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NF-xB

Since many years, our laboratory work has beeruskat on the
transcription factor NkeB, and more particularly, its role in cancer (Viatet
al., 2003; Viatouret al., 2004; Bonifet al., 2006; Benoik&t al., 2006). NF<B
was first identified more than 20 years ago in Bsgceas a protein complex
capable of binding to a 10 base pairs sequenceinwitie transcriptional
enhancer of the immunoglobulinlight chain gene and was therefore named:
Nuclear _Factor forkB (Sen and Baltimore, 1986). If NEB was initially thought
to be specific of B-lymphocytes, it was rapidly fouto be an important
transcriptional factor, present in a wide variefycell types and implicated in a
large number of cellular processes. dW--mediates the cellular responses to
multiple extracellular stimuli, through the regudet of target genes expression.
To date, more than 100 genes (listed at www.nfik).bave been shown to
contain one or moreB sites (5-GGGRNNYYCC-3’, R=purine, Y=pyrimidine,
N=purine or pyrimidine) that confer Ni&B-responsive transcriptional
regulation. They reflect the critical regulator eolof NF«xB in many
physiological processes, such as innate and adeptabhmune responses,
inflammation, cell adhesion, proliferation, contimi apoptosis, cellular-stress
response, ... It is therefore not surprising to e deregulation of NikB can
underlie diverse pathologies like immune and inflzatory diseases, but also
induces an imbalance between cell proliferation apwptosis, leading to
oncogenesis.

The NF«B and IkB families

% The Rel/NF-xB family

In mammals, the NkB family consists of five related transcription
factors:RelA (p65),RelB, c-Rel, p105/p50(NF«B1) andp100/p52(NF-«B2),
which exert their function as homo-or heterodimé&ifse heterodimer p50/p65 is
the most common form, but all combinations are iptesswith the exception of
RelB, which interacts only with either p50 or p92ese different NkeB dimers
contribute to differentially control gene expressiand appear to mediate
distinct biological functions, although some redamcl also exists among some
of them.
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Figure 1. Schematic representation of N-kB/Rel and kB proteins. The mammaliaiNF-
kB family consists of five members: RelA (p65-Rel, RelB, p50 (NRB1) and p52 (N-
kB2). These proteins all share a-terminal Rel homology domain (RHD), which medie
DNA binding, dimerization and interaction with imitiors and which contas the nuclear
localization signal (NLS)RelA, -Rel and RelB are synthesized as mature proteins
possess a transactivation domain. p50 and p52yateesized as longer precursors, p105
p100 respectively. ThékB (Inhibitor of NF«B) family consists of the classical” kBs
(IxBa, IkBp and kBe), the NF-xB precursors (p105 amal00) and the “unusualkBs (BCL-
3 and kB{). They contain an ankyrin reps domain (ARD) composed of five to sev
ankyrin repeat sequees and responsible for the interaction withNF-xB proteins. Unlike
the other tBs, BCL-3 is nuclear and possesses two transactivation idsnThe number of
amino acids of each protein is indicated on thatrighe arrows indicate the presumed
for cleavage for p100 and plORHD: Rel homology domainNLS: nuclear localizatiol
signal, TAD: transactivation domairLZ: leucine zipperGRR: glycinerich region,ARD:
ankyrin-repeats domairREST. polypeptide sequence enriched in proliPID: processing
inhibitory domainDD: death domail
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These proteins all share a highly conserved Nit&indomain of
approximately 300 amino acids, called tRel homology domain (RHD)
(Figure 1). This domain mediates DNA-binding, dimerizatiameraction with
the inhibitory factors¥Bs and nuclear localization viaraiclear localization
signal (NLS).

The five NFkB members can be further classified into two grodjee
first one, called th&el family, contains RelA, RelB and c-Rel. These proteins
are synthesized as mature proteins and harbor ern@Aal transactivation
domain (TAD), which allows them to activate target genes esgom. In
contrast, proteins of theF-xB subfamily, p50 and p52, are generated through
the C-terminal processing of their large precurp@f5 and pl100, respectively.
These proteins do not contain a transactivationalemand need to associate
with RelA, c-Rel or RelB, to form transcriptionalctevating dimers.
Homodimers p50 and p52 act as transcriptional ssrs, unless bound to the
coactivator BCL-3, which contains two transactigatidomains. They can
therefore regulatecB-mediated transcription either positively or negay,
depending on the relative concentration of thertrigas in the nucleus.

