and chronic ulceiihis xenogenic AM was checked to repair a 2x1cenvical
esophageal defect in twelve dogs. After 3 montbsfreconstructive surgery, no anastomotic
leak, stricture or diverticular formation occurrékt. the same time an intact epithelium covered
the luminal side of patches and numerous bloodelesgre observed (Isch et al., 2001).

Small intestinal submucosa (SIS) also has been tsedpair esophagus defects. This AM is
obtained from the jejunum by mechanically remowimg mucosa, muscularis externa and serosa.
Thus, the remaining SIS tissue represents submacuwkbhasal layers of mucosa. SIS was used to
repair either large defects (about 5 cm in lengtigompassing 40% to 50% of the circumference
of esophagus (n=11) or complete circumferentialnsggal defects (n=4). Biomaterial was
inserted in the cervical tract of esophagus of fendags. The use of SIS as tube grafts resulted
in early stricture. On the contrary, semicircunrafgial patches were progressively remodeled
showing abundant vascularization. During the fi@tdays morphological analysis revealed the
deposition of neo-matrix consisting of amorphoufiagenous connective tissue inside which
spindle-shape cells positive to anti-actin antib@edyre present. By 5 months post-surgery, only
small amount of collagenous connective tissue reethinto the patches that were replaced by
organized bundles of skeletal muscle cells (Badgalal, 2000). SIS was also employed by
Lopes and colleagues (Lopes et al., 2006) for épair of either semicircunferential (10 mm in

length) or segmental (5 mm in lenght) defects peréal at the cervical esophagus of adult
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female Lewis rats. In accordance with the previalsservations (Badylak et al., 2000),
unsatisfactory results were obtained with tube-shgmafts. Indeed, all animals (n=24) died
within the first post-operative month due to esagma dysfunction. On the contrary, rats (n=34)
receiving semicircumferential patches resumed @l stiet within few days after surgery and
were sacrificed until 5 months. The results showsat SIS was able to induce esophageal
regrowth. Initially the authors observed the forimatof new collagen tissue that, after
detachment into the esophageal lumen, was progedgseplaced by adjacent esophageal tissue.
At 5 months, both epithelial and muscle regenenatias complete and patches were also
immunoreactive against anti- protein S-100 antibody

In another study urinary bladder matrix (UCM), obé&al from porcine bladders and composed of
the basement membrane of the tunica mucosa arslitij@cent tunica propria, was used to repair
full circumferential esophageal defects (about $ itnthe mid-cervical region of 22 adult female
mongrel dogs. Scar tissue formation and severetwstei occurred within 21 days when UBM
tube scaffold replaced full thickness segmentsthi@rcontrary, animals, repaired with UBM plus
either a partial (30%) or complete (100%) covenvith native muscle tissue, survived until 230
days with minimal stricture and normal clinical camne. Patches were completely remodeled
with the formation of well organized esophageakues layers. Moreover, the mechanical
properties of remodeled esophagus tissue weresmeniar to those of native tissue (Badylak et
al., 2005). Taken together, these results pointgdtiee important role of normal host skeletal
muscle cells to obtain a constructive remodelirgpoase.

AM derived from porcine aorta was used by a resegroup who created a 2 cm circular defect
on half the circumference of the distal esophagulli pigs (Kajitani et al., 2001). After 6 weeks
from surgery, endoscopy showed that mucosal coeereg complete and minimal to no stenosis
was observed. At 7 weeks, the regeneration of nall@sl submucosal, but not muscular layers
was achieved. In the center of patches nervesragchents of elastin fibers were identified.

In view of human applications, homologous AMs caaspnt some advantages in comparison
with xenogeneic AMs, because they may evoke lowlammatory responses and their use is
not connected with the risk of zoonosis. Today,atemsplation can be hindered by the presence
of natural antibodies to the terminal galactos&alp,3 galactose epitope, that is expressed on the
cell membranes of all mammals except those of huamahold world primates (Badylak, 2004)

These antibodies can mediate hyperacute or del@yection of xenogeneic AMs. Starting from
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this basis, other research groups have investightegossibility to obtain esophageal substitutes
starting from homologous tissues.

