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“I do remember one formative influence in my undadgate life.
There was an elderly professor in my departmentp Wwad been
passionately keen on a particular theory for, omuanber of years,
and one day an American visiting researcher came eompletely
and utterly disproved our old’s man hypothesis.

The old man strode to the front, shook his handsad : - My dear
fellow, | wish to thank you, | have been wrong ¢h&leen years-.
And we all clapped our hands raw.

That was the scientific ideal, of somebody who &ddt invested, a
lifetime almost invested in the theory, and he vesicing that he
had been shown wrong, and the scientific truth Ibaein advanced.”

Richard Dawkins
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Chapter 1

GENERAL INTRODUCTION



HEMATOPOIESIS

The blood is one of the most fascinating tissugsonty by its unique
structure but also by its variety of cells. Eacli tge has distinct
appearance and performs specific and essentialgidall functions.
The blood is composed of different cell types: lergtytes, platelets,
lymphocytes, granulocytes, macrophages and malst teit among
all of them, erythrocytes are the most abundamujeging about 45%
of the blood total volume. They are small and esatedd, with a
biconcave discoid shape, completely filled with loghobin, the
molecule responsible for their capability of tramtmg the oxygen
and carbon dioxide throughout the body. The otledirtgpes are less
abundant, occupying about 1% of the blood volumsa, gerforming
important biological functions. Platelets are ré@ysed cell fragments
derived from the differentiation of large cells demnated
megakaryocytes, and have an essential role in btomaulation.
Lymphocytes, divided into B- and T-lymphocytes,ypéacrucial role
in the specific iImmune response against microosyasiacting as
direct killers either activating other cells thditmenate infected cells
(T cells), or producing soluble antibodies thatrpote the elimination
of the infected microorganism (B cells). Granul@syare divided in
neutrophils, eosinophils and basophils, and th@yesent the innate
immune system having a role in the inflammatorypoese and
phagocytosis. Macrophages and mast cells are natdfan the
circulation but within the tissues. Macrophagesaifrom monocytes
wich are circulating in the blood before they mtgréo the tissues
were they terminally differentiate. Mast cells amggte from an

10



unidentified progenitor in the bone marrow that ratgs through the
blood into mucosal tissues where they differentiate mature mast
cells.

All these specialized cells originate from a singtell, the
hematopoietic stem cell (HSC), a relatively quiesall, that rarely
divides to generate another stem cell and a prtgera very highly
proliferative cell, that is able to initiate the @l hematopoiesis
process (Fig.1).

HSCs are extremely rare cells: about 1 to 10 HS£s1p0.000 cells
in the mouse bone marrow, where they reside (Ablzoatial, 2000).
They have the ability to renew themselves and fieréntiate into all
different blood cell populations. All progenitorsiginated from the
division of the HSC lose the self renewal abilitgdacommit to
differentiation, becoming multilineage precursoMPL). Then the
progenitors differentiation process occurs through series of
commitment steps, each leading to further restmctio a certain
hematopoietic lineage. Which are these steps, hadekistence of
which lineages restricted progenitors, is a comrsml issue, and
different models are proposed (Katsetaal, 2002; Prohaskat al,
2002): the most widly accepted model claims thae tfirst
commitment step separates limphoyd from myeloicepal and is
supported by the identification of a common lymgh@rogenitor
(CLP) and a common myeloid precursor (CMP). CLRsrastricted
to the lymphoid lineage and can give rise exclugite B-, T-cells
and natural killer cells, while CMPs can give rige granulocytes,
erythrocytes, megakaryocytes and macrophages (Aleasil, 2000;
Johnsonet al, 1977). These CMPs will undergo further lineage
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restriction when the granulocytes/monocyte poténaseparated
from erythroid/magakaryocyte potential. The exiseenf CLP is now
controversial because of the identification of myaT cell (MTP)
and myeloid/B-cell (MBP) bipotent precursors. Thasgence of such
cells suggests an alternative model in which mgelpotential is
maintained in the early commitment stages of aln&i®poietic
lineages. According to this model MPLs can givee rie common
myeloid lymphoid precursors (CMPLs). CMPLs furtleammit into
either MBPs or MTPs. Later on, the myeloid potdnsaseparated
from the megakaryocytic/erythroid and the B- anae€ll- potential
(Kawamoto H. and Katsura Y., 2009).

During the last few years, however, the idea o$ tiigid hierarchy
between the HSC and the different hematopoietids cehs been
guestioned. In fact, an increasing numbers of tepsuggest the
occurrence, in particular in-vitro conditions, otransdifferentiation
process between different hematopoietic precurg@msaf et al,
2002).

But why a particular progenitor cell choose its cotment is still
now another controversial issue, and is a matteapetulation. Two
contrasting models have been put forward: the uettre model and
the permissive model. The instructive model stalest specific
exogenous signals induce commitment step. Thesalsigre ligands
and cytokines that interact with specific receptmnscell surface and
thus activate intracellular pathways leading todkpression of genes
specific of a given lineage. This model reinfor¢ks importance of
the stroma and the niche in the cell differentiatio
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On the other hand, the permissive or selective nogoses that a
cell-autonomous process, such as a stochastic ehattige expression
of some critical gene, drives commitment of blo@ilscto a distinct

cell lineage. The role of the stroma, in this caseuld be only to

provide a selective environment for the growth #mesurvival of the

committed progenitor cells (Enver T., Jacobser2@9).
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Figure 1. Schematic representation of hematopoiesis. Thstéme cell, origin of all
other cells, is on the left, and the differentiat@ccurs proceeding right way.
All  known lineages committed progenitors are intéda (From

www.bloodlines.stemcells.com/chapters.html by Ddridktcalf).
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In man, as in mouse, the site of hematopoiesis gdwmrduring
embryonic development. In the early stage of manamal
development it takes place within the yolk sac. Tingt wave of
hematopoiesis consists mainly on the productiotaxfe, nucleated,
primitive erythrocytes that synthesize embryoniobgts. Primitive
hematopoiesis starts between embryonic day 7.00fEhd E7.5 in
mice, or day 15-18 in humans, within the bloodndk of the yolk
sac, which cellular cluster composed by a centracrophage
surrounded by masses of cells that gradually diffeate into
primitive erythroblasts. These primitive erythradila enter the
vascular system of the embryo proper where theyirmos to divide
for several days and finally enucleate into theotdlstream (Palis J.
2008).

Definitive hematopoiesis is responsible of the pcn of all
hematopoietic lineages present in the adult organisluding the
definitive erythrocytes, characterized by the absesf nucleus and by
the expression of adult globins. The embryonic iorigf definitive
hematopoiesis and of the HSC is a controversialeisnd different
models have been proposed so far.

It is now widely accepted that the yolk sac synttess a second
transient wave of erythroid progenitors (that wgive rise to
"definitive erythrocytes"), that enter the bloo@stm and seed the fetal
liver. At the same time, hematopoietic stem cefterging from the
AGM (Aorta-Gonad-Mesonephros) region within the eyob seed
the liver and are the presumed source of long-tawthroid potential
(Mikkola HKA. And Orkin SH., 2006). In humans thet#l liver
becomes the site of definitive hematopoiesis arodag 42, and in
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mouse around E10.5. Fetal definitive erythroid prsars mature in
macrophage islands within the liver, enucleate, awder the
bloodstream as erythrocytes (McGrath K., Pali2@08).

Later in gestation thymus and spleen are formed aoidnized by
hematopoietic progenitors involved in the produttad differentiated
lymphoid cells in fetal and adult stages. It hasrbalso reported how
the placenta is another major hematopoietic tishuerg embryonic
development (Gekas C. et al., 2008; Alvarez-Sévaal, 2003). In
mice, hematopoiesis also occurs in the spleendB)g.

Finally, around birth (around the 22th week of hanggstation), the
HSCs migrate from the fetal liver to the bone marrarhich becomes
the principal hematopoietic tissue throughout theol adult life
(Palis and Segel 1998).

ERYTHROPOIESIS

The average lifespan of erythrocytes is 60 daysiice and 120 in
humans. To guarantee a constant supply of oxygémetbody tissues,
a continued generation of mature erythrocytes seary. The red
cells volume is about the 45% of blood volume, audry day in our
body 2 x 16" red blood cells are produced, that means 2 million
erythrocytes per second.

Like any other cell in the hematopoietic systenyiteocytes derives
from the HSC. Erythropoiesis involves several stepprogrammed
differentiation between the HSC and the matureheogyte (Fig. 2).
First of all, the HSC differentiates into a MLPsalcalled CFU-S,
which is a pluripotent cell that does not retaie tapability to self-
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renew. CMPs are derived from this CFU-S and caa gse to MEPs,
which are fully restricted to the megakaryocyticl @amythroid
lineages.
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Eryunuiuinicyanayuuyie prugeinus ivir ) van yise w o cryunueyes and
megakaryocytes. Burst forming units-erythroid (B&JJand colony forming units-
erythroid (CFU-e) are erythroid restricted progerstidentifiable with functional

assays. Terminal erythroid differentiation begirithvthe proerythroblast, the first
morphologically identifiable progenitor and termies upon the hemoglobin

protein accumulation and nucleus extrusion .

The Burst Forming Unit-Erythroid (BFU-E) is the nhogrimitive
erythroid-restricted progenitor, and we are ableidentify it by
functional assays (Worgt al 1986): in the presence of erythropoietin
(Epo), interleukin 3 (IL 3), granulocyte-macrophageolony
stimulating factor (GM-CSF), thrombopoietin and nsteell factor
(SCF), this cell can give rise to large coloniessoime thousands of
hemoglobinized erythroblasts after 5-7 (mouse xelisl4-16 (human
cells) days of culture. The BFU-E further differabes into the
Colony Forming Unit-Erythroid (CFU-E), a more matuerythroid
progenitor closely related to the proerythrobldkgt, if plated in a
semi-solid medium gives rise to small colonies, taorng few
hundreds hemoglobinized erythroblasts after 2-4ugaccells) or 5-8
(human cells) days of culture (Whyattal, 2000; Wonget al, 1986).
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The proerythroblast is a large cell (1441 and 11-131 in diameter
in human and mice respectively) with a large nugleisible nucleoli,
surrounded by a basophilic cytoplasm. Basophilgtheoblasts are
slightly smaller cells (12-1am and 9-10um in diameter, in human
and mouse respectively) as are their nuclei. A ngtro
hemoglobinization occurs at the orthochromatic lepplast stage.
These cells are the smallest nucleated erythrqugeursors (8-1am
and 7-8um in diameter in human and mouse respectively) thad
nuclei undergo pycnotic degeneration: the chromh@nomes very
condensed and the nucleus becomes smaller. Theusue then
extruded from the cell that becomes a reticulocieticulocytes are a
little bit larger than fully mature erythrocytes@4im in man and 3.5-
4.5 um in mouse diameter) have irregular shapes aridcstitain few
cytoplasmic organelles, necessary to complete thbéirg protein
synthesis (Alleret al, 1982; Bondurantand Koury, 1998).

It takes 48 to 72 hours from the proerythroblasteticulocyte stage,
and this process occurs in the erythroblastic dlam particular
anatomic compartment able to provide a unique enuient. It is a
structure, consisting of a centrale macrophagesaded by erythroid
precursors at different stages of maturation. Theremimmature
precursors are located to the centre, and as tl@yrenthey move
away from the body of the macrophage. Erythroiccpreors keep in
contact with the cytoplasmic extensions of the mplage during all
stages of maturation until occurrence of enucleafBessiset al,
1983), and the macrophage has the final role toygiwise the
extruded nucleus after the terminal maturation gAlland Dexter,
1982; Allen and Testa, 1991).
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THE GLOBIN SWITCHING

The globin switching is a complex molecular meckanthat leads to
the production of different hemoglobin moleculesddterent stages
of life during the development. The physiologicakéaning of this
process, is the production of hemoglobin molecwath different
affinity for the oxygen. For example, the fetus dee hemoglobin
with higher oxygen affinity than the mother’s herudmn, to be able
to extract oxygen from the mother’s bloodstream.

The hemoglobin is a tetrameric protein, composetiiayo and twof3
chains. In man, there are differentike (¢, o1 ea) andp-like (g, y,
Ay, 8, B) genes, arranged on the chromosomes (11 and fiéctasly)
in the same order they are temporally expressedngiuthe
development (Fig 3A and B).
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Figure 3. A) Schematic representation of the human globin gelussers and their
relative regulatory element8) The human genetic globin switching, and the

change of hematopoietic organ during the ontogenesi

Two globin gene switches occur during human develq: the
embryonic to fetal hemoglobin switch, which coiresdwith the
transition from embryonic (yolk sac) to definitivfetal liver)
hematopoiesis; and the fetal to adult switch, whigdturs at the
perinatal period. The switches franto y, fromy to § and from{ to a
gene expression are controlled predominantly attthescriptional
level. Unlike humans, most species (for examplenbese) have only
one switch, from embryonic to definitive globin egpsion, occurring
early in development. The expression of an exctuglobin gene
during the fetal period is a rather recent evemticivtook place 35 to
55 million years ago during primate evolution (Rewved in
Stamatoyannopoulos G., 2005).

In mouse, thé-like globin genes clusteeY, phi, B major, B minor)
is located on chromosome 7, and thdike globin genes (Xou1, o)
are on chromosome 11. The embryoric and phl genes are
expressed during embryonic life until they are stlded by adult3
major andB minor genes between E11.5 — E13.5, when mousenglob
switching occurs (Fantoet al, 1969) (Fig.3).

Although the mouse does not possess fetal globimege mice
transgenic for the human globin locus linked to @RL element
express it “appropriately” during development: tlstgrt to transcribe
fetal y globin gene during the fetal life around E10.5 aildnce it
around E16 (Stroubouliet al, 1992). This suggests that human and
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mouse primitive erythroblasts undergo the similaffecentiation
mechanisms and for this reason mouse is a good|rfadstudying
the human globin switching.

[ EMBRYO  FOETAL ADULT ‘
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i |
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Figure 3: mouse globin switching.

The medical relevance of hemoglobin switching bezampparent
before any systematic research on its mechanisrd, @mical
experimentation started.

In a group of genetic disorders called hereditagysistence of fetal
hemoglobin (HPFH), the expression of thglobin gene may persist
at high levels in adult erythroid cells. Molecustudies of the HPFH
syndromes have identified several important regujatlements for
the normal pattern of-globin gene expression. Increased levelg-of
globin, and so the production of a fetal hemogloltbF) can
considerably ameliorate the clinical course of nitke disorders of-
globin gene expression, suchfaghalassemia and sickle cell anemia.
HPFH is usually due to deletions of different sim@#lving the -
globin gene cluster or to point mutations in thglobin gene
promoters. There are some Mendelian forms of HP&d &are rare
and do not explain the common form of heterocelllt#PFH,
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characterized by relatively low levels of fetal lwgiobin (2-4%),
which represents the maiority of normal HbF vaoatiand is clearly
inherited as a quantitative genetic trait (Forg€&t.,B1998; Thein SL.
et al., 2009).

TRANSCRIPTIONAL CONTROL OF THE GLOBIN
SWITCHING

The complex globin genes expression pattern is roted by
regulatory cis-acting regions on the DNA, that desthousands of
nucleotides far from the globin genes. The mostlistliis thep-
globin genomic locus, whose expression is reguldtgdhe Locus
Control Region (LCR), a fundamental region for tebin genes
expression. In fact, its absence leads to a compless of the
expression of these genes in sopathalassemic patients and to an
inactive chromatin configuration (Forresetral, 1990). The LCR is
located in man 6-22 kb upstream to thalobin gene, and is
characterized by five DNAse | hypersensitive si(etS), regions
containing each a core of 200-300 nucleotides addes to
transcription factors and chromatin remodeling dest(Grosveldet
al., 1987). There are three other important distas:H#e is located
20 kb downstream the hum@rglobin gene, and two are located 110
kb upstream th@-globin cluster (Bulgeet al, 2000). Many models
have been proposed to explain how the LCR actegualating globin
genes expression. One model is that LCR forms lagpsacting with
distal HSs and creates an *“active chromatin hubCTHA which,

together with promoters of the globin genes, i abl assemble a
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“transcription factory” active during developmeritid. 4) (de Laat
and Grosveld, 2003; Palstet al, 2003). Using the “chromosome
conformation capture” (3C) technique it has beemalestrated that
the transition from a “chromatin hub”, to an ACHquires stage
specific transcription factors: for example EKLFnecessary for the
formation on an active chromatin hub on flglobin gene promoter
(Reviewed in NoordermeeD. Wouter de Laat W., 2008).

-60.7/-62.5 -60.7/-62.5

3HS1 HS1-HS6 —» IHSA
HS1-HS3—» _
Bmun I_:,mm
Primitive Bh1 Definitive
ph1 red cell red cell
Erythroid progenitor Differentiation ,, £ rvihroid cell

Figure 4. The structure of the mouse CH, and its activationACH through

erythroid differentiation

In the murine primitive erythroid cells the ACHn=inly formed with
embryonic globin genes promoters, whether in dafmierythroid
cells it's formed with adult globin genes promoteiihe globin
switching is then due to a chromatin remodelingt tlkads to the
transcriptional activation in mutually exclusive mmer of globin
genes that need to be expressed at different gpeadfiments during
the development (Palsted al, 2003).

In the last fifteen years, al lot of transcriptidiactors were
demonstrated to bind different cis-regulatory regwithin the LCR
locus, and to every single globin gene promoter] #me most
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important ones are summarized in the figure 5, nakeom
NoordermeebD. and de Laat W., 2008.

DNA binding
transcriptional activator

DNA binding
transcriptional repressor

one

W DNA binding factor
NF.E2
i Yo Protein binding partner
‘ EKLF , . EKLF ;
HS 2

&
<

ml_l IFYIH 1 [F] vlr

3'HS1
Figure 5. This figure combine several factors able to bihé b-globin locus

(studied in human or mouse models). Globin geneslapicted by boxes, and HSs
on the LCR are indicated by arrows. The dashedthiae shows EKLF, indicates
that its binding on the HS3 and HS2 is contradic{éirom Noordermeed. and de
Laat W., 2008).
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THE REGULATION OF ERYTHROID
DIFFERENTIATION

The erythropoiesis needs to be regulated by extéaotrs, produced
by other cells, and by internal regulators thatrgotee the correct
genes expression at the different stages of tlfereiftiation pathway.
Erythropoietin (Epo) is the principal cytokine ahbie regulate the
definitive red cell maturation. It is produced thetliver during fetal
development, and by the kidney through the aduk. li The
importance of the Epo pathway, is exemplified inoEp and Epo
receptor -/- mice, which die in utero of anemia, docomplete failure
of definitive erythropoiesis beyond CFU-E stagee Hpo receptor is
expressed on the surface of erythroid progenitells rom the BFU-
E stage, through to orthochtomatic erythroblastearly 1000
receptors/cell). The cytoplasmic domain of Epo péae binds the
tyrosine Janus kinase (JAK2), which is activated by
transphosphorilation following receptor dimerizatid AK2 is able to
phosphorilate different substrates, but among tH&fAT5a and
STAT5b (signal transducer and activator of tramd@n) are
activated in the Epo receptor signaling cascadenghosphorilation,
STAT5a and b are able to dimerize, translocate tiéonucleus, and
function as transactivators of several genes inapoffor the erythroid
differentiation. The dephosphorilation of the Epeceptor is the
principal mechanism for its downregulation, andaehieved by the
phosphatase SHP-1, which is indeed able to depbofgik also
JAK2. Another mechanism for downregulating the Emzeptor
involves the SOCS family of proteins (Suppressor Mftokine

24



Signaling). This proteins are able to inhibit JAKR directly binding

to its kinase domain, and targeting it for ubiquithediated

proteosomal degradation. In the erythroid systém,particular

SOCS1, CIS and SOCS3 are then activated by STAT®rfa
following Epo binding to its receptor, leading tohegative feedback
mechanism of STATSs regulation. This complex reguiainetwork is

summarized in the figure 6 (The complex Epo pathsagviewed in

Ingley et al., 2004).
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Figure 6. The complex pathway starting with the binging @fo&o its receptor.