< ThelxB family

NF-«B activity is regulated by translocation of the dns: from the
cytoplasm to the nucleus in response to cell satmr. In most unstimulated
and untransformed cells, NdB dimers are sequestered in the cytoplasm as
inactive complexes by interaction with specific NB-inhibitors, known as the
kB (Inhibitor of kB) proteins Figure 1). This family includes the structurally
related proteindkBa, I1kBp andIkBs. These inhibitors contain an N-terminal
regulatory domain, with lysine and serine residussgd a centralnkyrin
repeats domain (ARD)which interacts with the RHD of the NEB proteins,
masking the NLS and preventing dimers to move the&onucleus. However, in
the complex #Ba/p65/p50, the NLS of p50 remains accessible, ba th
simultaneous presence of the nuclear export segU&NES) of kBa results in a
constant shuttling of the complex between the mscland the cytoplasm
(reviewed in Hayden and Ghosh, 2004 and Perkir®7)20

Interestingly, the extendedB family also include$100 andp105 the
precursors of p52 and p50, respectively. Indeegkdlproteins contain in their
C-terminal part, ankyrin repeat motifs, similarttmse found in«&B proteins
which form an auto-inhibitoryiB-like domain (Blanket al., 1991; Henkekt
al., 1992; Mercurioet al., 1992; Naumanret al., 1993a, 1993b; Ricet al.,
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1992; Scheinmast al., 1993). The processing of these precursors h@a@cttive
forms p52 and p50 involves the proteasome-medidegtadation of this C-
terminal inhibitory domain (Fan and Maniatis, 19%ienbenlistet al., 1994)
and requires glycine-rich region (GRR) (Lin and Gosh, 1996). Whereas the
processing of p105 is constitutive (Harhehjal., 1996; Belichet al., 1999;
Heissmeyeret al., 1999, Orianet al., 2000), p100 processing is tightly
controlled due to the presence opracessing inhibitory domain (PID) in its
C-terminal (Xiaoet al., 2001). As RelB has a low affinity for smatiBs, p100

Is its main inhibitor and p100 processing appearbd the major regulatory
pathway for the nuclear translocation of RelB-comtey complexes.

Two other proteins, BCL-3 (B-cell lymphoma 3) amdB( are defined as
“unusual” kBs because they also contain ankyrin repeats in teatral part,
but unlike the otherB members, they are predominantly localized in the
nucleus and they do not bind transactivating dimberstead, due to its two
transactivation domains, BCL-3 can activate geaasicription when bound to
p50 or p52 homodimers.

NF-kB activating signaling pathways

NF-«B is the prototype of a latent cytoplasmic factohose activation
does not requirele novo protein synthesis, but relies on the degradatioth®
IxB inhibitory proteins and the subsequent migratbrhe free NR<B dimers
into the nucleus to modulate target genes expnmeg3imencknekt al., 1994).
The two main NReB activating signaling pathways are referred as the
“classical” or “canonical’” pathway and the “altetiv@” or “non-canonical’
pathway Figure 2). These two NReB pathways can be activated by
overlapping, but distinct sets of stimuli, and alamet activation/repression of
overlapping, but distinct sets of target genes. ddrenical pathway is primarily
essential for innate immunity, while the alternatpathway is mostly involved
in lymphoid organ development and adaptative immyuni

+» The classical pathway

The classical pathway is the most frequently olesrand the best
characterized NkB activating signaling cascade. It concerns mdsigydimers
containing RelA or c-Rel and can be induced byargistimuli, including pro-
inflammatory cytokines such as tumor-necrosis fa€idNFo) or interleukine-1
(IL-1), byproducts of bacterial and viral infectgnsuch as lipopolysaccharide
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(LPS), mitogens and the ligand for the T-cell réoegTCR). In response to
these signals,xkBs proteins become phosphorylated on two conseseeihe
residues (S32 and S36 faBlo, S19 and S21 forkBp) by the activated IKK
(IxB kinase) complex. The classical IKK complex iSO®-B00 kDa multiprotein
complex which contains two catalytically active &ses, IKki (IKK1) and
IKK B (IKK2) and a regulatory subunit NEMO (N&B essential modulator, also
known as IKK), whose integrity is required for the activatiohntios pathway.
While IKKB is both necessary and sufficient for phosphomytatf kBs, IKKa
is relatively dispensable. ELKS is another esskemégulatory subunit of the
IKK complex and seems to recruit downstreaB o the IKK complex for
phosphorylation (Ducut Sigakh al., 2004).