Gastric AM was used to repair semicircular deféabout 3-4 mm in width and 5 mm in length)
in the abdominal esophagus of 27 F344 female kita(et al, 2007). No stenosis or dilatation
was observed at the implant site. At 2 weeks thiehea were fully covered by stratified
squamous epithelium. They were progressively retedden a non-inflammatory connective
tissue containing fibroblasts and blood vesselsvelbeless, muscle regeneration was not
achieved even 18 months after implantation.

Our research group has proposed the use of homadoggophageal acellular matrix (HEAM),
because it presents thickness and structure atoseetnative tissue. (Marzaro et al., 2006) The
detergent-enzymatic method (Meezan et al., 1975)le@yad to produce the AMs preserved
matrix integrity and completely removed the majastdcompatibility complex markers.
However, the expression of bFGF as protein was taaed and HEAM showed strong
angiogenic activity on chorioallontoic membrane.inds3-4 month old pigs, 2-cm diameter
defects in the tonaca muscolaris of thoracic esgyphavall were covered with patches composed
of either HEAM alone (n=3) and repopulated vitro with autologous smooth muscle cells
(SMCs) (n=3), isolated from a cervical esophagusp$y in newborn pigs. At 3 week from
surgery, the patches composed of only acellularioest showed a more severe inflammatory
response and were negative gesmooth muscle actin immunostaining. On the copiridue cell-
matrix implants presented ingrowth of SMCs, showiag early organization into small
fascicules. Collectively, these results confirm fguesitive contribution of implanted autologous

cells to the regeneration process.

1.5 Aim of the study

* Toisolation and culture of rabbit bone marrow MSC
* To Characterize MSC in regard to their differembiatpotential
» To characterize esophageal acellular matrix

* To characterize acellular matrix seeded with mdsgmal stem cells(MSCs)
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CHAPTER 2 MATERIALS AND METHODS

2.1 Acellular matrices. Esophagus, obtained from rabbits, were strippedwefrlying tissue,
rinsed four times in phosphate buffered saline (P&®taining 1% antibiotic and antimicotic
solution (AF, Sigma Chemical Company, St Louis, M@§A), and then treated according
Marzaro et al., 20Q6The esophagus was treated with distilled wiatev2 h at 4°C, then with
4% sodium deoxycholate (Sigma) for 4 h, and finalith 50 kU DNase-I/ml (Sigma) in 1M
NacCl (Sigma) for 3 h. Acellular matrices were stbie PBS at 4 °C until use. The presence of
cellular elements was verified histologically (hemglin—eosin and DAPI staining) after each
cycle. Samples were fixed in 4% formalin, embedidegharaffin, cut into Jum slices, and stained
with hematoxylin-eosin or DAPI. Furthermore, theated esophagus was examined by SEM.
Five micrometer frozen sections were cut, air dreedl fixed with methanol. Endogenous
peroxidase activity was quenched by incubatingd®@HO- for 1 h. The slides were blocked in
10% normal horse serum for 45 min at room tempesattamples were then incubated overnight
at £C with monoclonal anti-MHC class |, anti-MHC cla$santibodies diluted in 3% HS, then
incubated in secondary antibody (Vectastain ABC Wector Laboratories) for 30 minutes at
RT. Slides were developed using peroxidase subskit(DAB, Vector Laboratories) and
counterstained with hematoxylin. For negative aalsfrthe primary antibody was omitted.