After Epo receptor phosphorilation, the pre-assedia]lAK2 becomes active and
phosphorilates STAT5, which translocates to thdeuscand starts the transcription
of several genes. One target is the antiapoptotieXB, and the SOCS family,
inhibitors of this signaling pathway. Other pathwaactivated by this receptor are
ras, raf, MAPK and PI3 kinase/Akt (From Ingley Eag 2004).
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TRANSCRIPTION FACTORS

A host of transcriptional regulators that controytbropoiesis have
already been identified, and now, major efforts #weused on
elucidating the wunderlying molecular mechanisms. nddécal
transcriptional mechanisms involve the binding efsence-specific
transacting factors (transcription factors) to partaaul DNA
sequences, theis-elements, followed by recruitment of coregulators
via direct protein—protein interactions. Coregulatdypically form
large multiprotein complexes and mediate eitherivaobn or
repression, in a context-dependent manner. Amoeg vHriety of
transcriptional factors and coregulators of eryidhrdifferentiation,

there are some whose particular importance is wsiutlying:

-GATAL is a member of a family of six transcription fastoGATA-

1 to GATA6 able to bind to the DNA consensus segaen
(A/T)GATA(A/G) by two zinc-finger motifs. A commorsequence
motif [(A/T)GATA(A/G)] (GATA motif) exists within transcriptional
regulatory regions at most, if not all, erythroidllespecific genes.
This founding member of the GATA transcription factfamily is
expressed in erythroid, megakaryocytic, eosinopdild mast cell
lineages. Targeted disruption Gatalin mice provided evidence for
its essential function in stimulating erythropoge@Pevnyet al, 1991,
1995; Weisset al, 1994). GATA-1 null erythroid cells fail to mature
beyond the proerythroblast stage; GATA-1 null moesabryos die
due to severe anemia between E10.5 and 11.5; GAKAetk-down
embryos (GATAL1.05) which express only about 5% OAT@A-1
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levels relatively to normal, show an arrest of tpeimitive
erythropoiesis and die between E11.5 and E12.5 (8imBresnick
EH., 2007).

High levels of GATA-1 arrests cellular proliferatiqRylski et al,
2003; Munugalavadlat al, 2005); GATA-1-mediated survival of
erythroid precursors is obtained by Rcl-antiapoptotic protein
expression (Weiss and Orkin, 1995; Gregetyal, 1999) and by the
activation of the transcription of Epo receptor if@2het al, 1993),
whose signaling is known to be an important pnitges survival
pathway (Lacombet al, 1999).

- EKLF, Erythroid Kruppel-like transcription factor bisdCACCC
motifs, analogous to other KLFs that have diveddesrduring cellular
differentiation and development (Bieker, 2001). Thargeted
disruption of EKLF in mice demonstrates that EKL$crucial for
erythropoiesis and for adult-like globin gene transcription (Nuest
al., 1995; Perkin®t al, 1995). It was initially considered to regulate
exclusively the definitive erythropoiesis (Nuet al, 1995), but a
recent work has demonstrated that EKLF also is &blgpromote
primitive erythropoiesis (Hodget al, 2006). Transcriptional profiling
studies revealed that EKLF regulates diverse geinekjding those
encoding heme biosynthesis enzymes and cytoskelatatieins
(Drissenet al,, 2005; Hodgeet al, 2006; Nilsoret al,, 2006). EKLF is
an important determinant of hemoglobin switchingok2e et al,
1995; Perkinset al, 1996; Wijgerdeet al, 1995; Gillemanst al,
1998). EKLF occupies HS1-HS3 of theglobin LCR and thetmajor
promoter (Imet al, 2005). The results of EKLF ablation in mouse,
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and EKLF occupancy at the endogenotglobin locus provide
strong evidences that EKLF is an essential regulat@adult #-like
globin gene regulation.

-p45/NF-E2 which consists of a hematopoietic-specific sutyuni
p45/NF-E2 (Neyet al, 1993; Andrewset al, 1993a), and a member
of the small Maf protein family (Andrewet al, 1993b), is expressed
in erythroid and megakaryocytic cells. Despite émhancer activity
mediated by NF-E2-binding sites, targeted disruptibp45/NF-E2in
mice did not appear to significantly perturb ergihwiesis of3-globin
transcription, but showed that p45/NF-E2 is crucidbr
megakaryopoiesis (Shivdasani and Orkin, 1995; Stsadiet al,
1995b). CB3 murine erythroleukemia cells, whichklg5/NF-E2
expression due to retroviral insertion within @suis, do not express
major, and p45/NF-E2 expression reactivatesiajor expression
(Kotkow and Orkin, 1995; Kiekhaefeget al, 2004). Endogenous
p45/NF-E2 occupies the LCR, and tBeajor promoter in erythroid
cells (Sawadeet al, 2001). NF-E2 expression in fact rescues Pol li
occupancy at the-globin promoter in CB3 cells, resulting in a
considerable transcriptional activation (Johnstral, 2001). Taken
together these data indicate that NF-E2 is an itapbregulator of
hemoglobin synthesis. The lack of a large defecthke globin
expression in p45/NF-E2-null mice might be duete éxistence of
some NF-E2-related factors, able to compensatthéodefect.
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THE MEDICAL RELEVANCE:
HEMOGLOBINOPATHIES

Hemoglobinopathies are the most common inheritechagenic
diseases, and affect million people in the worlthoag them, in
particular, B-thalassemia and Sickle cell anemia. These diseases
caused by mutations involving the adgdglobin gene, responsible for
the synthesis of over 97% of the adult-type haeotmglHBA (a2f32).
Patients carrying heterozygous mutations on pngene develop a
mild anemia; mutations on bofhgenes cause a very severe anemia
and require intensive clinical treatments (Stamatoyppoulos and
Nienhuis, 1994; Weatherall and Clegg, 1981; For@688; Thein,
1998).

The only possible clinical treatment is blood tfas®n, that causes
another series of symptoms, for example a toxiciacdation of F&"
within liver and heart: patients can overcome theplsis of F&* only
with daily perfusions with specific iron-chelatidgugs.

Nowadays the researchers are trying to find diffeegpproaches for
new therapeutical trials heading to heal thalasseffwo different
strategies are now considered.

The first one is gene therapy, whose aim is tamahice a norma-
globin gene within hemopoietic stem cells of theigrd using viral
vectors that can drive the expression of a conacant of the gene in
a tissue specific manner. At the moment, virusvaerifrom HIV
seems to be the only way to transduce fhglobin gene into

hemopoietic progenitors, but they still cannot Bedufor human gene
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therapy for safety reasons, although some progmsard safe and
effective gene therapy have been recently repdttedensburger J.,
Persons DA., 2008).

The second one is the maintenance of feigbbin gene expression
during the whole adult life.

The fetuses carrying genetic mutations that leafl-thalassemia or
sickle cell anemia, are not affected by the diseasee during the
embryonic-fetal stages of development, other géaemndy globin)
rapresent with a-globin the largest majority of haemoglobin
molecules a2e2 (Gower2) ando2y2 (HbF). Numerous clinical
observations show how coinheritance of mutationssiog high
expression ofy globin after birth (Hereditary Persistance of [Feta
Hemoglobin, HPFH), significantly ameliorates thénicll condition
of patients affected by thalassemia or Sickle calhemia
(Stamatoyannopoulos and Nienhuis, 1994; Weathenadl Clegg,
1981; Forget, 1998; Thein, 1998).

Many efforts have been made to increasglobin expression i
thalassemic and HbS patients using drugs as basyratazaC or their
derivates. Butyrates are non-specific inhibitordistone deacetylase
that lead to the maintenance of the histone adeigl@n promoters,
with the consequent transcriptional activationh&ht-globin gene.
5-azaC and its derivates inhibits the DNA methylatisince they-
globin promoter is ipermethylated and indeed s#éeinduring adult
life, 5-azaC leads to an ipomethylation of this mpoter and a
consequent upregulation gfglobin gene expression (Atwedt al,
2003).
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The modest results obtained with these drugs eagedrthe study of
new therapeutical approaches with a particular natte to
transcription factors and molecules that biaglobin promoter and
that can modulate its transcriptional activity.

In the past our group identified some HPFH mutatiasithin they-
globin promoter that alter the binding of differemiclear factors (NF-
E3, GATA-1, Spl, NF-Y) involved in the regulatiohyeglobin gene
expression (Nicoligt al, 1989; Ottolenghet al, 1989; Ronchet al,
1995; Ronchet al, 1996; Ronchet al, 1989).

Very recently genome-wide association studies in rdantified three
loci containing a series of five single-nucleotig@lymorphisms
(SNP), able to explain the 20% of variation in HbKpression
(Menzel S., 2007). The SNP with the largest effgas localized in
the locus of the transcription factor BCL11A, whgsetein product
was then demonstrated to be able to represg-gi@bin transcription
by direct binding on its regulatory regions, intage-specific manner
(Sankaran VG., 2008, Sankaran VG, 2009).

In conclusion, the identification of proteins invetl in the regulation
of globin genes through proteomics and functionanamics
approaches, represents the rational therapeut&sis dor possible

future treatments of thalassemia.
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SCOPE OF THE THESIS

The aim of my thesis, is to discover new genes lireg in the
regulation of erythroid differentiation, and hemulgh switching
process. After their identification, our goal is gtudy their function,
and, possibly, their molecular mechanism of actiBasic research
about erythropoiesis, and globin chains transanzli regulation may
have a strong impact on the medical treatment gfeat variety of
blood disease, such gsthalassemia or sickle cell anemia: genetic
disorders cause by impaired production of the hdotmg Many
efforts have been done to study which genes arehad in the
physiologic downregulation of human embryonic/feg&bin genes,
in order to provide molecular approaches directethé activation of
these genes in thalassemic patients, in which tielt aglobin
production is impaired. This was first suggested thg clinical
observation that a group of genetic aberrationdedahereditary
persistence of fetal haemoglobin (HPFH), in whioh kevel of fetal-
globin is maintained at high levels in the bloodaoiult individuals,
the clinical conditions of thalassemic patients evesignificantly

ameliorated.

In chapter 2 | will describe the genomic approaghused, based on
the DNA microarrays technology, that allowed us dtudy the
differential gene expression profiles of differexgll populations in
mouse fetal liver, in the period in which the hetobin switching
process occurs (E11.5 to E13.5). Genes emergimg tinis study are
genes differentially expressed during erythropsiesnd the globin
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switching, and represent potential targets of plaaotogical
treatment, for therapeutical approaches of hemagbgiathies, based
on the reactivation of globin fetal genes in thadamsic patients.

In chapter 3 are represented all the experimentssed to study the
molecular function of one gene identified and sel@ovith methods
described in chapter 2: the transcription factax6Sd@ he main idea is
to overexpress the selected gene in a human modtdxt (a cell line
and a primary culture extracted by normal or thedasc patients),
then measure and describe the phenotypic changkeesadble to its
enforced expression. Further we addressed the ulafemechanism
of action of this protein, looking for its earlarget genes on the
DNA, by using either bioinformatic tools, that reveits possible
target binding sites within the human genome, awdeoular tools,

necessary to validate in-vitro what was found lic@i

Finally, in chapter 4, we demonstrated that, an®ag6 targets, there
is Sox6 itself. 1 will describe the precise genorsérjuences, within
the Sox6 human promoter, to which Sox6 is ableirtd m-vitro and
in-vivo, and how it is indeed able to repress ignaranscription,
suggesting a feedback mechanism of auto-regulatioimg erythroid
maturation, either using a series of reporter gudies of this region
linked to a reporter gene, and a quantitative amlyof the
endogenous Sox6 transcript and protein, stronglyndegulated upon

Sox6 forced expression in a cell line in culture.
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e In chapter 5, all the results presented in thissitheare briefly
discussed as well as the future perspectives & tbsearch in

molecular and translational medicine.
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Chapter 2

GENE EXPRESSION PROFILING
DURING MOUSE
ERYTHROID DIFFERENTIATION
AND GLOBIN SWITCHING
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GENE EXPRESSION PROFILING DURING
MOUSE GLOBIN SWITCH

Claudio Cantu, FrancescaBos¢ Cristina FugazZa Maura
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Bicocca, Milano, Italy; John Radcliffe Hospital, Weatheral Institute
of Molecular Medicine, Oxford, UK

In mouse erythropoiesis, the crucial events respanfor the correct
fetal-adult globin “switching” take place betweefb(E5 and E13.5 in
cells undergoing erythroid maturation. This workmrses a genomic
approach to identify new candidate genes able agguhe globin
switching process and the erythroid maturation. the end we
analyzed by microarray analysis, the global expoasgrofile of cell
populations purified from mouse fetal liver at diént day of
embryonic development (E11.5, E12.5, E13.5) andifegrent stages
of maturation (on the basis of their expressionh& two specific
surface antigens, c-Kit, the Stem Cell Factor tyrekinase receptor,
that marks hemopoietic high progenitors, and Te®, 14 protein
associated to the glycophorin A, the most imporeamgthroid marker.
Here we present the method that allowed us to ehotie
transcription factor Sox6 for our further studiaspong a list of the
more promising genes, that were expressed at leg¥ ie pluripotent
hematopoietic progenitors (cKit+/TER119-), and thexpression
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level rises in erythroid committed early progerst@cKit+/TER119+),
and in the mature erythroblasts (cKit-/TER119+).

INTRODUCTION

The hematopoietic system sustains the productioraliofifferent
blood cell types, through a complex and regulatextgss in which
self renewing pluripotent Hematopoietic Stem Cel{8iISC)
progressively differentiate to progenitor cells gfadually more
restricted potential. A fraction of this proceds erythropoiesis, leads
to the generation of mature red blood cells thargntee the supply of
oxygen to the body tissues by the synthesis ofdifferent globin
chains required at different stages of development.

During mouse development, the first wave of erypoiesis arises in
the blood islands of the extra-embryonic yolk sB@-E7.5) and is
sustained by progenitors with a restricted difféiegion potential.

Primitive erythroblasts enter the embryo’s bloogstn where they
undergo terminal differentiation and at last enatde The yolk sac
synthesizes a second transient wave of "definitivrythroid

progenitors with a megakaryocytic-erythroid resétt potential, that
seed the liver of the fetus. By E11.5, hematopoistem cells within
the embryo colonizes the liver and are the presuseenice of long-
term erythroid potential. Finally, around birth, €S migrate to the
bone marrow which becomes the principal hematoisoigssue

throughout adult life (McGrath K., Palis J., 2008).

The transition from primitive to definitive erythpoiesis coincides
with the switching in globin gene expression. Ie thouse there are
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four functional B globin genes:eY and PH1, expressed during
primitive erythropoiesis, thf major andp minor adult genes whose
expression becomes predominant starting from tke&bkshment of
the adult erythropoiesis (which takes place iralfeter between days
E11.5 and E13.5). Several results suggest that commechanisms
underlie the hemoglobin switching process in maarsd man. In fact,
although a “fetal” stage, like that in man, is apparent in the mouse,
a transgeniciumanf3 locus is correctly regulated in the mouse ( The
e globin is followed byy and then globin expression). Whereas at
E10.5¢ andy globin gene transcription predominates, at E1Be t
switch to  globin transcription is essentially complete (®ali.,
2008).

Despite the enormous efforts done in the last decad molecular
biology studies in this field, many of the moleautntrolling globin

genes switching remains unknown.

This is almost in part due to the complexity of 8witching process,
which is composted by two aspects:

- a cellular one, that involves the replacement otarly population
of embryonic progenitors, deriving from the yolkcsavith definitive

intraembryonic-derived hematopoietic  cells (deveieptal

switching).

- an intracellular component is the modulation witleiach cell of
globin expression with progressive extinction dafdvemoglobin and
replacement by adult hemoglobin (Papayannopowbual, 1979,

Kingsley PD. Et al., 2006).
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Also in mouse embryo ontogeny, globin switchingrrdH1- toeY is
dynamically regulated at the transcriptional leaaid it is not only
due to the sequential appearance of primitive afahitive lineages.
In adult human, for example, it is well known tlaatring erythroblast
maturation the proportion gfglobin is much higher in immature than
in more differentiated cells where theglobin gene is essentially
suppressed.

This complex and mostly unknown mechanism suggebes,
presumably, several categories of genes, contgolioth intracellular
events and extracellular signals, are involvedhédwitching process.
The availability of gene expression profiles tecjusis has been
proved to be a very powerful tool for the high-tigbput analysis of a
very high number of genes expressed in differemgufadions. The
characterization of terminal erythropoiesis sufféiem a series of
limitations, mainly related to the low numbers oélls, their
heterogeneity, and their transcriptional inactidtye to the absence of
the nucleus in the last final stage of differemiat For this reason, the
use of immortalized cell lines (expecially obtainfdm human or
murine leukemic clones) allows the availability lafge number of
homogeneous cells, but with aberrations regardaxgof/hormone
dependence, signal transduction, and altered gele cprogression
that might limit the physiological significance tife data obtained in
these cellular systems.

In this study we propose a genomic approach folyaimgy the global
expression profile of cell populations purified fianouse fetal liver
at different stages of development (E11.5, E12.53.%) and at
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different stages of erythroid maturation (on thesidaof their
expression of the specific antigens c-kit and TER11

This approach provides a database of mMRNA’'s exjmes#® “ex
vivo” cells during mouse hemoglobin switch, veryefus to discover
new genes involved in the molecular mechanisms niyidg normal

and pathological erythropoiesis.