Phosphorylation ofBs triggers their ubiquitination by the SCE® (S-
phase kinase-associated proteinl-Cullinl-F-ifettansducin repeat-containing
protein) E3-ubiquitin ligase complex and their sadpgent degradation by the
26S proteasome. The N&B dimers, mainly p50/p65, are then free to migrate
into the nucleus, where they may be further regdldty modifications that
affect their transactivation potency, such as phospation and/or acetylation
of their subunits. Phosphorylation of p65 invohdifferent kinases including
protein kinase A (PKA) or phosphatitdyl inositoki®iase (PI3K)/Akt (Zhongt
al., 1998), while coactivators such p300/CBP wouldnglicated in acetylation
of p65. These modifications facilitate recruitmehicoactivators and binding to
the kB sites in the promoter or enhancer region of theiget genes. Activated
NF-xB rapidly induces transcription of genes involvedimflammation, cell
survival, innate immunity and angiogenesis and alsceases expression of its
own inhibitors, the members of theB family (except kBp). Deacetylation of
p65 enhances its binding to the newly synthesindxbitors, which, in turn,
remove the NReB dimers from DNA and export them in the cytoplasm,
providing thus a negative feedback control, whissuaes a transient nuclear
expression of NReB (Karin and Ben-Neriah, 2000).
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Figure 2. The NF«B signaling pathways.The classical pathway is activated by a large
number of stimuli, including byproducts of bactérend viral infections (LPS,...) or
proinflammatory cytokines such as T&lFThey trigger signaling cascades involving
sequential phosphorylation of critical proteins @rhultimately lead to the activation of the
IKK complex, containing the catalytic subunits IKkand IKKB and the regulatory subunit
IKKy (NEMO). IKKB, in turn, phoshorylates inhibitory proteins, swh kBa, on specific
residues, which results in its rapid ubiquitinateamd subsequent proteolytic degradation by
the proteasome. The NEB dimer, mostly p50/p65, is therefore free to ttaoate into the
nucleus where it undergoes further posttranslatioraalifications such as acetylation, which
increases its DNA affinity. Activated NEB rapidly induces transcription of genes involved
in inflammation, cell survival, innate immunity anadngiogenesis and also increases
expression of its own inhibitorxBa. Deactylation of p65 enhances its binding t®d,
which, in turn, exports the NkEB complexes back to the cytoplasm, thereby regjotine
resting state.
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In the alternative pathway, a restricted number of stimuli, such CQ4BAFF or
LTBR stabilizes the NkB inducing kinase (NIK), which activates an ldkhomodimer.
Phosphorylation of p100 by IKKinduces its proteasomal-dependent processingweld by
the migration of the p52/RelB dimers into the nusleThis pathway is involved in lymphoid
organ development, maturation of B-cells and adagtdoumoral immunityTLR : Toll like
receptor;PIP: phosphatidyl inositol phosphatB]3K: phosphatidyl inositol 3 kinas®TK:
receptor tyrosine kinase)-TOR: mammalian target of rapamyciBDK: phosphoinositide-
dependent kinasel.PS: lipopolysaccharide;TNF: tumor necrosis factorTNFR: TNF
receptor; FADD: Fas-associated protein with death domalRADD: TNF receptor
associated death domaifiRAF2: TNF receptor associated factorRIP: receptor interacting
protein; BAFF: B-cell activating factor,LT pR: lymphotoxine§ receptor;Ub: ubiquitin;
HDAC: histone deacetylas€BP: CREB binding proteinCOX2: cyclooxygenase 2NOS:
inducible nitric oxide synthas&rom www.merckbiosciences.cam