2.2 Cell culture. Femur and tibiae were isolated from ralibiterile conditions. The tip of each
bone was removed and the marrow was harvestedskeytimg a syringe needle (27-gauge) into
one end of the bone and flushed with Dulbecco’s ifitedl Eagle’s Medium (DMEM; Gibco)
supplemented with penicillin-streptomycin. Monoraasl cell (MNCSs) fraction was then isolated
by density gradient centrifugation using Ficoll.ll€avere cultured imMEM containing 15%
fetal bovine serum (FBS), 2mm L-glutamine (Gibc&A), 1% antibiotic solution (Sigma) at
37°C in a humidified atmosphere containing 95%aant 5% CQ. The medium was changed to
remove non adherent cells 48 h after seeding aadyedays thereafter. Each primary culture
was replated to 2 new flasks when the Mesenchyteat gells (MSCs) grew to approximately
70%-80% confluence.

2.3 Adipogenic, osteogenic, and myogenic differeation of MSCs.P3 cells were seeded in 24
well plate and treated with adipogenic medium (lghwcose DMEM supplemented with 10%

fetal bovine serum, 1% antibiotic solutionul dexamethasone, 0.5 mM 3-isobutyl-1-methyl
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xanthine, 1Qug/mL insulin and 6QuM indomethacin). Media were changed twice a wedk3 A
weeks from induction, adipogenic differentiation svaonfirmed by the formation of lipid
vacuoles stainable with Oil-Red-O.

For osteogenic differentiation P3 cells were seadeétht well plate and cultured with osteogenic
medium (MEM supplemented with 10% fetal bovine sgrul% antibiotic and antimicotic
solution, 100 nM dexamethasone, 10 nfiMylycerophosphate, 0.05mM 2-phosphate ascorbic
acid). Osteogenic mineral deposits were confirmglifdn Kossa staining.

P3 MSCs were used for myogenic differentiation. 8thomuscle cell differentiation was
induced inaBMEM medium containing 10 % FCS, 1% antibiotic arsgabic acid for 14 days
with media chance in every 3 dayddrzaro et al 2006 Differentiated cells were culture in
chamber slides (BD Falcon) and fixed by methana acetic acid (1:1) at —20 °C. After
washing, fixed cells were incubated for 20 min @m temperature with PBS containing 10%
HS. Samples were then incubated at RT for 1 h wittabbit anti-mouse actin (Abcam) and
myosin (Abcam) followed by incubation with biotiaged Pan-Specific secondary antibody
(Vector lab). The samples were detected by Texaf Reidin D (Vector lab) and examined
under a fluorescence microscope.

2.4 Cell cultures on acellular matricesP3 MSCs (4x19cells/mL) were seeded on external side
of the decellularized matrix in 24 well culture fg@is. The culture surface was about 3.cfihe
cells were maintained in respective culture medianantioned above. To evaluate cell adhesion
at 24 and 72 h and 7 days after seeding, matriezs ¥ixed with 3% gluteraldehyde (Merck,
Darmstadt, Germany) in 0.1M cacodylate buffer (pH).7After critical point drying and gold
sputtering, cultures were examined by a scanniegtrein microscope. Matrices without cells
were used as control. Cell adhesion was also coeflr by hematoxylin-eosin and DAPI
stainings.

2.5 Cell cultures in bioreactor.Tubular esophageal acellular matrices were seedddMECs

at passage 3. MSCs were detached from culturesflatiluted with medium (1x16cells per
mL), and applied them longitudinally to the extdraarface of the matrix with 200uL pipette.
After every 15 min, we rotated the matrix 90 degreatil all surfaces had been completely
exposed to cells. Matrix was then mounted ontoadt €ff the bioreactor. Cell medium was added
to totally submerge the seeded matrix and bioreaeés placed in static position for 24 hour to

promote cell adhesion. After 24 hour media voluneeenreduced so that nearly half of the matrix
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was exposed to media and rotation was startedr@tdutions per min (37°C, 5% Gpfor the
next 48 hour. The total period of bioreactor cidturas 72 h. Seeded matrix was evaluated at 24
h and 72 h by hematoxylin—eosin and DAPI stainiags, SEM.
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CHAPTER 3 RESULTS

3.1 Acellular matrices

Four cycles of the detergent-enzymatic treatmemntevgeifficient to completely decellularize
esophagus specimens as determined by hematoxghbim and DAPI stainings (Figure 2). SEM
observation showed that the external side of egpmhanatrix was characterized byndles of
irregularly arranged fibers (Figure 3). Treatedsuss werdree from MHC | and Il antigen

expression (Figure 4).