RESULTS

With the purpose of analysing the transcriptionadfile of mouse
globin switching, we purified hemopoietic cells rinoex vivo fetal
liver cell populations at days E11.5, E12.5 and .E1d embryonic
development, and sorted them in three cell popuratiwith a FACS
(Fluorescence Activated Cell Sorter) by the expogsef cKit (Stem
Cell Factor tyrosine-kinase receptor) and TER1I@t(recognize a
protein associated to the glycophorin A, expressdg on the surface
of erythrocytes) antigens (Fig.1):

- cKit'/TER119: pluripotent hematopoietic progenitors (togethéhw
a small number of progenitors of other lineages).

- cKit"/TER119 : erythroid committed early progenitors.

- cKit/TER119" : more differentiated erythroblasts and mature

erythrocytes.
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Ter-119

Ter-119

Figure 1. The FACS analysis of the three mouse fetal livélr papulations at the
three different days of mouse embryonic developm@itl.5, E12.5, E13.5).
Lower panel: cell populations sorted at day E1®b; represents cKit-/TER119+
cells, R2 cKit+/TER119+ and R3 cKit+/TER119- caléspectively. The profile of

the purified populations is exactly the same fargwne of the three days analyzed.

Several pregnant mice were used and the livers frmmmerous
embryos were pooled. This helped to minimize thavoidable slight
differences of individual embryos. TERT1€ell population is mainly
constituted of mature enucleated erythrocytes ttwitain almost
exclusively hemoglobin protein and have already mleted their
transcriptional program. To eliminate these moreunea erythroid
cells we used a differential osmotic lysis buffable to lyse only
mature red cells.
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We obtained the global mMRNA from each of these faifn, that
was then analysed by Affimetrix technology (GengCilouse
Genome 430A). Each experiment was done in duplicate

At day E11.5, the limited amount of cells in theadinfetal livers,

permitted us to purify only two populations: theit®tKTER119 cell

population and a TER positive population, corresfaag to a merged
version of cKif/TER119 and the cKitTER119™ populations of the
other two days: E12.5 and E13.5.

DATA ANALYSIS
The differentially expressed genes —DEG- (with aieet of variation
of 3-4 fold changes -log2-) are classified in “ftiooal families”
using KEGG (Kyoto Enciclopedia of Genes and Genoame) Gene
Ontology databases.
Analysing the data, we had a lot of internal colstrgeveral genes,
already known to be important for the erythroid élepment, were
indeed differentially expressed. Among them for regke, as
expected, a lot were upregulated in the more diffeated cells: genes
involved in HEME synthesis (ALAS2, UroPorphobilirerg synthase),
erythroid-specific surface antigens and cytoschkéletomponents
(Erythropoietin receptor, Glycophorin A, Spectripla 1 and beta 1,
Duffy Blood group, erythrocyte protein band 4.9 a#®, solute
carrier family 4, member 1, ankyrin 1) (data nadsh).
Another important example was constituted by thaession changes
in globin genes. The developmental analysis shoglsagp decline in
the transcription of the embryonic globin chaifi$i{ andeY) from

day 11.5 to day 13.5. The adyit major globin gene is already
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expressed in the most immature progenitors indigathat, at day
E11.5 the switching of the adult transcripts hasaaly consistently
begun. Their fold increase expression during méturaas compared
to the embryonic transcripts was lower than what vweapected,
probably because a technical reason, for examplasaturation of the
probes, due to the too high level of adult globiRMA in the cKit
Ter119 cells (Fig.2).

ckit ckit ~ ckit * ckit ckit ~ ckit * ckit ckit ~
eY 1284 362
B major [6362

Figure 2. Embryonic and adult globin changes as analyzeth&®yINA microarrays
analysis carried out in sorted cell populationsimars represent arbitrary units.

Our experimental design allows three differentsiade and
significant analyses focused on the different comemts of the
switching process: development and maturation.

Horizontal analysis: to study developmental-relatbanges.
Similar cell populations are compared at the thrdiferent
developmental times.
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Vertical analysis: to reveal changes during erythro

maturation.
Cell populations at different stages of erythroicatonation are
compared within the same developmental day. Thmpeawison will
allow to pinpoint changes related to cell differation. What is of a
certain interest, is that the change observed fgivan factor in the
vertical analysis, for example at E11.5, could &redifferent from the
change observed at E13.5.

Diagonal analysis: it tries to consider both theed@mental
and the maturation related components of the swmijcHn fact, the
progenitors cKit/Ter119 cells analysed at day E 11.5 will give rise at
the more differentiated cell population at lateyslar his comparison
has the aim to follow immature progenitors whiletansg in vivo

during the switching period.

HOW TO SELECT A CANDIDATE GENE FOR
FUNCTIONAL STUDIES?

Among genes which expression varies the most intramscriptional

analyses, as expected, many are related to hentbesis) protein

degradation, red cell membrane biogenesis and ti@nges are
similar at all developmental times. Theoreticalyery gene category
could be involved in globin switching, or importdat differentiation.

We could than select interesting target for furteeidies, among
Differentially Expressed Genes (DEGSs) in our exmpent, from

different categories.
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Cytoskeleton proteins

During erythroid differentiation, a lot of genes ceding for
cytoskeletal components (Erythropoietin receptotyc@horin A,
Spectrin alpha 1 and beta 1, Duffy Blood grouptlencyte protein
band 4.9 and 4.2, solute carrier family 4, membearkyrin 1) are
upregulated. This is of course expected, sincesggletal remodelling
is a fundamental process to produce a mature oedl ldell.

Among DEGs there is gelsolin, an 82-84 kDa calchinding protein
belonging to the gelsolin protein superfamily, whis involved in the
remodelling of cytoskeleton, by the ability to sevand cap actin
filaments (Janmegt al, 1986). Gelsolin severs the actin polymer, and
then remains attached to the fast growing end fograicap. It is able
to generate this way a large number of very shotin dilaments
which cannot reanneal or elongate at their barbstk.eThe actin
network is disassembled and can then be rapidigssembled by
selective uncapping of gelsolin and liberation adlymerization
competent filament ends after particular cellulamsli (Yin and
Stull, 1999). Gelsolin plays a role in different tinamediated
processes: cell motility, phagocytosis and apoptdSilacciet al,
2004). It has also been implicated in a numberiséake pathways:
oncogenic transformation (Kwiatkowskt al, 1999), inflammation
and amyloidosis (Maurgt al, 2000; Mauryet al, 2001).

Gelsolin exists in two isoforms: one cytoplasmixpressed in a wide
varity of cell types (platelets, macrophages anatnoghils) (Witkeet
al., 1995); the other is a plasma isoform, generatathly in muscle
cells by an alternative splicing that includes 2Zbir@ acids (leader
peptide) in the N-terminus of the protein (¥hal, 1984).
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In our DNA microarray experiment, gelsolin expressidecreases
from cKit+/TER119- cells to cKit+/TER119+ cells, tuncreases
again in mature cKit-/TER119+ cells (Fig. 3).

Cell to cell interaction proteins

Cell-cell interactions are fundamental since frome teginning of
erythroid differentiation, expecially for a prop&rmation of the
erythroblastic island where erythroid cells devedop mature.

One example is the ICAM4 integrin adhesion molectaguired for
erythroblasic island formation and regulation obpiosis in the bone
marrow microenvironment (Lest al, 2006).

In this category of genes, we focused our attentiorMapl7 whose
expression increased during erythroid maturatspecially at E11.5
(Fig. 3).

Mapl7 is a 17kDa membrane-associated protein, ufatg in
various human colon, breast, lung and kidney caroas, it is
normally expressed in the renal proximal tubules,its physiological
role is not already known (Kochet al, 1995; Kocheet al, 1996).
Mapl7 is adjacent to the gene encoding for SCL/T&em Cell
Leukemia), a fundamental transcription factor ombeoietic stem
cells, and they are co-regulated by a common evigthrestricted
enhancer located 40kb downstream of SCL exon l&alesseet al,
2005).

Interestingly, the expression of Mapl17 in a colanc;oma cell line,
markedly decreases cell proliferation in vitro amognor growth in
vivo (Kocheret al, 1996).
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Cell cycle proteins

Many changes in our microarray data are relatethéocell cycle
(cyclines, cdk, cell cycle transcription factorghis is expected since
it is know how erythroid precursors cells underguesal proliferation
cycles, and the terminal erythroid differentiatien stricktly linked
with the cell cycle withdrawal.

Of this category, in our experiment, Cdc25B andZBitgcrease their
expression level during erythroid maturation (RYy.

Cdc25B gene encodes for a G2 phase of the cele @bsphatase.
Cdc25B3 recruits histone acetyl-transferase congslesuch as
CBP/p300, PCAF and SRCs (Maal, 2001).

Btg2 controls cell growth, differentiation and swal. It is an
antiproliferative gene, important for the differiion of neuronal
precursors and osteoblasts in the developing m@asepettiet al,
1999; Raouf and Seth, 2002). Btg2 has also beearided as a
potential GATA-1 target gene (Rylsley al, 2003).

TER119~  |TER119™ TER119~ [TER119 " |TER119*" [TER119~ |TER119" [TER119 "
Gelsolin [121
MAP17 [19
Cdc25B3[78 300 109
Btg2 |67

Figure 3. The changes in the expression of the selected datedgenes from the
DNA microarrays. They all increase their expressioad) during erythroid
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differentiation. Numbers represent arbitrary un@@sanges in the expression of all
the selected genes are validated by RT-PCR (Datshioavn).

Since our aim is to find genes involved in the tagan of erythroid
specific mechanisms, we focused our attention $pegific classes of

transcripts: one encoding for transcriptional fasto

Transcription factors

Transcription factors are fundamental proteinsdibidineage specific
differentiation pathways. They are able influenbe thoice of the
appropriate lineage by driving the expression afegespecific of the
different cell types, also inhibiting inappropriateene expression
programs.

In our experiment many transcription factors shoamarkable

changes from the more immature (CKRER119) cells to the more
mature cells (CKiV¥TER119 and cKit/TER119): among them, the
majority decreases, while only few increase thepression. The first
trend is common to transcription factors known ® relevant for

immature cells maintenance or for the specificabdmon erythroid

lineages (GATA2, members of the CEBP family, myloxa9, runxl

and runx2, Pul, Meis) (Fig. 4B).

On the other side some well known transcriptiondes; important for

the fulfilment of the erythroid program such as GMT and its

partners tall, Imo2, ldb1, or EKkIf, increase theipression level. We
could observe only a slight increase, since theyatready transcribed
in the cKit positive/ TER119 negative cell fractiqgand are not
therefore picked up as DEG genes in the verticalyars) (Fig. 4A).
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Figure 4. Clustering of DEG transcription factors. A: Genekoge expression

mostly increases (in red). B: those whose expreséareases (in green).

57



Among the transcription factors sharply changingirthlevel of
expression in parallel with the erythroid commitmeme focused our
attention to two members of the Soxry$ype HMG boy family:
Sox6 and Sox4.

No role for these two transcription factors, at mement of our
choice, were know in the erythroid system.

Sox6 increases its expression while Sox4 decrg&gpss).

ckit
TER119 ~

ckit ~ ckit * ckit * ckit ~
TER119™ TER119 - [TER119 " [TER119 ™

Sox4 51

ckit * ckit * ckit ~
TER119~ [TER119° [TER119 ™"

Sox6 16

Figure 5. The expression level of the selected transcriptfantors: Sox6
transcription is always rising (red) during matigat while Sox4 mRNA follows an
opposite behaviour (green) These data were vatidatdRT-PCR on the same RNA
preparations, and normalized on the expression mf h@usekeeping hene
(HPRT)(not shown).

The Sox ($y-type HMG boy family of transcription factors is
characterized by a conserved HMG (High Mobility God DNA
binding domain. SOX proteins bind to the minor gr@@f the DNA,
and bend it of 70-80°, acting as chromatin architexd proteins, also
by assembling multiprotein chromatin structures @war, 1999;
Wilson and Koopman, 2002). Sox proteins are impurta
transcriptional regulators of various tissues dpedifferentiation
processes during development (reviewed in Lefebvigt al., 2007).
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Sox6 null mutant mice (both Knock out mice, or haygous for an
inversion disrupting the Sox6 genE®®" mice, show delayed growth,
myopathy and atrioventricular heart block, and féwe that arrive to
birth, die within 2 weeks after (Hagiwaea al, 2000). The expression
of Sox6 is also required for the correct formatafmervous system
(Connor et al, 1995; Hamada-Kanazawet al, 2004; Hamada-
Kanazaweet al, 2004 b), cartilage (Lefebvet al, 1998; Ikedaet al,
2005) and muscle (Hagiwagt al, 2000; Cohen-Barakt al, 2003;
Hagiwaraet al., 2005)

Sox6 contains a leucine-zipper motif required ferdimerization with
other proteins, including other members of the Samily, in
particular with Sox5 in the carthilage system (lbsfe et al, 1998).
Sox6 acts either as an activator or a repressotrasfscription,
obviously depending on its interactors on targgusaces (Murakami
et al, 2001; de Crombrugghet al, 2000). Sox6 has also been shown
to act as a general splicing factor (Gitel, 2002).

Recently, Sox6 has been shown to increase betwk@m End E11.5,
and to represgY-globin transcription in the mouse, by directly
binding on its promoter (Yi Zet al, 2006). It has been shown that in

the ptoH

mouse, the transition from the definitive Erythogsis is
impaired: an increased number of nucleated andhagies definitive
red blood cells is present in the fetal circulatiab the end of the
gestation (Dumitriu Bet al, 2006).

On the other side, Sox4 is expressed in variossias (Farret al,
1993; Wilsonet al, 2005). Sox4 knockout mice die from cardiac

failure around day E14 (Yet al, 1998). In the hematopoietic system,
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Sox4 is only known to be required for B lymphocgevelopment
(Schilham and Clevers, 1998).

Sox proteins bind similar sequences on DNA. Theosiie pattern of
expression of Sox6 and Sox4 during erythroid déifeiation observed
in our experiment lead us to hypothesize that thesegenes might
regulate the same targets, in an opposite faslaad, in different
stages of differentiation. Hypothesizing an antagfan function of
these two proteins, we aim to study their role iarime and human

erythropoiesis.

FUTURE FUNCTIONAL ANALYSIS OF SELECTED
GENES

For the functional analysis of the selected gem&splan to exploit

cellular systems that may allow us to rapidly asalthe effects of the
overexpression and/or the downregulation of a ket large number

of genes selected.

We will adopt the following cellular systems:

- K562, a human erythroleukemic cell line, extractemin a
patient with Chronic myelogenous leukemia in blassis
(Lozzio CB. and Lozzio BB., 1977). This cell ling able to
differentiate toward an erythroid lineage only byduction
with some chemical inducers, such as the HeminHame
precursor molecule, the TPA or butyrate derivatipd@tieval
JL. Et al., 1983). Nonetheless, this cell line iste a useful
model when a great number of cells is necessargdaetic of

proteomic assays.
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- A better and more physiologic model of primary atdt of
erythroid progenitors, directly extracted from huma
peripheral blood (Ronzoni et al.,, 2008), or fronndo cord
blood (Migliaccio G., et al. 2002). Hemopoietic GD3
progenitor cells are extracted and immunopurifiddth the
appropriate cytokine “cocktail” 1 will describe irthe
Matherials and Methods section, they expand inuceltand
following the expression of erythroid specific mark
(Glycophorin A, globins etc.), you can check tregpability to
retrace the physiologic erythroid differentiation.

To evaluate the role of candidate genes by oveessmwn, we are
constructed lentiviral vectors based on pHR SIN BXEMW
(derived from pHR SIN CSGW, Demaison C. Et al., 20&indly
provided by Dr. Cristina Fugazza, working in Proariq Enver’s lab
in Oxford. In this construct the candidate cDNAIgned upstream to
an internal ribosome entry site (IRES) sequendestirto the Emerald
GFP coding sequence. Cells expressing the exogeriON# also
express GFP and can therefore be FACS sorted fdrefuin vitro
culture and expansion or for colony assays.

K562 infected cells will be used for biochemicaudies and to
analyse their differentiation potential in the gnese or absence of the
differentiating drugs, TPA or hemin.

Although I will not present any results about thig are setting up an
experimental system able to silence the expressiathe candidate
gene, using the RNAI technology (Elbaséiral, 2001; Sharpet al,
2001). We will use lentiviral vectors in which ttepecific short-
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hairpin cassette is cloned in the pSUPER retrovixedctor
(Oligoengine, Seattle).

Target cells (K562 and CD34rogenitors cells), at various stages of
maturation, will be infected, selected for theipeession of GFP by
FACS sorting and plated for colony assays or foglterm cultures.
Globin gene analysis and phenotypic changes wilhba evaluated at

the single colony level or in mass cultures.

DISCUSSION AND FUTURE AIMS

Gene expression profiling of mouse fetal liver cepjopulations

To identify new genes potentially able to regultte synthesis of
globin genes and that can represent potential ttdogetherapeutical
approaches to pharmacological treatment of hemowglphthies, we
studied the gene expression in mouse fetal livér mepulations
during the switch process (between E11.5 and 13viilp a DNA
microarrays.

Although an embryonic/fetal switching, like that man, is not
apparent in the mouse, transgesiig and3 human globin genes are
appropriately regulated in the mouseexpression is followed by
and thenf globin transcription between days E10.5 and E13.5
(Trimbornet al, 1999; Wijgerdeet al, 1995).

We purified by FACS analysis, three selected ceppuydations from
mouse fetal liver at days E11.5, E12.5 and E13.5embryonic
development on the basis of their expression ot eéld TER119
antigens: the pluripotent hematopoietic progeni{okit’/TER119 ),
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the erythroid committed early progenitors (CKRER119) and the
differentiated erythroblasts plus mature erythtesy(cKit/TER119).

The differences among the mRNAs of each populatigere finally
analysed by Affimetrix technology (GeneChip mousm@ne 430A).