+* The alternative pathway

A limited number of stimuli including members diet TNF superfamily,
such as LB (lymphotoxinep), BAFF (B-cell activating factor), CD40L (CD40
ligand), RANK ligand (receptor activator of NéB), TWEAK (TNF-like weak
inducer of apoptosis),... have been shown to actieaiealternative NkB
signaling pathway, leading to the C-terminal degtih of p100. As p100 is
found in the cytoplasm mostly dimerized with RelBgtivation of this
alternative pathway preferentially releases acp%2-RelB dimers, which can
then accumulate into the nucleus and regulate ttaggees expression. This
pathway requires the N&B inducing kinase (NIK) and an alternative IKK
complex, composed of two IKiKsubunits, which functions independently of the
larger classical IKK complex. Upon stimulation, NI& stabilized (Qinget al.,
2005b), activates and recruits the IKKomodimer into the p100 complex via
two C-terminal serines of p1l00 (S866 and S870) @>&aal., 2004). In turn,
IKK a. phosphorylates p100 on both N- and C-terminahssr{S99, S108, S115,
S123, S872), triggering it forBTrCP-mediated polyubiquitination and
subsequent processing by the 26S proteasome. Activaf the alternative
pathway is delayed relative to that of the clagpeshway and the heterodimers
p52/RelB released have a higher affinity for distinB elements and might
therefore regulate a distinct subset of RB-target genes.
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NF-kB and cancer

Deregulated function of NkB contributes to the development of a
variety of human diseases, particularly, immunetesl diseases and cancer.
Constitutive NF«B activity has been found in many types of humamadrs
from either hematological or solid origin, suchmslanomas, breast, prostate,
ovarian, pancreatic, colon and thyroid carcinontzedwin, 2001; Kariret al.,
2002; Pacifico and Leonardi, 2006). The first imdion suggesting the
involvement of NF<B in oncogenesis comes from the studies with v-B,
retroviral homolog of c-Rel, which was found to bighly oncogenic and to
cause aggressive tumors in chickens (Thesteal., 1966; Frankliret al., 1974;
Gilmore, 1999). In humans, tleeRel gene is frequently amplified or rearranged
in different lymphomas, particularly in diffuse dgr B-cell lymphomas
(DLBCL) and follicular lymphomas (FL) (Rayet and liaas, 1999; Gilmoret
al., 2004). Genes that encode NB2 (p52/p100) and BCL-3 are also located
within regions of the genome involved in rearrangata or amplifications. The
bcl3 gene was identified in a t(14,19) chromosomaldi@eation in a subset of
B-cell chronic lymphocytic leukemias (Ohmb al., 1990; Mc Keithan, 1997).
The translocation t(10,14) involving theéxb2 gene, originally described in a
case of B-cell non-Hodgkin’s lymphoma, occurs imamber of lymphoid
neoplasms, particularly in cutaneous lymphomasc(friallaet al., 1993). Loss
of function mutations in thecBa gene, leading to a constitutive MB- activity
have also been observed in Hodgkin’s lymphomas.

Beside these chromosomal translocation eventstaffethe NF«B/IxB
family members, NRkeB has been linked to oncogenesis by some oncopsotei
which signal through NkB activation (Baldwin, 2001; Kinet al., 2006). For
example, in murine fibroblasts, p65/RelA and c-Be¢ required for efficient
cellular transformation induced by oncogenic Raan@bnet al., 2004; Fincaet
al., 1997; Norris and Baldwin, 1999). The EGF recefémily member Her-
2/Neu (ErbB2), which is amplified and active in ignsficant proportion of
breast cancer, activates MB-through a PI3K/Akt signaling pathway (Zhet
al., 2000; Pianettet al., 2001). The Bcr-Abl fusion oncoprotein associateidh
chronic myelogenous leukemia was also shown teatetiNF«xB and inhibition
of NF«B with super-repressokBo expression blocked Bcr-Abl-induced tumor
growth (Reutheret al., 1998). NF«B is also activated by a number of viral
transforming proteins, such as the HTLV-I tax piot@uman T-cell leukemia
virus-l) (Chuet al., 1998), the latent membrane protein 1 (LMP1) p§tEin-
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Barr virus (EBV),... and, in some cases, is requifed virus-induced
transformation (Yamaoka, 1996; Mosialos, 1997).