3.2 Cell cultures

BMSCs were isolated from bone marrow aspirate g thbility to adhere to tissue culture
plastic. Cultured rabbit bone marrow mesenchymaimstells displayed typical fibroblastic
morphology (Figure 5). The cells were allowed toliferate until a sufficient number were
obtained for seeding onto the acellular matricém multi-lineage differentiation potential of the
BMSCs was assessed by examining their osteogemicadipogenic capacities. The BMSC
population was successfully differentiated intohbosteoblasts and adipocytes, as shown by the
presence minerals accumulation by Von Kossa sigiaind fat vacuoles stained with oil red-O
(Figure 6A and B). Smooth muscle cells differemtthfrom MSC showed more intense alpha

actin immunostaning (Figure 7).

3.3In vitro cultures of MSCs on acellular matrices in 24 welplate

SEM images at 24 h showed that many round cebglat to matrix obtained by the detergent-
enzymatic method (Figure 8A). At 72 h, cells wererenflattened and almost completely covered
the matrix surface (Figure 8B) and at 7 days (FRQR() cells formed the completely monolayer
over the matrix. The surface of not reseeded deellnatrices, used as control, did not present

cells. Histological staining confirmed the preseo€ cells on all over the matrix (Figure 9).

3.4 Cell seeding on acellular matrix in bioreactor

The procedure applied to seed BMSCs on tubularhegygal acellular matrix allowed easy and
highly efficient cell seeding. The bioreactor watkgroperly and no contamination was observed
during the whole culture periodMSCs were seeded on the matrix (Figure 10A), thept kn the

bioreactor (Figure 10B) and completely immersechedia in static condition for 24 h. The cells
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attached to matrix and formed a monolayer but skhowegsystematic pattern of alignment as
shown by the SEM images (Figure 10C and 10D).

After 24 h from seeding the motor of bioreactor \w&sted for another 48 hour for the rotation of
the seeded matrix. SEM images at 72 h (Figure Y@E1®F) showed that the MSCs formed a
complete monolayer all over the matrix and aligiredhe direction of rotation. Moreover, the
appearance of cells changed from a fibroblastdieearance to a more fusiform shape and cells
were elongated. Histological staining after 72 Hfer confirmed that MSCs covered the matrix
(Figure 11).
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3.5 FIGURES

Figure 2. A andC are DAPI staining of non treated rabbit esophagus after 4 cycles of the
detergent-enzymatic treatmel.andD are hematoxylin—eosin staining of non treated rabbit
esophagus and after 4 cycles of the detergent-eatytneatment.
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Figure 3. A. Scanning electron microscopy of non treated esaphd@) After 4 cycles of the
detergent-enzymatic treatment
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Figure 4. A. Treatedesophagusafter 4 cycles of detergent-enzymatic treatment and and
immunostainined with monoclonal anti-MHC class tilaody. B. Nontreated stained with anti-
MHC class | antibody
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Figure 5. A Light microscopy (magnification x100) P2 MSC cu#arB. Scanning electron
microscopy of P2 MSCs.
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Figure 6. Multi-lineage differentiation potential of BMSCExpanded BMSCs from passage 3
were incubated in osteogenic or adipogenic diffeaion medium for 3 weeksA. Minerals
characteristic of osteogenic differentiation wetareed with von Kossa staininB. Fat vacuoles
characteristic of adipocytes were stained withred-O. Magnification x100.