Data analysis
Many categories of genes were found to vary; amdranscription
factors for example the expression of GATA-2, ndtyndnighly
transcribed in more immature cells, drops in TERpdSitive cells.
Other transcription factors important in Erythragss, such as
GATA-1, tall, Imo2, Idbl and EKIf, are already sarbed at high
levels both in immature cKit+ and mature TER119#scand for this
reason are not scored among DEG genes.
The category of genes encoding for enzymes involiedhe heme
synthesis (ALAS2, UroPBGS), cell surface antigeagoskeleton
components (Erythropoietin receptor, GlycophorirSfgctrin alpha 1
and beta 1, Duffy Blood group, erythrocyte proteand 4.9 and 4.2,
solute carrier family 4, member 1, ankyrin 1) anblB genes, are
upregulated in the most mature cell populations, since they were
already known to vary in this precise way, we cansider them as
internal controls of our experiment.
It is interesting to observe how tlfiemajor globin gene is already
expressed within the more immature cell populatianghe beginning
of the globin switch (E11.5) in the same mom@il andeY
embryonic globin genes start to be downregulatedriZbntal
analysis), thus defining the fetal-adult globin teling.
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Selection of candidate genes
Any category of gene, in principle, may be relevdot globin
switching. Nonetheless, among DEGs we selectetuftrer analysis
genes belonging to categories of transcription ofagt signalling
molecules and cell cycle regulators, that showstt@ag and robust
variation (>3-4 fold change-log2-) during develomtand/or during
maturation (vertical and horizontal analysis respety). Among
them we focused our efforts in two proteins belaggio the same
group of transcription factors: Sox6 and Sox4. En@g Sox proteins
bind the same sequences on DNA, but have oppositterp of
expression in our experiment: Sox6 is upregulatddlewSox4 is
downregulated during maturation. This permittedtashypothesize
that they might regulate the same target genes mpaosite fashion,
and in different moment of the development. Ouippse, is to study

their role in murine and principally in human enytid systems.
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MATERIALS AND METHODS

DNA microarray experiment

CD1 pregnant mice were sacrificed and fetal liveembryos at the
same stage of development (E11.5, E12.5 or E13e5¢ waken and
pooled. After differential osmotic lysis (RBC buffgoH 7.2-7.4:
Nh,Cl 150mM, KHCQ 1mM, NgEDTA 0,1mM) that eliminate the
more mature erythroid cells, they were stained woittinilated anti
cKit antibody (streptavidin-FITC coniugated as setary antibody)
and anti TER119-PE antibody and sorted by FACS b@ali(all
antibodies are from BD biosciences).

Total RNA was extract from the three sorted cellpyations
(cKit+/TER119-, cKit+/TER119+, cKit-/TER119++); hyidizable
biotinilated RNA targets were producted using ENZABArray
HighYield RNA transcript labelling kit (distributetdy Affimetrix,
Inc.) and analyzed by GeneChip Mouse Genome 430#n{étrix).
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INTRODUCTION

Sox proteins are important transcriptional regultmf many
developmental processes where they control theifg@eon and
differentiation of many cell types, by organizingcal chromatin
structures and assembling multiprotein complexeDbdiA (Wolffe

A.P. et at., 1994, Werner M.H. et al., 1997).

In particular, Sox6, originally isolated form aduthouse testis
(Connor F., 1995) and required for the developn@nthe central
nervous system (Hamada-Kanazawa M., et al., 206#anada-
Kanazawa M., et al., 2004b ), for chondrogenesefdlhvre V., 2009,
Han Y. And Lefebvre V., 2008, Ikeda T. et al., 20&4nits P. et al.,
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2001), and for cardiac and skeletal muscle formatidagiwara N., et
al., 2000, Cohen-Barak O., 2001), also contributes control
definitive erythropoiesis, the process leading bhe tformation of
mature RBCs (Dumitriu B. et al., 2006).

Primitive erythropoiesis originates in the yolk saw@ produce large,
nucleated red blood cells, while definitive erygho@sis, producing
small enucleated RBCs starts in fetal liver and @soperinatally to
bone marrow, the major erythropoietic tissue indtalt life.

In definitive hematopoiesis, progenitors committederythropoiesis
progressively differentiate into BF-UE () and CF-UEat in turn, give
rise to proerythroblasts, erythroblasts and finalymature RBCs.
These differentiation stages are accompanied by pilegressive
accumulation of erythroid-specific markers, inchglithe globins
chains required at the different stages of devem

In humans, globins are encoded by two gene clustieesx locus,
which contains the embryonic gene and the two adult genes and
the B locus consisting of the embryonic, G, Ay fetal and the adult
d andp genes. Two globin switching occur in man: embrgdoi fetal
(e to y) and fetal to adulty(to ), whereas other species (including
mouse) undergo only one switch from embryonic daoltaglobins
expression.

Several transcription factors are essential fotheoyd commitment to
occur and for differential globins gene expressialuring
development: their absence is associated with @ wsjkectrum of
phenotypes ranging from mild anemia to death due tcomplete
failure of erythropoiesis.
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Among them, Sox6 has been recently shown to stieudaythroid
cell survival, proliferation and terminal matucati of definitive
murine Erythropoiesis (Dumitriu B. et al. 2006). cacdingly, Sox6
null fetuses and pups mice are anemic and presdattive RBCs.
Moreover, Sox6 directly acts on globin genes, silegthe embryonic
ey gene in definitive erythroid cells by bindingite promoter (Yi Z.
Et al., 2006). Accordingly with the proposed rolesy silencing in
adulthood, Sox6 null embryonic liver stem cells figd into lethally
irradiated wild type adult mice show high levelsegfexpression in
bone marrow, spleen and blood (Cohen.Barak O...e2@07). All the
above data derive from the analysis two mouse mnsadelhich Sox6
is absent due to a spontaneous mutation (Hagiwgar2@00) or to a
KO (Dumitriu B., 2006) and nothing is known so @t the positive
effect of Sox6 and on its role in human erythropisie

In this paper we explore the role of Sox6 in huragythropoiesis by
its overexpression in both the erytholeukemic K&6R line (Lozzio

BB. and Lozzio CB., 1977) and in primary erythraditures from
CD34+ cells purified from Cord Blood (Migliaccio &. al., 2002).
We demonstrate that Sox6 induces significantly reoj

differentiation in both models as shown by morphadal, RT-PCR
and FACS analysis.

Sox6 overexpression in K562 forces their terminaturation: despite
their erithroleukemic origin, K562 overexpressingx6 grow at a
very low rate when compared with control cells, aiel within about
ten days after transduction. Upon Sox6 overexppassseveral
erythroid specific transcripts are greatly increhsda.e. mRNAs for

enzymes controlling the heme-biosynthetic pathvasytranscription
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factors and for all globins (although tbg-globin ratio is decreased),
suggesting that Sox6 acts as a general positivdateg of erythroid

maturation and erythroid genes expression.

Accordingly to the phenotypic changes observed %% Xcells, Sox6
overexpression in primary cells is accompanied hyaacelerated
kinetic of maturation and in an increased numbeceals that reach
the final enucleation step.

EXPERIMENTAL PROCEDURES

SOX6 overexpressing vector

The Sox6 murine cDNA was kindly provided by Prddichiko

Hamada-Kanazawa, Kobe-Gakuin University, Japan.Sd cDNA
was cloned in frame with a 3’ FLAG epitope to gextera Sox6-
FLAG cassette (S6F) in which Sox6 cDNA lacks the @SQer

aminoacids still retaining its biological propregi (Hamada-
Kanazawa et al., 2004). The Sox6-FLAG cassette REco Kpnl

blunted sites) was then cloned immediately upstréarthe IRES-
Emerald GFP cassette (blunted BamHI site) of th&k gBIN BX

IR/IEMW (derived from pHR SIN CSGW, (Demaison C.akf 2002))
lentiviral vector (Vec). The two packaging plasmigsPAX2 and
pMD-VSVG were used to produce Lentiviral pseudatiplas in 293T
cells (www.lentiweb.com). The expression level tiie exogenous
Sox6-FLAG was estimated in both K562 cells and ha primary
Human Cord Blood cells (at day 10) by comparing tkétive

expression of either the exogenous (in S6F-traretieells) and the

endogenous (in cells transduced with the corresgpgreimpty vector)
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Sox6 transcripts with GAPDH expression, considesesd internal
standard.

Lentiviral harvesting protocol

Exponentially growing HEK 293T cells were transéztt using
Lipofectamine 2000 (Invitrogen) with the three \mst lentiviral
system. About 48 h after transfection, the supamtatontaining
recombinant viruses was harvested, filtered (Qudf), centrifuged at
20.000g for 8 hours, and then frozen at —80 °C.tienses were
titrated on HEK 293T cells by measuring the peragetof GFP
positive cells by FACS analysis.

Cell cultures

K562 were cultured in RPMI medium supplemented B$olFetal
Bovine Serum, PenStrep and L-glutamine. Transdoctivas
performed overnight, by adding the vector stockmafltiplicity of
infection (MOI) 50, using a virus at a concentrataf 5x1¢ TU/ml.

CD34 cells were purified from cord blood by positivdesgion from
MNC, using anti-CD34 microbeads (Miltenyi Biotecagcording to
the manufacturer’'s instructions. CDO34ells were plated at a
concentration of 0.5-1xfQells/ml and prestimulated for 30 hours in
CellGro medium (Cell Genix) supplemented with 3@Jnmm human
stem cell factor (hSCF), 300 ng/ml human Flt-3#idghFIt3-1), 100
ng/ml human thrombopoietin (TPO) and 60 ng/ml huta8 (hIL-3)
(all PeproTech) on plates coated with retronecliak@ra Shuzo).
Transduction was performed overnight, by addingvietor stock at
multiplicity of infection (MOI) 100 and at a viradoncentration of
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5x10° TU/ml. The following day cells were washed andeitgrown

in suspension as erythroid cultures or plated inthgieellulose
medium for colony forming unit (CFU) assay. Erythiasts (day 6)
derived from cord blood CD34cells were transduced overnight by
addition of lentiviral vector at MOI 50 and at aaliconcentration of
5x10° TU/ml. The following day cells were washed and vgnoin
suspension as erythroid culture.

CD34 cells were cultured for 2 weeks in StemSpan (St
Technologies) containing 20% of fetal bovine serfBS, Hyclone)
and supplemented with hSCF (10 ng/ml), human eopibietin (EPO,

1 U/ml), hiL-3 (1 ng/ml), 16 M dexamethasone (Sigma), and®1@
B-estradiol (Sigma). CD34cells were seeded at a concentration 6f 10
cells/ml and diluted over time to maintain the cemication at 1-2 x
10° cells/ml. The progression toward erythroid diffeiation was
evaluated by staining with PE-conjugated anti-GpAtiedy
(DakoCytomation  (DakoCytomation) and FACS analysis.
Morphological analysis and differential counting sMperformed on
cytospins by MayGrinwald-Giemsa staining and micopge

inspection.

CFU assay for human progenitors

CD34 cells were washed with PBS and plated at a density000
cells/ml in methylcellulose medium containing hSA¥;M-CSF,
hiL3 and hEPO (GF H4434; Stem Cell TechnologiefjerA2 weeks,
BFU-E, CFU-GM, and CFU-GEMM colonies were counteohd
single colonies (20-30 for each experiment) weoéied. DNA and
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RNA were extracted by TRIzol REAGENT (Invitrogewy imolecular

analysis.

Chromatin Immunoprecipitation (ChlIP) assay

Briefly, 10° K562 cells for each Immunoprecipitation reactioarev
fixed with 0.4% formaldehyde for 10 minutes at rot@mperature,
and chromatin was sonicated to a size of about %§0
Immunoprecipitation was performed after overnigitubation with
anti-FLAG antibody (Sigma F-7425), and subsequectibation with
protein A agarose (Upstate biotechnology). Immuaojpitated DNA
was then analysed by amplifying an equivalent dfckls DNA with
the following oligonucleotides:

Humane promoter Fw: 5° GTTGCAGATAGATGAGGAGCC 3’

Humane promoter Rw 5’ GTCAAGGCTGACCTGTGTCC 3.
GAPDH locus Fw: 5° CGGAGTCAACGGATTTGGTCGTAT 3
GAPDH locus Rw: 5 AGCCTTCTCCATGGTGGTGAAGAC 3
Immunoprecipitation was repeated 3 times on indépenChromatin
preparations.

RNA isolation and RT-PCR

Total RNA from 16 cells (from K562 or differentiating human
CD34+ cells at the different time points) was pedf with TRI
Reagent (Applied Biosystem AM9738), treated with IRQNase
(Promega) for 30 min at 37°C and retrotranscribddigh Capacity
cDNA Reverse Transcription Kit, Applied Biosysteat ©1°4368814).
Negative control reactions (without Reverse Trapsase) gave no
signal. Real time analysis was performed using RBém 7500, (PE
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Applied Biosystems). Primers were designed to a&gnph0 to 150bp
amplicons on the basis of sequences from the Eriseatabase
(http://lwww.ensembl.org/Homo_sapiens/Info/Index)antples from
three or more independent experiments were analyzeadplicate.
Specific PCR product accumulation was monitoredSMBR Green
dye fluorescence in 2gl reaction volume. Dissociation curves
confirmed the homogeneity of PCR products.

All primers used are listed in the table below:

Epo Fw CTGTATCATGGACCACCTCGG
Epo Rw TGAAGCACAGAAGCTCTTCGG
Jak2 Fw ATCTGACCTTTCCATCTGGGG
Jak2 Rw TGGTTGGGTGGATACCAGATC
Stat5A Fw TTACTGAAGATCAAGCTGGGG
Stat5A Rw TCATTGTACAGAATGTGCCGG
Stat5B Fw CATTTTCCCATTGAGGTGCG
Stat5B Rw GGGTGGCCTTAATGTTCTCC
GAPDH Fw ACGGATTTGGTCGTATTGGG
GAPDH Rw TGATTTTGGAGGGATCTCGC
ALAS-E Fw CAACATCTCAGGCACCAGTA
ALAS-E Rw CTCCACTGTTACGGATACCT
Fech Fw ATCCAGCAGCTGGAGGGTCT
Fech Rw TGAATCTTGGGGGTTCGGCG
GATA1 Fw AGTTTGTGGATCCTGCTCTG
GATA1 Rw GCAATGGGTACACCTGAAAG
GATAZ Fw AGCGTCTCCAGCCTCATCTTCCGCG
GATAZ2 Rw CGAGTCTTGCTGCGCCTGCTT
EKLF Fw CCTGTTTGGTGGTCTCTTCACA
EKLF Rw AGGGTCCATTCGTGGGAAA
NF-E2p45 Fw AGTGTCAGCTCAGGCTCAGC
NF-E2p45 Rw GCAGCTCGGTGATGGACATG
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p53 Fw

CTGTCATCTTCTGTCCCTTC

p53 Rw TGGAATCAACCCACAGCTGCA

p21 Fw GTCACTGTCTTGTACCCTTGTG

p21 Rw CGGCGTTTGGAGTGGTAGAAA

p27 Rw AAGCGACCTGCAACCGACGATTCTT
p27 Fw GCTCCACAGAACCGGCATTT

alpha globin Fw

GAGGCCCTGGAGAGGATGTTCC

alpha globin Rw

ACAGCGCGTTGGGCATGTCGTC

beta globin Fw

TACATTTGCTTCTGACACAAC

beta globin Rw

ACAGATCCCCAAAGGAC

gamma globin Fw

CTTCAAGCTCCTGGGAAATGT

gamma globin Rw

GCAGAATAAAGCCTACCTTGAAAG

epsilon globin Fw

GCCTGTGGAGCAAGATGAAT

epsilon globin Rw

GCGGGCTTGAGGTTGT
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RESULTS

Sox6 overexpression in human erythroleukemic K56@ells

To get insight into the role of Sox6 in human ergfioiesis, we first
overexpressed Sox6 by lentiviral transduction in 6K5
erythroleukemic cells.

K562 cells were transduced either with a vectort@iomg a
Sox6FLAG overexpressing cassette upstream to arS IEGFP -
element (S6F-GFP) or with the corresponding Empégtur (Vec-
GFP) (Fig.1, panel A).

The efficiency of transduction was similar (>95% GFP-positive
cells, not shown) for both vectors and the expogssi the exogenous
Sox6 was tested by Western blot (Fig.1 panel BK362, 48h after
S6F-GFP transduction, we observed a marked reductod
proliferation when compared to that of Vec-GFP $darced cells. The
K562 S6-GFP culture declined to exhaustion withimy d® after
transduction (Fig.1, panel C).

A o
SFFV prom. _[Human Scx6 cDNA [FLAG] IRES [ GFP 1
K562-Vec K562-56F
00
B o A
¢ 8 -
v v 60
e} ©
€ € w
—  Sox6-FLAG -
== === Beta-Actin 0
0 3 6 9

Figure 1: Growth Kinetic of K562 cells overexpressing Sox6.
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The Sox6 overexpressing vector (A), managed to ym®dabundant exogenous
protein in transduced K562 cells, as was assess®destern Blot analysis using an
anti-Flag antibody to detect the exogenous prg®jn

(C) 1x 16 exponentially growing K562 cells were transducediay 0 either with
the S6F or the corresponding empty vector (Vec) eelts were washed and
replated in fresh medium 24h after transductiork-Bénsduced cells stop growing
3 days after transduction and the culture die wittiay 9. Error bars refer to 3

independent experiments.

Since Epo is the major cytokine required for suayivproliferation
and differentiation of committed erythroid progenmitells, we looked
for Epo pathway activation in Sox6 overexpressimdisc Among
genes whose expression we tested by RT-PCR, oelyhad a robust
increase in its expression, SOCS3 (Fig 2). SOC38nbs to the
family of Suppressor Of Cytokine Signaling protejrand it is know
to repress several pathways activated by the ayskbinding to their
receptors. SOCS3 directly binds to the kinase donwfi JAK2,
thereby inhibiting its tyrosine-kinase activity (@d¥ia NA. and
Greenhalgh CJ., 2000). The activation of SOCS3 by6Sts very
early, since it happens just three hours after K&&Asduction with
Sox6 containing vector. Since it is already knoe #mti-proliferative
potential of SOCS3 protein, and its protective roletumors of
different tissues (Haan S. et al., 2009; RigbyéRal., 2007; Ogata H.
et al., 2006a, Ogata H. et al., 2006b), its adtvaalone could be able
to explain, almost in part, the stop in the K56Rscgrowth.
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Epo receptor pathway

Cell cycle

Figure 2: A semi-quantitative RT-PCR analysis, to evaluhte expression level of
some genes involved in the erythroid progenitots @ele regulation. The black
arrow indicates the only one we found whose expaskevel was significantly
changed, SOCS3.

In these same cells, Sox6 overexpression is acauggaby a

profound phenotypic change (Fig.2): K562-S6F tracsd cells show
a red pellet upon centrifugation, indicating an uswalation of

haemoglobin (Fig.2, panel A), confirmed by the @ased number of
O-Dianisidine positive cells on cytospin prepanasigFig. 2, panel B).
Moreover, FACS analysis on these cells revealsethergence of a
double positive CD7Transferrine Receptor) CD23%Glycophorin

A) cell population, representing a more maturehenitd population if

compared to the Vec-GFP-transduced cells (Figa@epC).

To better characterize K562-S6F cells, we perforngedsemi

guantitative RT-PCR analysis 72 h after transduct@mmparing the
expression of a series of genes known to vary duenythoid

maturation between K562-Vec and K562-S6F cells. fEsailt of this

analysis is summarized in Fig 2D. As expected anlasis of the

observed increased hemoglobinization, among gendsosev
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expression is strongly increased upon Sox6 oveessiwn there are
globin genes (see below, detailed analysis), t@gethith genes
encoding key enzymes of the heme biosynthetic pah{MLAS-E,

FECH, PBGD). In these same cells, the appearaneenudre mature
erythroid phenotype, is mirrowed by a drop in tkkpression of the
“megakaryocytic genes” GPIIB and GPIIIA, which asdready
expressed in control K562 cells.