Chronic inflammation contributes also to the g&hesf many solid
tumors, such as gastric, colon or hepatic carcisoriRecently, NReB was
shown to activate a network between epithelialiafldmmatory cells, which is
thought to be crucial for the genesis and the éshabent of carcinomas. Karin
and co-workers utilized a colitis-associated can€AC) animal model and
showed that deletion of IKKin enterocytes reduced tumor incidence but not
tumor size, while deletion of IKK in myeloid cells decreased tumor size
(Greten, 2004). Similarly, Ben-Neriah and colleagsbowed that inactivation
of NF«B during late phases of tumor promotion blockedgpession to
hepatocarcinoma in ammdr2” mouse model of cholangitis (bile-duct
inflammation) (Pikarsky, 2004). Therefore, MB- activation by the classical
IKK B-dependent pathway seems to be a key componentflamimation-
induced tumor growth and progression, providingn& between inflammation
and cancer.

NF-«B participates in many aspects of oncogenesis. €acells share
common features that contribute to drive maligngnawth (Hanahan and
Weinberg, 2000): self-sufficiency in growth, strongsistance to growth
inhibitory signals, evasion to apoptosis, limitlesplicative potential, enhanced
angiogenic potential and ability to invade locastie and to metastasize to
distant sites. Many of the genes able to mediateh seffects are under
transcriptional control of NkB. NF«B can promote cell growth by
upregulating transcription of genes involved in tiedl cycle such as Cyclin D1,
CDK2 kinase, c-Myc,... and which are altered in salvdypes of human
tumors. By inducing expression of genes whose pmtsdinhibit apoptosis,
including inhibitors of apoptosis (IAPs: XIAP, clAB, c-IAP-2), TNF receptor
associated factors (TRAF1, TRAF2), members of tlo& Bamily (A1/Bfl-1,
Bcl-xL), c-FLIP,... NF«B prevents the death of tumor cells with DNA damage
either associated with carcinogenic initiation @ncer therapy. NkB also
plays a role in later-stages of oncogenesis, ambityrogression by regulating
expression of genes involved in angiogenesis, tumaxsion and metastasis,
such as vascular endothelial growth factor (VEGRatrix metalloproteinases
(MMP2, MMP9), adhesion molecules (ICAM1, VCAM1, EMAY), tissue
plasminogen activator (tPA), chemokine receptodsGR4),...
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«* NF-xB in lymphoid neoplasms

The World Health Organization (WHOCclassifies the lymphoi
neoplasms into three main categories: th-cell neoplasms, the -cell
neoplasms and the Hodg's lymphomas Table 1). These groups can |
further divided, depending on the following parame: the postulate
developmentaktage of the cell of origin of the disease, theows sites o
involvement, themorphologic, immunophenotypicgenetic andcytogenetic
features of the cells, as well as the prognostit aredictive clinical facto
(Harris et al., 1999).Figure 3 illustratesthe different stages B and T cell
differentiation andhe relationship to the major and Tcell lymphoproliferativ:
disorders.

B-cell differentiation

Bone marrow Peripheral lymphoid organs

N N M A A é
Commaon lymphoid Pro-E cell Pre-E cell Immature Mature Adctivated FPlasma cell
progenitor B cell B cell Ecell

Antigen-independent Antiven-dependent

Procursor Bcll euplasm | Peripheral B ostocopiam [ SRS L]
T-cell differentiation Periphery

Thynmaus é
=
— p
O -w-@ - @

Common lymphoid CIDMd4+ CDh44+ CDh44- CD44- Double ™ é

progemitor CD25- CD215+ CD25+ CD25- positive cell
Ch4+CD3+

Double negative cellk CD4-CD3-

oo |

Figure 3. Schemes of Band T cell differentiation and their relationship to the
major B and T cell lymphoproliferative disorders.
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B-cell negplasms

Precursor B-cell neoplasm Precursor B lymphoblasticleukemia/ lymphoma
Peripheral (mature) B-cell B-cell chronic lymphocytic leukemia/small
neoplasm lymphocyticlymphoma

B-cell prolymphocytic leukemia

Lymphoplasmacytic lymphoma/immunocytoma
Mantle cell lymphoma

Follicular lymphoma

Extranodal marginal zone B-cell ymphoma of
mucosa-associated lymphoid tissue (MALT type)