B

Figure 7. Immunofluorescence of MSC ferSMA (green) counterstained with DAPI (blud).
Control MSCs after 14 day8. MSCs exposed to BME and AA for 14 days are mordlgent
and are marked by the appearance of pronouncedsiass fiberdMagnification x100.

107



X400 SOpm 0001 24hesoo Xm_!w;n 0006 TZhesoo

X1,000 A0pm 0003 24hesco X1000 10pm 0008 T2hesoo X1,000 10pm 0013 Tdesoo

Figure 8. A and B. Scanning electron microscopy of acellular esophagesrices after 24 from
MSC seedingC andD. After 72.E andF. After 7 days.

Figure 9. A and B. treated matrix seeded with MSCs and stained withPDAfter 72h.C.
Haematoxylin—eosin staining after 72h.and E DAPI stained matrix after 7 days from seediRg.
Haematoxylin—eosin staining after 7 days.
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Figure 10.Seeding of the cells on acellular matrix and celtin bioreactorA. Cell seeding on
acellular esophageal matrig. Bioreactor used in this stud@.andD. Scanning electron microscopy
of MSCs seeded esophagus matrices after24&mdF. After 72 h from cell seeding.

Figure 11. A and B.Haematoxylin—eosin stained matrix after 72h froni seeding using
bioreactorC and D. DAPI staining after 72h of the same matrix.
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CHAPTER 4 DISCUSSION

Recent technological progress in the field of #&s®ngineering has provided some possible
alternative approaches for reconstruction of ttmwkeagus. There is a need for tissue engineering
of esophageal tissue as it has widespread appiicédr the pediatric and adult patients. Long
gap atresia, cancer, Barrett's esophagus, and agaphstrictures and stenosis (corrosive
esophagitis after alkaline ingestions) are sombqgbagjic states that may necessitate esophagus
replacementKatrick et al., 1998; American cancer Society.,7Z208owever, attempts to replace
the esophagus with natural, synthetic, and expatahesubstitutes have been futile because of
problems such as leakage, infections, or stenasisgbassociated with thenTgkimoto et al.,
1995; Chen and Badylak, 2001; Lindberg and Bady28K)]). Furthermore, none of the tissue-
engineered approaches guarantees a full reconstrdtmuscle layer and nervous fiber network
that allow the formation of a functional new esogi

In the present work we have demonstrated that egmyshmatrices obtained by a detergent-
enzymatic method can support in vitro adhesion &g both in static condition and bioreactor
thereby suggesting an alternative tissue-engineapguioach to the repair or replacement of
esophagus defects.

In the last few years, evidences has been accueduldtat acellular matrices could be
successfully employed to repair skifakami et al., 1996intestinal Parnigotto et al., 2000
urethral Parnigotto et al., 20Q0Gnd skeletal muscléarzaro et al., 2002; Conconi et al, 2D05
defects in experimental animals. Moreover, tissugireeered constructs, populated with
autologous cells, are showing promising resultsearnly clinical trials (Atala et al., 2006;
Macchiarini et al., 2008; Priya et al., 2008).

These biocompatible scaffolds function as templabed provide a structural support during
tissue development. Moreover, decellularized madriobtained from human skits¢h et al.,
200)) or porcine aortaKajitani et al., 2001 has been already used for esophageal replacement.
We proposed the use of homologous esophageal lacethatrix, because it presents thickness
and structure close to the native tissue. The getérenzymatic method employed to obtain the
acellular matrices preserves matrix integritivésey et al., 1995which represents an important
factor to avoid theirn vivo destruction ensuing from the obvious inflammata&yponseKurge

et al, 1990. Additionally, the decellularization process abloks the risk of rejectiomA{lman et
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al, 200) since it completely removes the major histocombdéay complex markers (the MHC
class | and MHC class Il antigens). We demonstr#tetl 4 cycles of the detergent-enzymatic
treatment was sufficient to reduce the expressiodMHC antigens in rabbit esophagus matrix.