Genes encoding the major transcription factors aesiple for

erythroid cell type specification, i.e. GATALl, GARPAEKLF, and
p45-NFE2, do not show significant variations, altgb only this latter

shows a very small but reproducibly increase.
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Figure 3: Phenotipic changes of K562 cells upon Sox6 ovanession.
S6F-transduced cells (left panels), when compariéd eells transduced with the
empty vector(Vec ,right panels), show: (A) a retdisllet .(B) an increased number
of O-Dianisidine positive cells (brown staining),ndicating hemoglobin

accumulation. (C) an emerging population of strgr@D71/GpA (CD235) double
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positive cells (FACS analysis) (D) a change in rtiggne expression expression
profile (RT-PCR analysis).

Since Sox6 has been proposed to specifically reprgsglobin
expression in mouse, we carefully analysed by Rez PCR the
relative changes of globin genes transcription up&ox6
overexpression, considering GAPDH as internal stethdAs show
Fig 3 bothp-like genes€ andy) anda-like gene { ando) normally
expressed by K562 cells, are induced by Sox6 opeession (Fig 4,
panel A). Of interest, thge transcripts ratio varies from 2,5 in K562-
Vec to 5,5 in K562-S6F (Fig. 4, panel B), althoughthe observed
context of general globins genes activation induzg&ox6, the level
of € globin gene expression results, in terms of albscdumount of
transcript, increased. On this basis and becausé [sas been shown
to repress they globin gene in mouse by direct binding on its
promoter, we performed a Chromatin Immunopecijpitaéxperiment
to ascertain whether Sox6 is able to bind to thendw epsilon
promoter although the Sox binding site seems tadiecompletely
conserved between mouse and man, and in man, tis diffierent
from the classical consensus for SOX proteins (Ejgpanel C). By
the use of an anti-FLAG antibody that recognizes ttansduced
S6FLAG, we demonstrated that Sox6 is indeed ablbind to the

humarne gene promoter (Fig. 4, panel D.).
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Figure 4: All Globins chains normally expressed in K562 apeegulated in K562-
S6F-transduced cells

(A)Left panels: Real time PCR analysis on cDNAsTr&562-S6F and K562-Vec
cells. Histograms show the relative levels of egpi@n (in one representative
experiment) off-like (¢ andy) and a-like (£ and «) globin genes compared to

GAPDH, considered as 1. Right panefs: ando/C ratio changes of expression in
K562-Vec vs K562 S6F cells

(B) ChIP analysis confirms the ability of Sox6 fadthe humar globin promoter

Upper panel: sequence conservation of the doublé Rinding sites between
mouse and human promoters. Lower Panel: the atig=tr rabbit IgG antibodies
were used to immunoprecipitate chromatin from K5&2- or K562-S6F cells and
the region containing the double Sox6 binding sites amplified. Upper panel:

primers designed on theglobin promoter region. Lower panel: primers or th
GAPDH gene as a negative control

Together these data suggest that Sox6 overexpnestsangly induces
erythroid differentiation, as revealed by the irced

hemoglobinization (O-Dianosideine positivity), tlaecumulation of
specific surface markers (FACS analysis ), and lggreral increase
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in the expression of erythroid specific genes (FORP. Moreover, all
globins genes normally expressed in K562 are oypeessed upon
Sox6 transduction, although the increases-gfobin is marginal if
compared to the others. Finally, the observed erdthrerythroid
differentiation is accompanied by a dramatic reiductof cell

proliferation.

Sox6 overexpression in primary human erythroid prgenitors
Because of the profound effect induced by Sox6 eymession in
K562 cells, we moved to a better model of humantheoyd
differentiation, i.e. primary CD34+ cells purifiebr cord blood,
expanded in vitro and induced to differentiateiguid culture.

Real time PCR analysis on these cultures (Fig.hdws that Sox6
expression is absent in the most immature CD34gepritors (day O
to day 6), starts to be detectable at the beginafritpe erythroblasts
differentiation phase (day 8, 72% GlicophorinA piwsi cells),
reaches a peak around day 12 of culture (85% g@HiconA positive
cells), and finally decline at the end of the crdtuwhen a maximum
of Gpa positivity (nearly 90%) is reached (Fig.panel A). On the
basis of this expression pattern, we transducecctltere at day 6,
corresponding to the end of the erythroblasts esipanphase and
immediately prior to the onset of Sox6 expressamis outlined in the
table in figure 5B.
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Figure 5 (A) Semi quantitative RT-PCR on erythroid culsirfom CB at the
different days of culture indicated above the fegudpper panel: Sox6 expression;
Lower panel: GAPDH. The progression toward erytirdifferentiation, evident
from the increasing percentage of GpA positivitythe different days (FACS
analysis) is indicated below the figure.

(B) Experimental outline. The cytokines used inrtexdium are indicated.

The evaluation of the percentage of GFP positiviks d&y FACS
analysis, show that cells are transduced with ainafficiency by both
constructs (Vec, empty vector: 84,9 %; S6F, Soxérexpressing
vector: 85,4%). The analysis was subsequentlyezhout on samples
taken at days 10, 12 and 14, according to the @tbert on fig. and
data from a representative culture are shown irigjoees below.
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We first followed erythroid maturation of the cukuby evaluating the
number of GFP and Glycophorin A (CD235) double pasicells by

FACS analysis (Fig. 6A). In a S6F-transduced regpregive culture,
this value reaches its peak at day 10 (74,6%) bBed teclines to
56.1% at day 12 and to 40.6% at dayl4, suggestprogressive loss
of transduced cells. In contrast, in the empty eedransduced
culture, GPAGFF double positive population increases from day 10
(69.9%) to day 12 (75.8%) and finally slightly deases to 71.2% at
dayl4.

To better correlate these data with erythroid naton, cells from the

same samples as above, were cytospun and diff@reetlis counts

were performed to score the relative number otalldifferent stages
of erythroid maturation. At day 10, in S6F-transeldiccells, many

polychromathophil and orthocromatic erythroblastsjally appearing
at later days in control cultures, are already gme¢Fig. 6B and cells
count in table 6C). More strickingly, 3 to 5% (dedang on the

experiment) of reticulocytes are scored, whileha tontrol culture a
maximum of 0,5-1% of reticulocytes is observed ta end of the

culture (day 14). In parallel with the increasednter of more mature
cells (poly,ortho,ret), a decrease of more immat(lvasophils +

proeryhtroblasts) cells is observed in Sox6 overesging cells (28%
versus 57%). The prevalence of more mature cetls ngspect to the
control is further maintained at day 12.

Finally, the distribution of the different cell tgp between the two
cultures returns equal at day 14, when the poolGéP+ Sox6

overexpressing cells reaches the minimum and thesumably fails

to significantly contribute to the culture.
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Figure 6. Sox6 enhances erythroid differentiation in Cortbdd-derived cell

cultures.
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(A) FACS analysis on cells transduced either wlith Empty Vector (Vec) or with
the Sox6 overexpressing vector (Sox6): x axis GKpression; Y axis GPA
expression

(B) MayGriinwald-Giemsa on cytospin preparationthefsame samples as above
C) Differential counts on cells from the same cpios as in D. More than 200 cells

were scored for each samples

We then analyzed the expression of globin genetheatsame time
points by Real time PCR (Fig 7). At day 1@, y and B globin
expression is strongly increased in S6F-transducells, when
compared to the control culture, whereaxpression, although barely
detectable in these perinatal “adult type” cultueste the scale on
the y axis), does not change significantly, sugggst repressive role
of Sox6 on the humagiglobin transcription (Fig. 7 and Fig. 4D).

At day 12, the globins genes expression becomeasinm the two
culture. Finally, at day 14, (when the Vec-trangstlcells reach the
peak of erythroid differentiation) whereas the cohtculture
maintains a plateau level of globins expressior, $6F colture has
already declined in both GpA and GFP double pasitiand globin
expression levels.

Taken together these data suggest that Sox6 ovessipn enhances
(increased number of reticulocytes) and anticipgtBS8erentiation
peak at daylO instead of 14) the normal erythrafter@ntiation
kinetic of the culture.
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Figure 7: Histograms represent the quantitation by RealetiRCR of globin
MRNAs, obtained at days 10, 12, 14 of the cultBex6 anticipates the expression
of the alpha, beta and gamma, but not of the apgilabin gene.

In a second set of experiments we directly transducD34 cells
with either the empty or the S6F vectors as abowed we
subsequently analysed the transduced culturesingtéiom day 6, to
dayl4. However, while in the case of the emptymettie percentage
of GFP positive cells is about 90% at day 6 and thilue remains
constant in the following days during the followingrythroid
maturation, in the S6F-tranduced culture the nunolbgsFP positive
cells is about 25% at day 6 and progressively dedbh 3% by dayl14.
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The same transduced cells were also seeded in lgbarnal

methylcellulose. In this clonigenic assay we obsdna reduced
number of BFU-E in the S6Ftransduced cells, in lpdravith a

reduced number of total CFU observed, and of dregmtage of GFP
positive colonies (scored by fluorescence microscopservation).
PCR analysis was carried out to detect the presehtiee integrated
lentivirus on DNA extracted from a representativeniber of colonies
at the end of the culture and confirmed the peegnbf GFP positive
scored by visual observation.

Together these data suggest that S6 overexpressidhe CD34+
stage decrease progenitors survival leading to etden of their

pool.

The search of Sox6 targets on DNA
The effect of Sox6 overexpression observed in BEHB2 an in
primary CD34 progenitor cells, prompted us to identify the patiis
responsible of the enhanced erythropoiesis uponé Soaduction.
Since Sox6 is a transcription factor, we looked ifs hypothetical
target genes using amsilico approach.
We took advantage of the web tool TFBS clusterr{3caption Factor
Binding Site -http://hscl.cimr.cam.ac.uk/TFBSclustgrwhich allows
to identify conserved patterns of binding sitesspre in evolutionary
conserved regulatory regions in the mammalian gesof@onaldson,
I. J. and Gottgens, B., 2007).
The only known erythroid Sox6 target site is ¢lyeglobin promoter
in mouse, and it is composed by two Sox conserith, an opposite
orientation, and spaced by 8 nucletides (Fig. 8WJe use this
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sequence as model to find similar consensi throtlgh human
genome: two binding sites, possibly with an opposttientation, but
very close each other (in a cluster of 30-35 nudaes). The software
found 875 double Sox consensus sequences, in nmaase&onserved
regions, interspearsed in the human genome. Onlinarity of them
(6%) were found near the transcription start sitekmown genes,
while the others were located in introns (56%)downstream the 3’
end of known genes (38%) (Fig 8B). Of course, g\wngle target
found is of potential interest, but we startednalgse the 56 consensi
found within 10 Kbp in 5’position of a known genghere generally
reside most of the regulatory sequences that regguthe transcription
of a gene. Since our idea was to study genes paitgmegulated by
Sox6, which are important for erythroid differetioam, to further
narrow the range of our research, we matched thésmarget genes
potentially regulated by Sox6, with the data of oucroarray analysis
discussed in chapter 2.

This approach revealed us 7 genes of extreme stteaamong them,
interestingly, we found SOCS3 and Sox6 itself (BG).
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A Model sequence (eY globin promoter, Zanhua Yi et al., 2006):

AATGCAGAACAAAGGGTCAGAACATTGTCTGCGAAG
—> <+—

B Result: 875 sites in human/murine conserved regions
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Figure 8 (A) The Sox6 binding sites on tkg globin promoter, used as a model
sequences in our in-silico search. (B) The outguhe search using TFBScluster.
(C) Genes lying near potential Sox6 targets sitesr,ged with DEGs of erythroid

system (see microarray data in chapter 2).

For both SOCS3 and Sox6, the double Sox consesstesy close to
the transcription start site, and within an higlalgnserved region
among mammalian genomes (Fig. 9).

In the case of SOCS3, this region is 2.7 Kbp upstreo the promoter,
while in the case of Sox6 itself, the consensuddessin the
hypothetical promoter itself. We deeply studieds tregion, and its

regulation by Sox6, as I'll show in the followingapter.
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GENE Distance to 5’ (bp) Sequence Evolutionary conservation

e o Hiamis May 2004 Assembly

SOCS3 2708Kb  CTTTGTAAATTACAATG

SOX6 774 Kb AACAAAG AAACTTTGTT

Figure 9: The distance from the transcription start sitd)(and evolutionary
conservation of the two consensi we focused ohiwiBOCS3 and Sox6 itself loci,
are schematized. On the right a cartoon taken fralf@SC database

(http://genome.ucsc.eduthe transcription is from the right to the Iéfed arrows),

while the position of the binding sites found iditated by the red arrowheads.

SOCS3 expression, as shown in figure 2, is higipikegulated upon
Sox6 overexpression, 3 hours already after Sox@sdizction. This
observation disclose the possibility that SOCS8 really early Sox6
target gene. Of course the direct transcriptioegufation of SOCS3
by Sox6 needs to be validated from further studies.

SOCS3 increased expression might explain, at leagpart, the
consequences of Sox6 overexpression: the blockeanptogression
through the cell cycle and in the growth of K562l ¢me, and in
human primary erythroblasts. Its role might be ta@hdraw the
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progenitor cells from the proliferation phase, iegddhem toward the
final stages of erythtoid differentiation.

DISCUSSION AND FUTURE AIMS

Sox6 enhances erythoid maturation

In this chapter we described the phenotypic chamgesiring upon
Sox6 overexpression in human cells.

The human K562 erythroleukemic cell line is a wekdkcribed human
model, and grows in culture indefinitely. The ovgnession of Sox6
alone blocks its progression through the cell gystiepping its growth
and leading to the culture exhaustion 10 days &bx6 transduction.
This strong effect on the cell divisions, is accampd by a partial
erythroid differentiation of these cells. While K5@xpress normally
low levels of globin transcripts, Sox6 overexpressupregulates
them: the pellet of these cells after centrifugaticc red by
hemoglobin accumulation, and several benzidinetpestells appear.
This is a very impressing result, considering thmgtheoleukemic
nature of this cell line, generally capable of eliffintiating toward an
erythroid destiny, only by the addition of some el inducers
such as the Hemin (an Heme molecule precursor) igh h
concentration. This differentiation toward erytlttr@naturation is very
clear also in a human primary culture of erythrgdogenitors,
extracted and isolated from the cord blood. Soxérexpression
enhances and accelerate the terminal maturatiathi®fculture, as
clearly shown by differential cell counting: more ature
orthochromatic cells, and reticulocytes appear ox6Stransduced
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culture compared with the control culture (transstuvith the empty
vector), accompanied with higher globins expresserls. While the
normal control culture reaches its peak of erythranarker
expression, GlycophorinA, at the end of the cultatelay 14, Sox6
transduced one shows an anticipate and clearly moease peak at
day 10. The peak of maturation at day 10 in SoaGduuced culture,
is also evident by the analysis on globins’ traipgsy which are highly
stimulated if compared with control culture stagtinom day 10.

Sox6 starts to be expressed in erythroid progexitond its expression
rises while cells are maturing. Its role in thetlkrgid differentiation
may be the activation of different downstream ewith specific
genes, and the downregulation of other genes #et to be switched
off. Anticipating, and augmenting its expressione wbtained an
enhancement and an anticipation of the differeinhatdemonstrating
its capability to regulate (almost in part) diffateaspects of erythroid

maturation.

Sox6 molecular mechanism of action

During erythroid differentiation, the terminal medtion is strictly

linked to the cell cycle withdrawal. Sox6 might wéages this two
connected processes, since its expression levelssestical for their

balance. In fact, no changes in the expressionideseother major
regulators of erythropoiesis (GATAl, GATA2, EKLF,FNE2p45,

SCL/Tall) are present, suggesting the possibihigt tSox6 acts on
other pathways.

One hypothesis is the interference by Sox6 in the-&tat5 signalling
pathway. Epo is one of the major cytokine reguatine erythroid
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system, allowing the survival of erythroid commuttgrogenitors and
protecting them from apoptosis. After erythopoiebimding to its
receptor (EpoR), the signal is transduced througih@sphorilation
cascade to Stat5A and Stat5B (Signal Transductioinfectivation of
transcription), that dimerize and translocate ®nhbcleus, where they
activate several target genes. Epo sustains thevaluiof erythroid
progenitors, while in the last stages of maturaticerythroid
committed progenitors must undergo only few celtleydivisions,
before completing the maturation process.

3 hours after Sox6 transduction, the transcripttdnSOCS3 gene
(Suppressor Of Cytokine Signalling) is stronglyre®sed, suggesting
it as an early Sox6 target. SOCS3 is indeed ablelack the Epo-
Stat5 signalling transduction, by binding Janus asm 2 (Jak2),
preventing its phosphorilation and the further Stttivation (Ingley
E. Et al., 2004).

The direct activation of SOCS3 by Sox6 might be exthaustive
explanation of the observation that Sox6, if trarcedl in high not-
committed progenitors leads to their prematurelgdait it is able to
pushes the already committed progenitors towarditerl maturation.

Sox6 target genes and future aims
To identify which are the genes Sox6 is able tedly regulate, we
performed a bioinformatic analysis using TFBS tdusveb software,
that allowed us to find potentially regulatory r@gs bearing highly
conserved Sox6 putative binding sites, within etiohary conserved
regions between murine and human genomes. We gsewael the
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only know erythroid Sox6 binding site publishedatthesides in the
murine ey-globin promoter, and is composed by two adjacem
consensi, spaced by 8 nucleotide, and with an daggpagentation.
Interestingly, among the great number of data émalysis gave us,
we could identify a very well conserved double $orsensus within
a conserved regulatory region, 2.7 Kbp upstreantrérescription start
site of the SOCS3 gene. This genomic region indud® very close
Sox consensi, spaced by 4 nucleotides, and withopposite
orientation. It greatly resembles the Sox6 conseifisund in theey-
globin promoter.

A direct SOCS3 transcriptional regulation by Sogémes out as a
very likely hypothesis. To demonstrate the capabdi Sox6 to bind
this region in vitro, we are setting up an EMSA g&fophoretic
mobility shift assay) experiment, in which a radabelled probe,
corresponding to the double Sox consensus upstitea®OCS3 gene
will be incubated with a protein extract containi8gx6: the binding
between Sox6 and the probe, would be visualized ahift in the
migration of the radio labelled probe, in a gelctlephoresis run.
Then, to demonstrate Sox6 binding in vivo on tlagion, a ChIP
(Chromatin Immuno-Precipitation) will be performe@he whole
chromatin, is fixated with formaldehyde, fragmentgg sonication,
and immunoprecipitated by an anti-SOX6 specificitmay: the
immunoprecipiation of this specific genomic regianll be tested by
PCR amplification using sequence-specific primers.

All these data, with our observation describedhis thapter, would
provide a simple but clear molecular mechanism Ijclv a single

gene, Sox6, is able to control and determine the déa cell, easing
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out the cell from the cell cycle, and switching arlineage specific
genetic program of transcription.
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ABSTRACT

Sox6 is a member of the Sox family of transcriptfantors, which
play critical roles in determining cell fate andfelientiation. Sox6 has
been demonstrated to control multiple aspects ofinitee
erythropoiesis in mouse: Sox6 deficiency is assedito anemia, poor
maturation of erythroid cells and increased lewalgy-globin in
adult cells.