Nodal marginal zone B-cell lymphoma
Splenic marginal zone lymphoma
Hairy cell leukemia

Plasma cell myeloma/plasmacytoma
Diffuse large B-cell ymphoma

Burkitt’s lymphoma/Burkitt’s cell leukemia

T-cell and NK-cell neoplams

Precursor T-cell neoplasm Precursor T-lymphoblastic leukemia/ lymphoma
Peripheral (mature) T-cell T-cell prolymphocytic leukemia
neoplasm

T-cell granular lymphocytic leukemia

Aggressive NK-cell leukemia
Adult T-cell ymphoma/leukemia (HTLV+)

Extranodal NK/T-cell lymphoma

Enteropathy-type T-cell ymphoma

Hepatosplenic T-cell ymphoma

Subcutaneous panniculitis-like T-cell lymphoma

Mycosis fungoides/Sezary’s syndrome

Peripheral T-cell lymphoma, unspecified

Angicimmunoblastic T-cell ymphoma

Anaplastic large cell lymphoma

Nodular lymphocyte predominance Hodgkin’s lymphoma

Classical Hodgkin’s lymphoma

Table 1: WHO classification of lymphoid neoplasms

Both the classical ai the alternative NkB pathwaysplay a crucial role
for the survival of T and B lymphocytes from edsiynphopoiesis to later stag
of development and maturation. It is thereforeswprisingto seethat aberrant,
persistent activation of MxB in humans has been reported in vari
autoimmune diseases and in a number of lymphoidgnaicies(reviewed in
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Keutgenset al., 2006) including acute myelogenous leukemia (ANIGUzman
et al., 2001; Baumgartner, 2002), acute lymphoblasti&denia (ALL) (Kordes
et al., 2000), Hodgkin Reed Sternberg cells (Thometisal., 2004), B-cell
lymphomas of mucosa-associated lymphoid tissue (MWAIZhou et al., 2004;
Zhou et al., 2005), multiple myeloma (Mitsiades al., 2002),... as well as in
the bone marrow of patients with myelodysplastindsgme (Braunet al.,
2006).

In this work, we are interested in a product of aizb2 gene
rearrangement, Hut78/p80HT (also referred as tg,p8&ntified the HUT78
cutaneous T-cell lymphoma cell linafxb2 rearrangements can be found at low
frequency (1 to 2% of cases) in B-cell non Hodgkitymphoma, chronic
lymphocytic leukemia (B-CLL), multiple myeloma amibre commonly (14%)
in cutaneous T-cell lymphomas (CTCL), such as mgchshgoides (MF) and
Sezary’s syndrome (SS). These latter are low-graadglent lymphomas,
characterized by infiltration of the skin by malag mature T-lymphocytes,
which present usually a mature CD4+ phenotype. rAdtesariable period of
time, mycosis fungoides typically evolve from tharlg patch/plaque stage to
the eventual development of cutaneous tumors, dsasenodal and visceral
involvement. Alternatively, evolution to diffusey#inroderma, which is almost
invariably accompanied by the presence of neoplastiymphocytes in the
peripheral blood, is known as Sezary's syndrome.($&ey typically occur in
middle-aged adults and a wide variety of theragi@s produce responses in
MF/SS, such as topical nitrogen mustard, PUVA taltskin electron beam, but
are generally not curative (Diamandideiwal., 1996).

nfxkb2 rearrangements

The NF«xB2 genomic locus is localized on the human chrommest0q24
and thenfxb2 gene was originally cloned from a chromosomal si@eation
t(10;14) (g24;932) resulting in its juxtapositiom the immunoglobulin heavy
chain locus (IgH@), in a case of B-cell non Hodgkin’'s lymphoma (Netral.,
1991). Contrarily to the chromosomal translocati@da;19) (g32;913.1) which
drives the proto-oncogenacl3 under the dependence of a strong promoter,
resulting in an intact, but overexpressed BCL-3 tggmp chromosomal
rearrangements involving thidxb2 gene generate oncogenic chimeric proteins.
The breakpoints all cluster within theaBkyrin-encoding portion of thefxb2
gene and the sequence 3’ to the breakpoint is itutbst by sequences from
different chromosomes. Depending on this sequéheereading frame may be
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interrupted bythe presencof a stop codon at (LB4@®r in the close vicinit
(Hut78) to the breakpoint, or remss open, resulting in the production of
fusion proteinwhere the I-terminal domain of p10& fused to a heterologo
domain (Lyt10 Cu, EB308. Figure 4 provides aschematic representation
the proteins encodda these rearrangeme.
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Figure 4: Position of chromosomal breakpoints within thenfxb2 gene(from Changet al.,