An ideal cell source for tissue engineering shdwgie the capacity to first proliferate and then
differentiate in vitro, via medium supplementation in a manner that canrdproducibly
controlled. MSC are non hematopoietic multipotaatrscells that exist in bone marrows for the
whole lifespan of mammals. MSCs are one of the npmsimising candidates for tissue
engineering, as these cells have the potentiahfoltilineage differentiation (Pittenger et al,
1999). Studies revealed that MSCs can also diffetteninto SMCs using different factors (Wen-
Chi et al., 2006). Further autologous MSCs offanctional restoration without the need for
immunosuppression.Taken together, the robust dgpasi MSCs for proliferation and
differentiation establish them as a suitable aalirse for tissue engineering.

Adequate amount of cells and cell attachment omixices is a prerequisite to the production
of clinically relevant engineered tissue. Hence aiained anin vitro esophageal substitute
composed of autologous MSCs seeded on homologophageal acellular matrix. Our findings
demonstrate that esophageal acellular matrix wigstalsupport cell adhesion, and in as much as
just after 24 h from seeding, the scaffold appea@upletely covered by MSC both in static
culture and bioreactor.

The alignment of cells perpendicular to the diattof strain has been reported in a number of
previous studies (Cha et al., 2006; Haga et 80/2Hayakawa et al., 2000; Hayakawa et al.,
2001; Nerem, 2001 ) using sheet membranes and alayen of smooth muscle cells of vascular
or esophageal origin. Cyclic stress also promdteskpression of smooth muscle-like properties
also reported in number of studies (Kobayashi gt28l04; Park et al., 2004; Engelmayr et al.,
2006. The current study also demonstrated that dinecifdhe rotation changed the morphology
and alignment of MSCs. MSCs changed their morpholiogresponse to rotation: they were

elongated and oriented in the direction of rotatfter exposure to rotation for 48 hours.
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4.1 CONCLUSION

Esophageal substitution remains one of the highbkatlenges for the general and pediatric
surgeons. Until today it doesn’'t exist the ideabmsageal substitute because every different
autologous segment utilized for this purpose, stdhmdeum or colon, doesn’t exhibit the same
characteristics in motility and continence of thative esophagus. Moreover, the technical
difficulties in taking to the thorax an abdominallic or ileo-colic segment are elevated and
complication rate still remarkable.

In this perspective, tissue engineering approadjuisz a notable role in the view of future
construction of non rejectable, specifically shapedments that can easily integrate in the host
and avoid major surgical operations. Natural malerseem to be more valuable than artificial
ones because they may mimic the ECM environmeataily both host cell ingrowth and neo-
vessel formation. In this context, acellular masiccan play a major role, as elicit low
inflammatory response, possess suitable shape hysicpl properties, such as mechanical
strength, and can be produced easily at low costeber, a great bulk of evidences clearly
indicates that the presence of autologous cellshéntissue engineered constructs is almost
mandatory and strongly improves the outcomes obnsttuctive surgery. Nevertheless,
experimental data also point out that, in most €atske successful replacement of long
circumferential tract of esophagus remains an wesioproblem. To improve the effectiveness of
tissue engineered esophageal substitutes seemse tmoteworthy to stimulate also the
regeneration from the body's own tissues using ¢oatlons of regeneration-permissive
molecules and neutralizers of regeneration-intrigitnolecules.

In the present study we attempted to evaluate tiesaon of MSCs on acellular esophageal
matrix for esophagus tissue engineering. MSCs wsodated from rabbit bone marrow,
characterized, expandédavitro, and seeded onto rabbit acellular esophageabm@tur findings
demonstrate that esophageal acellular matrix wigstalsupport cell adhesion, and in as much as
just after 24 h from seeding, the scaffold appeacedpletely covered by MSC.

In conclusion, although tissue engineering mayeasgnt an attractive promise for esophageal
replacement, further work needs to be done andaleigsues must be solved before becoming a

concrete therapeutic option.
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