In this work we show that, in human CD34+-derivedithroid
cultures and in mouse bone marrow cell populati®oex6 expression
peaks at the erythroblast stage and then decrakseswith erythroid
differentiation.

The overexpression of exogenous Sox6 by lentitnaisduction in
both human primary hematopoietic cells and in then&n erythoid
K562 cell line, results in a marked reduction oé tendogenous
transcript, suggesting a negative feedback reguatof Sox6
expression. The downregulation of the endogenouss Sgene is
mediated by a double evolutionarily conserved Sbx&ling site
within the Sox6 promoter. This sequence is direbthyndin vitro
(Electrophoresis Mobility Shift Assay, EMSA) advivo (Chromatin
immunoprecipitation, ChIP) by Sox6, that represses own
transcription. We propose that this negative agpolegion feedback
might be relevant to control the downregulationSoix6 expression
observed in late erythroid maturation.
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INTRODUCTION

Sox6 is a member of the Sox_ry8ype HMG boy family of
transcription factors, characterized by the preseian HMG box, a
domain that recognizes the minor groove on DNA. Bineling of Sox
proteins to DNA forces it to bend at about 75°raducing local
conformational changes. The ability of Sox protdimsind in close
proximity to other transcription factors and totdrs DNA suggests
that they can act as “architectural proteins”,sgdg by promoting
the assembly of biologically active multiproteionaplexes. In turn,
modulation of interactions between distant chromatomains has
been proposed to play a crucial role in gene reguleby bringing
together promoter/enhancer regions. According i® dkneral model,
Sox6 has been suggested to act both as an actofats a repressor,
depending on its interactions and on its targetiseces (1, 2, 3).

The Sox domain recognizes a very degenerate
(A/T)(A/IT)CAA(A/T)G consensus, making very diffittuto identify
its in vivo targets: the best characterized and validated 6 $avget
sequence on the regulatory elements of the choprgene Col2al
is, for example, composed by four sites each gawdifferent
mismatches relative to the HMG box consensus (4reller, the
presence of adjacent pairs of Sox sites on diffekmown targets,
suggests that double Sox sites might likely be preferred Sox6
targets, although the relative arrangement anchiatien of the two
sites is not yet clearly defined (1, 2a8d refs ref. therein).

Murine Sox6 null mutants (p100) show delayed growtiyopathy,

arterioventricular heart block and die within 2 keeafter birth (5).
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Sox6 is indeed required for proper formation ofrhaa@ervous system
(5, 6, 7), cartilage (4, 8), cardiac and skeletakate (9, 10). Recent
reports indicate that complete Sox6 ablation caaspsrturbation of
erythropoiesis resulting in the presence of in@dasumbers of
nucleated and misshaped red cells in the fetalleiion and in a
strong relative increase of embryonig)(globin gene expression (11,
12, 13). In particular, Sox6 directly silencgs globin expression in
murine definitive erythropoiesis by binding to aubte Sox6 site lying
within a 36bp region on they proximal promoter (13). Moreover,
embryonic liver stem cells from Sox6 null mice eaftgd into lethally
irradiated wt adult mice, show levels ©f expression in spleen and
bone marrow higher than those observed in conticé transplanted
with wild type cells (12).

The emerging critical role of Sox6 in erythropogeprompted us to
study in more detail its expression and regulation human
erythropoiesis using, as model systems, primary 43D3ells
undergoing in vitro erythroid differentiation andhet human
erythroleukemic cell line K562.

We demonstrate that Sox6 expression peaks in egfiiroblasts and
decreases along with erythroid differentiation.tRer, Sox6 is able to
repress its own transcription by direct bindinga evolutionarily

conserved double Sox6 site lying within its proxiq@omoter.
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EXPERIMENTAL PROCEDURES

Cell cultures CD34+ cells were immunopurified from Human Cord
Blood (HCB), cultured for two weeks in StemSpane(®t Cell
Technologies) containing 20% of fetal bovine serfBS, Hyclone)
and supplemented with 10 ng/ml of human stem eeliofr (hSCF), 1
U/ml of human erythropoietin (EPO), 1 ng/ml of humaterleukin-3
(hIL-3), 10° M dexamethasone (Sigma), and®1® B-estradiol
(Sigma). CD34 cells were seeded at a concentration Gf céis/ml
and diluted over time to maintain the cell concatitn in the range of
1-2x10 cells/ml. Cells were collected and analysed orsdiy8, 10,
12 and 14.

CD34+ cells from human peripheral adult blood (HPByvere
immunopurified after buffy coat isolation and dmgid cultures were
done as in ref. 14: cells were cultured at a demitl®® cells/mL in
alpha-minimal essential medium in the presenceSafF, IL-3, Epo.
1ug/mL of cyclosporine A was added to inhibit lymgltes—
monocytes growth. After 7 days of culture, cellsraveeplated in
erythroid differentiation medium. Cell samples wamllected and
analysed on days 7 and 14. For both cultures hrerg differentiation
was monitored by FACS analysis for the expressio@lgcophorinA
(CD235), and by cell morphology analysis on cytéairmged samples
stained with May—Grunwald—Giemsa (not shown).Primauman
cells were obtained according to Institutional @liines.K562 cells
were cultured in RPMI medium supplemented by 10%lRgovine
Serum, PenStrep and L-glutamine.
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Electrophoretic mobility shift assay (EMSA) *?P-labeled DNA probes
were incubated with 1(grs of nuclear or total extracts, for 20 min at
15°C in a buffer containing 5% glycerol, 50 mM Na20 mM Tris,
pH 7.9, 0.5 mM EDTA, 5 mM MgCI, 1 mM dithiothreit@DTT), 500
ng/iul poly(dG-dC), and 50 ngl bovine serum albumin (BSA) in a
15-ul final reaction mixture. The reaction mixture wden loaded
onto a 8% polyacrylamide gel (29:1 acrylamide-higlamide ratio)
and run at 4°C at 150 V for 3 h. Nuclear extracerevprepared
according to standard protocols (29, 2). The adiég® used for the
supershift analysis were: anti-FLAG, (Sigma F742&)fi-GATAL
(SantaCruz N6, sc-265). Oligonucleotide probes:
WT probe: Fw. 5 CCTCTGTAACAAAGTTTCTTTGTTTTAATGE'
Rev: 5 CCATTAAAACAAAGAACTTTGTTACAGAGG 3

Mutated probe: Fw: 5 CCTCTGTGGCAGAGTGTCTGTGTGTGRBG 3

Rev. 5 CCATTCACACAGACACTCTGCCACAGAGG 3

Sox6 overexpresson vectors The Sox6 murine cDNA (17) was

kindly provided by ProfMichiko Hamada-Kanazawa, Kobe-Gakuin
University, Japan. The Sox6 cDNA was transferré¢d the pCMV-
Tag 4B plasmid (Stratagene), in frame with a 3 B.Aepitope,
(EcoRI - EcoRV restriction sites), to produce thex@LAG
expression vector used in transfection assays.Skix® recombinant
protein lacks the 49 C-ter aminoacids: this shortelecule fully
retains Sox6 biological proprieties (17) and allotesdiscriminate
between endogenous and exogenous Sox6. The Sax6-Eassette
(EcoRI - Kpnl) was blunted and cloned immediatghstueam to the
IRES-Emerald GFP cassette into the blunted Basitdllof the pHR
SIN BX IR/IEMW (derived from pHR SIN CSGW, (18)) kviral
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vector. The two packaging plasmids psPAX2 and pMBVG were
used to produce Lentiviral pseudo-particles in 293Ells
(www.lentiweb.com).

The expression level of the exogenous Sox6FLAGesndogenous
transcript was estimated in K562 cells and ittucas of primary
Cord Blood (at day 10, peak of sox6 expressionRbgl Time PCR,
using GAPDH mRNA as a standard for comparison. f&upentary
Fig. 1)

Lentiviral harvesting protocol Exponentially growing HEK 293T
cells were transfected using Lipofectamine 2000i(logen) with the
three vectors lentiviral system. About 48 h aftensfection, the
supernatant containing recombinant viruses waselséed, filtered
(0.45um), centrifuged at 20.000g for 8 hours, and thezdn at —80
°C. Lentiviruses were titrated on HEK 293T cells fmgasuring the
percentage of GFP positive cells by FACS analysis.

Luciferase reporter plasmids The human Sox6 promoter region from
nucleotide -1116 to nucleotide -1 was obtained byect
amplification from genomic DNA with Phusion Higldélity DNA
Polymerase (Finnzymes) using the following primers
FwW.5’ATCGGTACOCGGGCTGAGTTAGATATTTATTTC 3
Rev:5" ATCTCGAGAGATCTGAATTCATGAAAGTGACCTG 3,
containing a Kpnl and Xhol restriction site (undeet), respectively,
for further cloning into the corresponding sitestod pGL3 luciferase
reporter vector (Promega), either containing orandbwnstream TK
minimal promoter. The DNA region of 234 bp (from AB91 to nt.-
759) containing the double Sox6 site, was amplifwdh the

following primers:
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Fw. 5 ACGTGGTACASATCCATTGTTTTTCAGAAGG 3

Rev 5 ACGTCTCGARACAAAGAAACTTTGTTACAGAGGC 3

containing the Kpnl and Xhol sites, as above, dimning into the
pGL2 luciferase reporter vector (Promega), upstréarthe minimal
Gata-1 promoter and Gata-1 erythroid specific eabanegion HS2
(16). To mutate the double Sox consensus, the sagien was
amplified with a Reverse primer containing the samatations
proved to abolish Sox6 binding in EMSA assay:

Rev: 5 ACGTCTCGA®ACACAGACACTCTGCCACAGAGGC 3.

All the amplified DNA regions were sequenced to idvondesired
mutations.

Transfection experiments K562 human erythroleukemic cells were
grown in RPMI 1640 medium supplemented with Penstre-
glutamine and 10% fetal bovine serum. 1,5 X #8ponentially
growing K562 cells were transfected in 0,5 ml oftiEM medium
(Invitrogen) as final volume, usinguP of Lipofectamine 2000
(Invitrogen), with 900 ng of the reporter plasmahd increasing
amount (from 200 ng to 1,6grs) of the Sox6 expression plasmid
(PCMVSox6Tag4B), per well. The pCMV-Tag 4B emptycia was
added to each transfection at the concentrationines) to equalize
the total amount of DNA transfected in each reactisfter 48 h, total
cellular extracts were prepared and the Luciferastvity was
measured according to the Promega Luciferase mpa@ystem
protocol. All experiments were repeated in tripiecavith at least three
independent plasmid preparations.

Chromatin Immunoprecipitation (ChlP) assay Briefly, K562 (10

cells for each Immunoprecipitation reaction) wepeed with 0.4%
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formaldehyde for 10 minutes at room temperaturd,@mromatin was
sonicated to a size of about 500 bp. Immunopretipit was
performed after overnight incubation with anti-FGAantibody
(Sigma F-7425), and subsequent incubation withegmoA agarose
(Upstate biotechnology). Immunoprecipitated DNA wlasn analysed
by amplifying an equivalent of f0cells DNA with the following
oligonucleotides:

S0ox6 promoter:

Fw: 5 TTTGAAAGAATACAGCCTCTG 3’

Rev: 5 ATGCATTAAGGTGGTTTGGTA 3

GAPDH:

Fw. 5 CGGAGTCAACGGATTTGGTCGTAT 3

Rev: 5 AGCCTTCTCCATGGTGGTGAAGAC 3

Immunoprecipitation was repeated 3 times on indépenChromatin
preparations.

RNA isolation and RT-PCR Total RNA from 18 cells (both K562 or
differentiating human CD34+ cells at the differeéimhe points) was
purified with TRl Reagent (Applied Biosystem AM9738efore
cDNA synthesis, RNA was treated with RQ1 DNase ifirga) for 30
min at 37°C. cDNA was prepared using the High CapazDNA
Reverse Transcription Kit (Applied Biosystem ca#3688814) and
then diluted 1:50 for amplification. Negative cattrreactions
(without Reverse Transcriptase) gave no signal.l Rew analysis
was performed using ABI Prism 7500, (PE Applied &&tems).
Primers were designed to amplify 100- to 150-bp lammps and were
based on sequences from  the Ensembl database
(http://lwww.ensembl.org/Homo_sapiens/Info/Index)antples from
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three or more independent experiments were analyzeadplicate.
Specific PCR product accumulation was monitoredSMBR Green
dye fluorescence in 2gl reaction volume. Dissociation curves
confirmed the homogeneity of PCR products.

The same forward primer was used to amplify botfogenous and
exogenous Sox6 cDNA:

Fw5 GAGGCAGTTCTTTACTGTGG 3. To discriminate beésn
endogenous and transduced RNA variants, two diftereverse
primers were used:

Rev.l 5 CCGCCATCTGTCTTCATA 3 complementary tecetbxtreme 3’
of Sox6 transcript, and

Rev2 5 CTTATCGTCGTCATCCTTGTA3, that matchegthvthe FLAG
coding region.

Primers for GAPDH were:

Fw: 5 ACGGATTTGGTCGTATTGGG 3

Rev. 5 TGATTTTGGAGGGATCTCGC 3

Mouse Sox6 primers

Fw: 5 TGCGACAGTTCTTCACTGTGG 3

Rev. 5 CGTCCATCTTCATACCATACG 3

Mouse HPRT primers:

Fw: 5 CCTGCTGGATTACATTAAAGCACTG 3

Rev: 5 GTCAAGGGCATATCCAACAACAAACZ

Western blot K562 total and nuclear extracts were prepared doupr
to standard protocols (15, 16) and proteins welgested to SDS-
PAGE separation and blotting.

The endogenous Sox6 protein was detected by theSar6 (c-20)
Sta Cruz sc-17332 antibody raised against the %D#&er epitope
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(lacking in the exogenous Sox6FLAG protein). Theox@-LAG
protein was detected by the use of the anti-FLA@bady Sigma
F7425. Protein loading was checked by reprobinterél with a
monoclonal anti hnrnp-C1/C2 antibody (Sigma R5028)tibodies
binding was detected by using appropriate horsshageroxidise-
conjugated IgG and revealed by ECL (LiteAblot, Kilooe).

Cell sorting Freshly extracted Mouse Bone Marrow cells were
disaggregated in Phosphate-Buffered-Saline, andbated with the
following labelled antibodies: allophycocyanin (AP@nti-mouse
CD117 (c-Kit); PE anti-mouse CD71, and FITC antius® TER119,
all from Becton Dickinson, RD. The sorting was penfied by a
MoFlo (DAKO-Cytomation)cell sorter and purity of the obtained
cells populations was >95%.
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RESULTS

Sox6 expression during erythoid maturation

Sox6 expression was analysed in primary human mnghiquid
cultures undergoingn vitro erythroid differentiation, starting from
CD34+ cells purified either from adult peripherndRB) or cord blood
(HCB).

In these cultures CD34+ cells are amplified to legblasts and then
induced to terminal differentiation into mature thrpcytes. In cord
blood cells-derived cultures (19), RT-PCR on Sosdhgcript was
performed at day O (purified CD34+ cells), duringytkroblast
amplification (day6), at the end of the erythroidprecursors
amplification stage (day 8) and then at days 10a4@ 14 during
erythroid induced differentiation. As shown in FidA, Sox6
expression is absent in CD34+ cells, starts todiectable at day 8
(72% of Glycophorin A positive cells estimated BXCS analysis,
not shown), reaches a peak around day 12 (85% ydo@horin A
positive cells), to finally decrease at day 14 responding to the end
of the culture and to the maximum extent of eryithmhifferentiation
(nearly 90% of Glycophorin A positive cells).

Sox6 expression shows a similar pattern in the plase erythroid
culture from CD34+ positive cells purified from didyeripheral
blood (14), Fig.1B: Sox6 mRNA is absent in CD34+sifige cells
(day 0), accumulates at the end of the erythrablastplification stage
(day 7, corresponding to 67% of Glycophorin A pesitcells) and
then decreases at day 14 of the culture, whenretgitdifferentiation

is completed (97% of GlycophorinA positivity). Flha we analysed

119



Sox6 expression in mouse Bone Marrow FACS sortells ce
populations representing progressive stages ohmngt maturation.
As shown in Fig.1C, Sox6 is modestly expressed ha more
immature (Kit+CD71-) cell population, increases dtwgr with
erythoid differentiation (CD71high Ter119low and
CD71highTer119high cells) and then falls in the mosture cells
(CD71low TER119high).

The latter data, confirm in an in vivo system, tieservation made in

the ex vivo primary cultures.

Fig.1
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Fig. 1 Sox 6 expression during erythroid maturation.
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Semi-quantitative (left) and RealTime (right) PCRere performed on cDNAs
obtained by retrotranscription of RNA samples fraells indicated above the
figures. The Sox6 expression level is relativeni® éxpression of the GAPDH gene
(human cells) and HPRT (mouse cells).

A. Erythroid liquid cultures from CD34+ cells puafl from cord blood. Day O:
purified CD34+ cells; day 8: beginning of the ergild differentiation phase. Day
14: end of the culture, when 95% of cells are défdtiated to Glycophorin A
positive cells.

B. Erythroid liquid cultures from CD34+ cells pued from adult peripheral blood.
Day 0 corresponds to the freshly purified CD34Hscellay 7 to the end of the
erythroblastic expansion and day 14 to the endydfieid differentiation.

C. Mouse Bone Marrow cells sorted according torteeythroid maturation, from
more immature kit+CD71-, to progressively more matu stages
CD71highTer119low, CD71highTer119high, CD7llow Teigh.

The Sox6 gene is repressed by high levels of erogbn
overexpressed Sox6

The downregulation of Sox6 transcription in lateffedentiation

described above might be due either to an indeéett mediated by
other transcription factors or to a direct repnassiction of Sox6 on
its own regulatory sequences.

To answer this question, we overexpressed Sox6 8OX6FLAG

fusion protein by lentiviral transduction of boHCB cells and of
K562 erythroleukemic cells, a well characterizeddeidfor the study
of the initial stages of erythroid differentiatioK562 cells can be
induced to partially differentiate upon hemin addht under these
conditions, K562 cells express low levels of Sos@nilar to those
detected prior to hemin addition ( Fig.2A)

In both K562 and HCB cells, the overexpressionh& &€xogenous

Sox6 gene is mirrored by a dramatic reduction othbo the
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endogenous Sox6 transcript and protein (Fig 2B, 28a@ggesting that
high levels of Sox6 repress the transcription eféhdogenous gene.

Fig.2
A Hemin -+ - 4+ -+ HO

32x 34x 36x

23x 25x 27x

B K562 HCB

Empty Empty
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Fig.2 Sox6exogenous expression represses the endogenoug&ux6
A. Semi-quantitative RT-PCR on cDNA from K562 celigated (+) or not (-) with

hemin (5@M for 4 days). Upper panel: Sox6 expression; Lowanel: GAPDH
expression. PCR amplification cycles are indicdteldw the lanes.

B. Semiquantitative RT-PCR on cDNA from K562 (lefihd HCB (right) cells
transduced with either the Sox6 overexpressingovemt the corresponding empty
vector. GAPDH was used to normalize cDNAs. The nemdd amplification cycles
used for each set of primers is indicated on thbtrof the figure. In Real time
guantification, the endogenous Sox6 transcript K862 and HCB cells

overexpressing the Sox6FLAG transcript - was scasedndetectable (not shown).
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C. Western blot analysis. Nuclear extracts from07k#lls were loaded in each lane.
An anti-FLAG antibody was used to detect the exogenSox6, while the
endogenous protein was revealed by anti-Sox6 @ihfibaised again the C-ter
portion of the protein, absent in the exogenougepio The anti ¢1/c2 hnRNP
antibody was used to normalize for protein loading.

The Sox6 gene contains Sox6 binding sites witlinragulatory
regions.

We then looked for potential Sox6 binding sitethwi the regulatory
regions of the Sox6 gene (Fig.3).

The Sox6 consensus binding sequence on DNA is yergrly
defined: Sox6 is known to recognize the minor geomf DNA,
similarly to other members of the HMG proteins fianibut very few
Sox6 target sites have been validated so far. Antheq, the only
defined Sox6 target in erythropoietic cells is B@&bp sequence
containing two Sox6 binding sites lying within theglobin proximal
promoter and mediating they gene repression in adult erythroid
cells. This sequence consists of two AACAA(A/T)G@es, in opposite
orientation, spaced by 8 nucleotides (13).

We used this sequence as a model to search fatiyautlouble Sox6
sites within the Sox6 locus, taking advantage ef t{f8CS database

(http://genome.ucsc.eduiand of the TESS Transcription Element

Search Systenh{tp://www.cbil.upenn.edu/cgi-bin/tess/tgssftware.

This approach revealed the presence of an evoarilgnconserved
putative double Sox6 binding site -775 nt. upstre@mmthe Sox6
transcription start site (Fig 3). This site, magpim a block of 31
conserved nucleotides, is composed of 2 singles dite opposite
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orientation, spaced by 3 bases. The two Sox6 sib@sposing the
double consensus are fully conserved from chickem&n whereas
few substitutions are present within the spacingleutides. This
same sequence was also identified as a potentiabiading site by
the TFBScluster software hitp://hscl.cimr.cam.ac.uk/TEBScluste

(20), which allows to identify evolutionarily consed complex
patterns of binding sites present in regions ofhhigregulatory
potential defined on the basis of their locationd aon their

conservation among species.
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Fig. 3Mapping of the double Sox6 binding site on the hur8ax6 promoter

A. Schematic representation of the 5 region of th@man Sox6 locus on
chromosome 11. The thick arrows indicate the pwsitf the double Sox6 binding
site.

B. UCSC genome browser (http://genome.ucsc.edaf)hgeal map of the human
Sox6 promoter region. Note that while in panel & thanscription orientation in
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from left to right, in panel B it is from right teft. The thick arrows indicate the
Sox6 binding sites (same ones as in A). The -1116gton of the promoter studied
in the transfection experiments described in thisep is indicated with a dotted line
under the panel.

C. Nucleotide conservation of the region (nt. -18ht. -775) containing the two
Sox6 bhinding sites (black arrows). The few substihs in the spacer region

between the two sites are underlined.

Sox6 binds in vitro and in vivo to the putative &dinding sequences
identified within the Sox6 promoter

To test the ability of Sox6 to bind to the aboventified consensus,
we set up Electrophoretic Mobility Shift Assay (EMSexperiments
using as a probe either an oligonucleotide encosmpgithe double
Sox6 site or a corresponding oligonucleotide tmatan the Sox6
consensus (Fig. 4A). As shown in Fig. 4B the wtberowhen
incubated with K562 nuclear extracts (lanesl to giyes a weak
retarded band (lanel). When nuclear extracts froB62K cells
overexpressing the Sox6FLAG protein are used (lI2r&s a stronger
band is observed (lane 2). This band is specificalipershifted by
increasing amounts of an anti-FLAG antibody (laBe$), but not by
an unrelated anti-GATA-1 (lanes 5-6) antibody. $anly, when total
cell extracts are used, a barely detectable bamibssrved in K562
(lane 7). A strong specific band appears in toxataets from K562
overexpressing cells (lane 8) and is properly ssiptted by the anti-
FLAG antibody (lane9).

As expected, in K562 Sox6FLAG cells, the overexgpies of
exogenous Sox6 is accompanied by a decrease ofbémal
corresponding to the endogenous Sox6 protein, (aoenfane 1 with
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lanes 3 and 4, where the exogenous Sox6 is sufiecsby the anti-
FLAG antibody and no endogenous Sox6 band is lejsibin
agreement with the reduction of the endogenous SoX8NA and
protein observed in Sox6 transduced cells (seealioy.2).

When tested in the same conditions, the probe tedita the Sox6
consensus (lanes 10 to18) fails to give any rethldend, confirming
that the binding observed on the wt probe is sty due to the
double Sox®6 site.

To assess thm vivo ability of Sox6 to bind to the -775 double site,
we performed Chromatin Immunoprecipitation on K562lls
transduced with either the construct overexpressieg Sox6FLAG
protein or the corresponding empty vector. The-RbAG antibody
was used in the chromatin immunoprecipitation tieac As shown
in Fig. 4C, the anti-FLAG antibody efficiently immoprepipitates
the Sox6 double site region in the presence of exogs SOx6FLAG
protein (lane 6). The same sequence is not immecqgptated by the
same anti-FLAG antibody when chromatin from K562lls
transduced with the empty vector (lane 5) is usksl.a further
negative control, normal Rabbit-lgG fail to immymmecipitate the
Sox6 promoter region in both Sox6FLAG and emptytoe&562
chromatin samples (lanes 3-4). Moreover, primersigihed on the
GAPDH gene were used as a control (lower panell an
amplification was observed on the same immunoptetga samples
as above.

Together, these data confirm that Sox6 is indedel tbbind both in

vitro and in vivo to its own promoter.
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Fig.4
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Fig. 4 Sox6 bindsn vitro andin vivoto the -775-759 double Sox6 binding site on its

promoter
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A. Nucleotide sequence of the probes used in EMg#er@ments. The Sox6 sites
are indicated by the arrows and the mutations al@siy the Sox6 consensus are
marked by asterisks.

B. EMSA experiments: the probes in panel A w&felabelled and incubated with
either nuclear (lanes 1 to 6 and 10 to 16) or to#dll extracts from K562 cells or
K562 cells overexpressing Sox6FLAG (K562-S6). Thabp mutated in the Sox6
consensus sites, fails to give any retarded barehwésted in the same conditions
as for the wild type probe (lane 10-18).

C. Chromatin immunoprecipitation experiments. Thi-BLAG or rabbit 1gG
antibodies were used to immunoprecipitate chromdtom K562 or K562
overexpressing Sox6FLAG (K562-S6) cells and théoregncompassing the double
Sox6 binding site was amplified. Lanes 1 and 2uinghromatins. Lanes 3 and 4:
normal rabbit IgG. Lane 5 and 6: anti-FLAG antibofthat recognizes the
Sox6FLAG transduced protein) Lane 7: water. Uppaergh primers designed on the
Sox6 promoter region. Lower panel: primers on th&PBH gene as a negative
control.

The -775 Sox6 binding sites within the Sox6 promaotediate
transcriptional repression in K562 cells.

To test the contribution of the -775bp Sox6 bindsitgs in regulating
Sox6 transcription, we prepared a series of Luatfer reporter
constructs that we assayed by transfection expatsria K562 cells.
Each experiment described below was done with astledwo
independent DNA plasmid preparations, each of themsfected at
least in triplicate.

We first cloned the 1116 nt upstream to the Scettegranscriptional
start site (1116S6), corresponding to the prommgion conserved
between man and mouse (Fig 3A) immediately upstréanthe

Luciferase reporter gene. This construct, transfibeh K562 cells,

128



behaves as a weak promoter, when compared to tlmanoperless
pGL3 plasmid activity and to that of a minimalgiomoter (Fig 5A).
Since Sox6 overexpression leads to silencingegtidogenous gene,
we reasoned that to observe the potential repmessio Sox6 on its
own promoter, via its direct binding to the -77&sj we should work
in the context of a highly active erythroid eleméfe then restricted
the Sox6 5’ flanking region to 234nt. containin@ tipstream double
Sox6 site and we cloned it 5° to an erythroid ragply cassette
(consisting of the core of the HS2 Gata-1 elemssgulated by the
GATA-1 and CP2 transcription factors, linked to B®0nt. minimal
Gata-1 promoter, S6GATApGL2) (Fig. 5). We also madsimilar
construct (S6NEATApPGL2) in which the double Sox6 site was
mutated by the introduction of the same point mogt previously
shown to completely abolish Sox6 binding in EM$Ag( 4A).

These constructs were cotransfected in K562 cdligether with
increasing amounts of a Sox6 overexpressing plasmid

As shown in Fig. 5B, the S6GATApGL2 plasmid is pegsively
repressed in a dose dependent manner by the siealia
cotransfection of increasing amounts of the Sexg@ressing vector
(7, 11, 15 dark columns, in the histogram). On ¢kiger hand, the
corresponding S6MATApPGL2 construct, mutated in the Sox6
consensus (columns 8, 12, 16) is insensitive tox6Sepression.
Moreover, the effect of Sox6 on the double Sox@linig site is highly
specific, since the cotransfection of a Sox4 overessing plasmid (at
the highest concentration used for Sox6) fails talifiy the activity of
the S6GATApPGL2 reporter (column 19).
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Fig.5

ty
JEGREN
[ NI
—

A ‘I-':JC g 12
3]
c 1
pTK ]
- Luc g 08 I
g o6
3]
1116-86 | [7] 4o 304
B 0.2
0
No promoter pTK 1116-S6
Sox6 Sox4
0,2 ug 0.8 g 1.6 ng 1.6 ng
160
B 140
BT | coR- Ry - L
2z
T 100 A
[re ][] 3
0 4
s 80
Q0 8
23awt_|[hsz |[on | [ S 60+
p
R 40
234 Mut |Hsz| pll rL:::
20 4
gl I i 1
12 3 4 56 7 8 9101113 \‘13141516 1718192\0
o~ L\ N A Ny g N
LS TPLS FPLT LS 2489
Faxr Sox g Sag  Sog
T VY T Vv I VY T VY NG

Fig. 5 Sox6 represses its own promoter

A. Transfection experiments in K562 cells. The ¢nngs used are schematically
represented on the left of the figure. The LucEeractivity is given in arbitrary

units, standard deviations are represented ondeft each column. The region
corresponding to nt. -1 to -1116 of the Sox6 prendl116-S6) was cloned

upstream to the Luciferase reporter gene and figitgovas compared to that of a

promoterless pGI3 plasmid and to that of a Tk malippromoter. In these

conditions, the 1116-S6 element behaves as a weatoger.

B. Cotransfection experiments. A 234 nt. fragmenitaining either the wt or the

mutated Sox6 double site was cloned upstream igtdyhactive erythroid cassette
composed of the Gata-1 gene minimal promoter (ghjl the Gata-1 HS2 erythroid
enhancer (HS2). The mutations in the Sox6 consem®ithe same as in Fig 4A,
already shown to abolish Sox6 binding in EMSA (Fé\). These constructs were
cotransfected in K562 cells together with incregsamounts (from 0.2 mgrs to 1,6
mgrs) of a Sox6 expressing plasmid. The 234wtnfrag is repressed in a dose
dependent manner by the addition of the cotraresfe&tox6 plasmid (black bars,
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columns 7, 11, 15), while the corresponding muté28dmut) element is insensitive
to Sox6 cotransfection (columns 8, 12, 16). A Soxdrexpressing plasmid (as the
highest concentration of 1,6 mgrs used for SoxGexymession) fails to repress the

Sox6-derived 234 element, suggesting a Sox6 higegific effect (lane 19).
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DISCUSSION

The observation (Fig.1) that Sox6 is progressivalyuced during
erythroid differentiation, peaks at the intermediatages, and then
declines at the latest stages of maturation, predpat study of the
effects of Sox6 overexpression in erythroid différation. In the
course of this work we showed that exogenous Soréatly
accelerates erythroid maturation and hemoglobinthggis (to be
reported elsewhere), while strongly repressitsgy own expression
(Fig. 2). Here, we investigate in detail this effeshowing that Sox6 is
a repressor acting on an upstream Sox6 enhancesug¢est that this
negative autoregulatory loop is an important congmbrof the Sox6
downregulation observed during erythroid differatibn.

A repressor role for Sox6

Recent literature demonstrated the role of Soxénause definitive
erythropoiesis, although the molecular mechanismigsoaction are
still unclear. In particular, despite its profoumrdfect on red cell
survival, proliferation and differentiation (11)the only Sox6 target
known in erythropoietic cells is the 36bp sequewdthin the ey
globin promoter (13). The direct binding of Sox6thes sequence has
been proposed to repress expression in adult erythropoietic cells,
thus suggesting the Sox6 requirement for properrgonic-adult
globin switching to occur. They site is composed of two single Sox
consensus sites in opposite orientation spaced myckotides. The
prevalence of paired Sox sites on the few known6Saxget genes
(1, 2, 3) suggests that two sites are likely resplifor Sox6 function,
although very little is known about their relatigenfiguration and
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their spacing. The double binding site that we nidied within the
proximal promoter of the human Sox6 gene itselfcamposed,
according to the “paired sites module”, by twoesitin opposite
orientation and identical in their sequence (5’AAEXG 3’ and
5CTTTGTT 3, respectively), spaced by 3 nucleosidds in the case
of the Sox6 sites on thy globin promoter, this newly identified Sox6
target site is repressed by Sox6 binding. Moreaueecent literature,
Sox6 has been proposed to work as a repressougthriateractions
with a variety of partner factors, in several ¢glles (10, 21, 22, 23).
On the other hand, Sox6, together with the highlgted Sox5 and
Sox9 genes, was originally identified as a maste&neg in
chondrogenic differentiation, where this “Sox tri@ctivates the
expression of chondrogenic specific genes, suctyes Il collagen
(Col2al), aggrecanAgo, cartilage link protein rtll) and matrilin
(3, 4, 24, 25). On these targets, Sox5, Sox6 an® &ce thought to
secure each other to their binding sites to adivednscription (note
that, while Sox6 and Sox5 do not have a transaiobir domain, Sox9
possesses it, thus working as a typical transongdactor (26)).
Altogether, these data suggest that interactionk warious protein
partners and/or different DNA arrangements of Saxget sites might
underlie the different transcriptional outputs etved (activation or
repression) in different systems. To clarify tigsue, it will be of
great interest to understand which factors arauited by Sox6 on its
own gene and on its other targets in erythroitscel

Sox6 downregulates its own expression by directibg to an

upstream negative element
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Our data suggest that the expression level of Soxét be
downregulated during late erythropoiesis and thstdownregulation
is at least in part mediated by a feedback reguldtmp through the
direct binding of Sox6 to its own promoter. Soxa@oregulation is
likely to be dependent on a relatively high level $ox6 expression.
In fact, partial erythroid differentiation of K56€ells, upon hemin
treatment, is not associated per se with Sox6 deguiation (Fig.2A).
However, when Sox6 is overexpressed in the sante (@€462) or in
primary erythroid cultures, endogenous Sox6 dowunegmn is
readily apparent Fig.2B).

We have identified a double Sox consensus binditg &75nt.
upstream to the transcriptional start site thalinsctly bound by Sox6
and is required for Sox6-dependent repression (8)g.Recently,
Ikeda et al (27) identified an alternative Sox@®rpoter active in
embryonic tissues and located 128kb upstream to sdwuence
investigated in the present study.

The corresponding transcript is far less abundarK562 cells than
the main transcript studied in this paper, and e&sgs, as the main
transcript, upon Sox6 overexpression (see supplemerfFig.2).
Whether this transcript is also directly represbgdox6 in erythroid
cells is presently not known.

Genetic circuits of autoregulation of key transgop factors,
affecting the rate of their synthesis by influemcithe rate of
transcription (either by autoactivation or autoesgion), are known to
govern many processes involving progressive comarit of
pluripotent progenitors into lineage restrictedc€8, 29) where they
are thought to reinforce cell fate decisions. Margmples are known
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within the hematopoietic system: Gata-1, for exanp$ expressed at
low levels in multipotent progenitors, but becomalsundant in
committed erythroid precursors where its transmipts sustained by
a positive feedback loop (30, 31 and refs therdfimally, Gata-1
expression declines at late stages of erythrdidréntiation (32, 33).
Interestingly, the initial upregulation of Gata-In ierythroid
differentiation is also linked to repression of i@y member of the
family, Gata-2, which predominates in early progens, and may
bind to a subset of Gatal-binding sites, oftentelgs opposite effects
to those of Gata-1 (34). In this regard, it woudddd great interest to
test whether other Sox family members can sharenwmmtargets
with Sox6, either at different stages of erythrdifferentiation or in
other tissues in which Sox6 is important for caffedentiation. A
candidate for such a role in hematopoiesis is Sakdch is expressed
in early progenitors prior to Sox6 and is prognesi repressed
during differentiation (unpublished results), walkinetic opposite to
that of Sox6 induction.
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Supplementary Fig.1

The expression level of the exogenous Sox6FLAG vs the endogenous transcript was estimated by
Real Time PCR in K562 cells and in primary Human Cord Blood cells at day 10 of the culture, the
central day of Sox6 expression, by comparing their expression with GAPDH expression, used as
internal standard
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Columns hight represents the level of expression of endogenous Sox6 (1,3) and Sox6FLAG (2,4) relatively to
GAPDH, used as internal standard.

Columns 1 and 3: untransduced cells;

columns 2 and 4: cells transduced with the Sox6FLAG vector.

Primer pairs were designed to discriminate between endogenous and exogenous Sox6-FLAG transcripts (see
experimental procedures). In both case the ratio is about 30 fold (K562: 29, CB: 30).

Standard deviations refer to threee independent amplifications

Supplementary Fig. 2

A 1% fetal exon, (Tkeda et al.) 1% exon (Cohen-Barak et al.) 15% Exon 16" Exon, TGA
containing, last exon

—
a ‘ +1 b c d
+1 — — — —
837 bp 57 bp 217bp | [ 2864 bp
A\ 128 Kb 581 lfb 13Kb
Alternative promoter: A- Double Sox consensus 2% to 14% exon
box+B-box, Tkeda el al. (-759/-775)
B ¥
@V C 2 3 ATGGCGAGGAGGGACAGGAC 3
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A) Schematic representation of the human Sox6 locus on Chromosome 11. The two published transcription start sites are indicated
by the arrows at the beginning of the corresponding exons (+1). The position of the double Sox6 binding site studied in this paper
is indicated by the thick arrow. The relative position of the primers used for RT-PCR (atb and ¢td) are indicated above the

exons.

B) RT-PCR on ¢cDNA from K562 and K56250x6FLAG cells. Note that while the c+d primers pair detects both transcripts, the
a+b pair only amplifies the upstream “fetal” transcript described by Ikeda et al. and that the number of PCR cycles shown are
atb=35x ; c+d=40x, respectively. This indicates that the transcript published by Cohen-Barak is largely the most abundant in

K562 cells.
C) Sequence of primers used in the RT-PCR reactions and expected length of the PCR products.
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Chapter 5
FINAL DISCUSSION:

MOLECULAR AND CLINICAL
CONSIDERATIONS
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Summary
The aim of my thesis was to find new genes whosetion is crucial
for erythrtoid differentiation and/or the regulatioof the globin
switching process. With this purpose we analysedgéne expression
profiles of mouse hemopoietic cells extracted frdetal livers
(between days E11.5 and E13.5, period in whichgtbbin switching
occurs) at different stages of erythroid differatiin. Among genes
whose expression level rose the most, we chose &mx@urther
functional studies. We demonstrated that Sox6 estbrexpression
induces terminal erythroid maturation in the ergtbukemic cell line
K562 and in primary cultures of CD34rogenitors extracted from
human cord blood. We then aimed to unravel the oudde
mechanisms underlying Sox6 function, by searchiaglirect target
binding sites on DNA. Among them we found a possidirect
regulation of Sox6 on SOCS3 transcription, a genalved in the
regulation of the progression through the cell eydFinally, we
demonstrated that Sox6, when overexpressed, nebatiauto-

regulates its transcription by directly binding itmown promoter.

Identification of new genes important for erythropdesis
Hemopoietic cells were purified from livers of meusmbryos at day
E11.5, E12.5 and E13.5 (corresponding to the peatiothg which the
globin switching takes place), and FACS sortedlenliasis of their
expression of c-kit and Terll9 (Chapter 2, figurg The
transcriptional analysis of these highly purifietdehomogeneous cell
populations, identifies differentially expressedege (DEGS) between
progenitors and more differentiated cells, thatmesumably required
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for erythroid maturation. Some genes known to veryerythroid
differentiation, for example the globin genes, wased as internal
control of our experiment (Chapter 2, figure 2).riylaother genes
whose level of expression significantly rise durirgrythroid
maturation, but for which no function is alreadyolm in the
erythroid system, are considered.

On the other side, we could also identify DEGs laemv cell
populations at the same degree of differentiatiomt isolated at
different days of mouse embryonic development. Ay &11.5 of
mouse development, erythrocytes express embrydoimng €y and
BH1) and at E13.5 the vast majority of them alreadpress adult
ones fmajor andBminor) (McGrath K. and Palis J., 2008): thus,
DEGs between E11.5 and E13.5 are possibly involiredthe
repression of andBfH1, and/or the activation @f globin.

The genes found in this way were then divided imcfional
categories. We focused on the category of trarsmnigactors, with
the goal to study genes potentially capable ofvatitig or inhibiting
the transcription of many other erythroid speaifenes.

We chose for further analyses the transcriptionofa&ox6, whose
expression level rises at all three days of devata analysed. It is
worth noting that another member of the same faoiiliranscription
factors, Sox4, has an opposite behaviour if contbaréh Sox6 (see
figure 6 of chapter 2): it is expressed in earlyoganitors and
progressively declines during differentiation. &irfsox proteins bind
similar consensus sequences on the DNA, this olsenvsuggests
that Sox6 and Sox4 may regulate the same targetsgendifferent
stages of erythroid differentiation, and in opp@$tshion.
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Sox6 in the human erithroid system
Sox6 is highly wupregulated within differentiating rydroid
progenitors, in all three days of development stddit is a member
of Sry related HMG box family of transcription facs, which are
known to be fundamental for the proper developmeintseveral
tissues; in particular Sox6 is known to play impottfunctions in the
developing central nervous system (Hamada-KanazZsiyaet al.,
2004a, Hamada-Kanazawa M., et al., 2004b), in laggi and in
muscle (Lefebvre V., 2009, Han Y. And Lefebvre 2008, lkeda T.
et al.,, 2004, Smits P. et al., 2001; Hagiwara N.ale 2000). Sox6
absence in mice development leads to a strong impat of
definitive erythropoiesis (Dumitriu B., et al., Z8)0 Despite these
reports, no data are available so far about iteocuér mechanisms of
action. Moreover, no insights into Sox6 role in famerythroid
differentiation and human globin genes regulatienraported.
Sox6 overexpression in erytholeukemic K562 cellozfio and
Lozzio, 1977), has a strong effect: they start iberdntiate and
transcribe several erythroid specific genes, inolgcheme-synthesis
enzymes and globin chains (Chapter 3, figure 3)gdkaryocytic
genes such as Gplla and Gplllb, which are normatisegulated in
K562 by TPA addition (Alitalo R., 1990), are dowgualated in
K562 overexpressing Sox6, indicating that theirfedéntiation
potential is restricted to the erythroid lineag&c8 K562 cells are
normally able to differentiate only upon inductionith high
concentration of chemical inducers, such as hemin

(ferriprotoporphyrin IX) or chemotherapeutic dru@@owley PT. et
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al., 1992; Charnay P., Maniatis T., 1983), it inting that a single
gene, Sox6, is able to activate many aspects othreig

differentiation in K562, in the total absence ofyasther chemical
stimuli.

Similar results were obtained in an in vitro systaming primary
CD34+ human cord blood cells induced to differaetianto the

erythroid lineage (Chapter 3, figure 6.)

Sox6 normally starts to be expressed in erythre@yenitors, at the
erythroblast stage (day 8 of this culture), and kpean more

differentiated precursors (day 10 and 12). By pouty an artificial

early peak of Sox6 expression by Sox6 lentivirahgduction at day 6,
we obtained a strong acceleration of differentmtiovhich was
evident by the increased number of more differésdiacells

(orthochromatic erythroblasts) and, even more isgik by the

appearance of completely enucleated cells at dagfle culture;

note that enucleated cells are almost absentisastdge, in the control
culture (Chapter 3, figure 6). This result confidnén a more
physiologic model, the ability of Sox6 to accelerand boost the
normal erythroid differentiation we observed in B56uggesting that
Sox6 is a major regulator of the erythropoietic fedéntiation

program.

Sox6 and the globin switching
Sox6 was recently reported as a repressor ofetgbin gene in
mouse (Yi Z. et al., 2006). As reported in figurefdchapter 3, Sox6
strongly stimulates the transcription of all thelghs that K562 cells

are normally able to produce, including thglobin. This result is
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partially in conflict to the repression reported Yyet al., and might
reflect a different regulation of transcription Wween murine and
human homolog globins. However, Sox6, in a contxigeneral
globins transcriptional activation, induces an &age in the ratig/e
and o/C, suggesting that the embryonic genes are ‘repiésas
compared ta anda genes. Moreover, the exogenous transduced Sox6
is able to bind the humagiglobin promoter, although its consensus
does not seem to be completely conserved (Figureaad 4C
respectively, chapter 3), thus suggesting a repmesele of Sox6 on
e-globin transcription also in human cells.

The strong upregulation of globin genes transaiptupon Sox6
overexpression is also confirmed by the RT-PCRyamadone on the
primary culture of erythroid progenitors, transdiiogith the same
Sox6 containing lentiviral vector (see figure?, ptea 3). All globins
are upregulated, especially at day 10, but theldegés transcript
(barely detectable in these “adult type” cultur@®) unchanged.

Taken together, these results suggest that Soatgeneral activator
of the erythroid specific transcriptional prograbut has a marginal
role in the human globin switching process: it dobé of interest to
test whether Sox6 really plays a fundamental rote thee- to y-

globin switch, in the early phase of human embryal@velopment.

Sox6 targets on DNA
Sox6 activation of globin transcription does no¢reeto be a direct
effect: it happens few days after Sox6 lentivirahsduction, and no
evident conserved Sox-consensus binding sitesahimglregulatory

regions were found (see below). Neither Sox6 efieehediated by
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already known major transcriptional regulators afyhéopoiesis
GATAL, GATA2, EKLF of NF-E2p45, since their express level is
unchanged upon Sox6 overexpression (Figure 3,ch@pteNe thus
searched genome-wide Sox6 targets on DNA, usinginasilico
approach exploiting the web tool TFBScluster sofewéDonaldson
IL., Gottgens B., 2007 Hhttp://hscl.cimr.cam.ac.uk/TEBSclustey.

Sox6, as a member of group D of Sox factors, do¢have a trans-
activation domain, and exploits its transcriptionfinction by
interacting with other partners (as Sox5 and Sax3he cartilage
system (Lefebvre V. et al., 2007)), or by the HDACruitment on the
cyclin D1 promoter (lguchi H., et al., 2007). Moweo, the majority
of described Sox6 binding sites are paired HMG tomsensi (Guth
S.I. and Wegner M., 2008; Kiefer JC., 2007; LefebVk, 2007). The
ey promoter, the only known example of erythroid &darget before
our work, is perfectly consistent with this obséimas, and is
composed of two binding sequences, with an opposieatation (Yi
Z. et al., 2006).

On these basis, using TFBScluster, we searchedddoble Sox-
consensi, lying within a cluster of no more than B&cleotides
considering evolutionary conserved sequences ohtinean genome.
Although the exclusion of human genomic regions cariserved in
other mammals represents a potential loss of irdtion, this was
necessary to restrict the output data of our §estirch. Despite these
constraints, the number of potential Sox6 targetaind by
TFBScluster was outstanding: more than 800 poteBie6 target
regions in different positions with respect to kmogenes. We then
further narrowed our analysis to those regions dounearby the
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transcription initiation site of genes expressedriythropoiesis (DEGs
in our experiment previously described in chapigeradd we focused
on two of them (figure 9, chapter 3): SOCS3 (Suggwe of cytokines
signalling) and Sox6 itself.

Sox6 blocks the progression through the cell cycle,
and activates SOCS3

The profound effect on differentiation upon Soxé@xpression in
erythroid progenitors cells, is accompanied witstr@ng reduction in
their proliferation rate: K562 cells, despite thieiukemic nature stop
growing and die in culture 10 days after Sox6 tdaction (See figure
1, chapter 3); if transduced in CD3drogenitors, Sox6 causes early
cell death, probably because of a block in the d@®isions program
similar to that observed in K562 (not shown).
Among genes involved in cell cycle regulation Itées SOCS3 is the
only one whose expression levels significantly gempon Sox6
transduction: its increase in K562 cells is evida&ntady 3 hours after
transduction (Chapter 3, figure 2).
The Sox consensus found within the SOCS3 locuscetéd 2.7 Kbp
upstream to the transcription start site in a weeyl conserved short
region of nearly 120 nucleotides (Figure 9, cha@erPreliminary
results using the luciferase reporter gene assaly gfmown), suggest
that Sox6 directly regulates SOCS3 transcriptioa those dependent
manner. In parallel, ChIP (Chromatin Immunopreeaipin) will be

performed to determine whether Sox6 binds thisore@ vivo.
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SOCS3 is involved in the downregulation of STATS®iaty, which
activates the IGF (Insuline growth factor) genasaiption (Usenko
T. et al., 2007). It is known that the downregwlatof the IGF gene
interferes with the cell cycle progression of BCBlApositive cells,
driven by the constitutive activation of Abl recept
(Lakshmikuttyamma A. et al., 2009).

Our working hypothesis is the direct SOCS3 actoratby Sox6,
which blocks blocks the proliferation of K562 celad hemopoietic
progenitors in culture, by inhibiting the phospletion of STATS5B,
thus downregulating the secretion of IGF, whicimisurn responsible
of the continued divisions of BCR-ABL cells.

We are now planning to check the phosphorilatioellef STAT5B
after Sox6 tranduction, and to confirm the validitfythe mechanism
we hypothesized, the ability of SOCS3overexpressiomimic Sox6
effect in the erythroid progenitors would be neeegs

Sox6 regulates its own transcription
Since Sox6 is able to activate molecular mechanswnsgrolling cell
proliferation and differentiation, it is of crucialmportance to
understand how Sox6 expression is regulated duwigwplopment.
The identification of the conserved double Sox emssis in the Sox6
locus itself, suggests its own auto-regulation.
Very little is known about Sox6 transcriptional uéagion. A “fetal’
promoter has been recently described (lkeda T..e2@07), lying
135Kbp upstream to the previously discovered tnapison start site
(Cohen-Barak O. et al., 2001).
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The consensus we found maps approximately 1.1 igspream of the
main transcription start site identified by Cohesr&k et al. in
position -759 / -775, and it is well conserved @veral mammalian
species (Chapter 4, figure 3).

This consensus is composed by two sites in opposigatation, but
identical in their sequence (5’AACAAAG 3’ and 5°CTGTT 3)),
spaced by 3 nucleotides. Few substitutions areeptes1 the 3
nucleotides between the two consensi, suggestieg #iringent
evolutionary importance. We demonstrated that Sex@able to
specifically bind this sequence with high affinityvitro (EMSA) and
in vivo (ChIP) (see chapter 4, figure 4B and 4(eesively).

As in the case of the Sox6 consensus site om\tlgdobin promoter,
this newly identified target site is repressed k& binding: the
activity of this region is downregulated by Sox6,a dose-dependent
manner. Moreover, point mutations in the Sox cosgsrcompletely
abolish this repression. This repression actividgmss to be Sox6
specific, since Sox4 protein is not able to givg affect (Chapter 4,
figure 5). Finally, lentiviral transduction of Sox&witches off the
transcription of the endogenous Sox6 mMRNA, thauaity disappears
(Chapter 4, figure 2).

A repressive role of Sox6 has been recently prapdseoccur in
several other cell types (Han Y. and Lefebvre \0Q& Iguchi H. et
al., 2007; Murakami A. et al., 2001; von Hofstertlal., 2008).

The prevalence of paired Sox sites on Sox6 targeeg described so
far (Guth S.I. and Wegner M., 2008; Kiefer JC., Z0Defebvre V.,
2007) suggests that two sites are required for Saxétion, although
very little is known about their relative configtican and spacing.
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Sox6 levels peek in vivo (in fetal liver and eryiat adult progenitors
from bone marrow) in relatively mature progenit{@hapter 4, figure
1), but sharlply declines at subsequent stages.edasn our
transfection and ChIP experiments (Chapter4, figgreand 4C
respectively), we propose that Sox6 may particip@teits own

transcriptional repression.

Many examples of key transcription factors, ablaffect their rate of
transcription, by autoactivation or by autorepmssiwere already
known. GATAL, for example, probably the most imjmitt erythroid

transcription factor, is able to positively regelatls own transcription
in erythroid progenitors (Shimizu R. and Yamamota, M0O05;

Ferreira R. et al., 2005), but at the end of tiffedintiation process, it
needs to be downregulated (Tanabe O. et al., 2007)act its

overexpression in erythroid cells inhibits theirngal maturation,
and leads to letal anemia (Whyatt D. et al., 2000).

It would be of great interest to test whether obeteins, perhaps
belonging to the Sox family, can activate Sox6 egpion in the early
phases of erythroid differentiation, possibly bynding the Sox
consensus we found. A possible candidate is Soxi¢ghwhas an
opposite behaviour if compared with Sox6 (see @gbiof chapter 2),
since it is expressed in early progenitors and nassively drops
during differentiation.

The clinical relevance
Mutation of coding or intron sequences of fliglobin gene or, more
rarely, within their regulatory regions (promoteesihancers etc.), is

the cause of diseases such as sickle cell anendig@-tdmalassemia,
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affecting millions of people in the world (Vichingle., 2007). Even
though recent progresses in medical treatment ahobébin
disorders (iron chelation, transfusion, bone martoansplantation)
have extended life expectancy of these patierdsfiaitive cure is not
yet available (Cunningham MJ., 2008); however, amproved
understanding of the molecular basis of the disehas provided
clues for potential molecular targets (Quek L. @hdin SL., 2007).
Several medical observations started few decades dgmonstrate
that the maintenance @fglobin expression through adult life, is able
to significantly ameliorate the clinical conditiorsf thalassemic
patients (Forget B., 1998).

Our investigation to find genes differentially eepsed in the murine
and human erythroid system, may highlight new higptital targets
for molecular treatment of hemoglobinopaties. ket f# the molecular
events in hemoglobin switching or globin gene reactivation are
better understood, HbF could be reactivated to sextent in adult
cells, leading to a substantial amelioration foestéh genetic blood
disorders (Bank A., 2006). In this respect, oureghgation has not
yet been successful. However it might be usefulpimciple to
ameliorate another major defect of thalassemia, ffeogve
erythropoiesis (i.e. the failure of erythroblasts ¢complete their
maturation and their premature death in the boneawa (Libani IV.
et al., 2008). The strong induction of differentat by Sox6 on
erythroid precursor cells, now encourages us to wiether Sox6
would be able to compensate at least partiallyntheuration defect of
thalassemic cells, by transduction of hemopoiet@gpnitors derived

from patients with different forms of thalassemathough Sox6

152



introduction directly in the human bone marrow wbuhot be
possible, the elucidation of the molecular mechasiby which Sox6
induces erythroid differentiation could better eplthe physiologic
defect present in patients with these diseasesiagpat provide clues
to new molecular treatments. In this regard, thevaiton of SOCS3
brought about by Sox6, and the resulting signalslaction changes,
may be interesting and amenable to pharmacolofyeaiments.

The possibility of a direct activation of SOCS3 Bpx6 in the
hemopoietic tissue, and probably, in other tissué®re Sox6 is
expressed (Cohen-Barak O. et al., 2001), indidhisSox6 has a role
in the regulation of the normal or aberrant cetlleyprogression.
Further, molecular elucidation of SOCS3 regulatimechanism can in
fact have a profound impact in the research comegrumors from
different tissues treatment: its mis-regulatiothis cause of numerous
proliferative disorders in humans: of lung and tigBaltayiannis G. et
al., 2008) and of the digestive tract (Isomoto2809).

Of interest, in the hemopoietic system, SOCS3 wlired in the
aberrant signaling transduction of myeloproliferati neoplastic
disorders (Kota J. et al., 2008), and in the md&cunechanism
causing Polycythemia Vera (Chen G., Prchal JT.6200 has been
very recently shown how the overexpression of SOS33deed able
to revert the molecular defect of Polycythemia Veedls, correcting
the hypersensitivity to IGF molecule, that lead ¢oythocytes
precursors overgrowth (Usenko T. et al.,, 2007)tHis regard, the
strong augment of SOCS3 transcript in Sox6 oveesging cells,
whether direct or indirect, motivates further sasdi
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