Molecular and cellular biology, 1995, 5180-5187and schematic representation of th
corresponding truncated NF-kB2 proteins. rearrangementsluster within the Icoding

portion of the geneorresponding to the ankyrin dom and lead to the production of-

terminallytruncated proteins which lack variable portionsh&f ankyrin domai. The number
of amino acids of each protein is indicated onrtgbt. The number of amino acids deriv
from the normal NReB2 sequence is also shown for each prc

translocatlon t(10,140q24,q32 which juxtaposes the immunoglobulim@cus
to the NF«B2 locus, resulting in the production a chimeric protein in whic
the first ankyrin repeat of p100 is fused to a &@ino acii tail derived from at
off-frame immunoglobulin heavy chaiCa coding region(Neri et al., 1991).
This mutant cartransform mouse immortalized fibroblasts (Ci«t al., 1997).
However, it failed to transform human lymphoblastodall lines, probably du
to an apparent cytotoxic effe
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composed of the first 666 amino acids of p100 fusetihree extra amino acids
(serine-alanine-serine) (Thaketral., 1994; Zhangt al., 1994).

in a case of B-cell chronic lymphocytic leukemia-CBL) (Migliazza et al.,
1994).

12am|no acids from an unknown locus and was obkskeirv a cutaneous T-cell
lymphoma (CTCL) (Migliazzat al., 1994).

lines, originating from a point mutation that geates a premature stop codon at
position 2576 of the p100 sequence (Derudtlal., 2003).

These NRe¢B2 mutants escape the physiological regulatory rmesims
of NF«B2 proteins: in contrast to p100, mutant proteires@imarily localized
in the nucleus, present a defectivdlike function and undergo constitutive
processing, resulting in an enhanced productiop5# (except for p100HB).
The common feature of thes#xb2 rearrangements is the production of C-
terminally truncated proteins lacking the PID anariable portions of the
ankyrindomain, with or without fusion to heterologousgasuggesting that C-
terminal deletion may be the general mechanism nyidg the constitutive
activation of NF«B2 in vivo.

The recurrent association betwesfzb2 rearrangements and lymphoid
neoplasms suggest that these alterations play & imnllymphomagenesis.
However, the mechanisms by which thebé?2 gene rearrangements contribute
to the development of lymphomas remain uncleathis work, we try to gain
insights into the molecular mechanisms underlyimg éncogenic potential of
the truncated NkeB2 mutants, through the identification of the targenes of
one of them, the Hut78 protein.

% Hut78

The HUT78 cell line is derived from a patient wélype of cutaneous T-
cell lymphoma (CTCL) called Sezary's syndrome (Gaatlal., 1980; Manret
al., 1989). The karyotype of HUT78 cells shows a lgrappy of an abnormal
chromosome 10 (Sagliet al., 1986), indicating that one allele is rearranged
while the other one is lost. The rearrangementdaeadhe production of a large
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amount of a truncated N&B2 protein, Hut78 (p80HT, p85), as well as the
processed p52, while no wild type p100 could beded in these cells (Thakur
et al., 1994; Zhangt al., 1994). Such rearrangement was also observedan t
CTCL patients, but contrarily to the HUT78 celldinthe normal allele was
retained in addition to the rearranged allele.

The sequence 3’ to the breakpoint of the®2 locus is substituted by a
sequence from an undetermined origin, which costanultiple Alu repetitive
sequences. The resulting Hut78 protein corresptmtse 666 first amino acids
of the wild-type pl00 linked to three extra amincida (SAS) prior to a
premature stop codon. This protein retains theeefibre first five ankyrin
repeats, but lacks a part of the sixth, the ergaeenth and the processing
inhibitory domain (PID). The functional propertiekthis abnormal protein may
account for its role in tumorigenesis:
located in the nucleus like p52 (Thalaial., 1994; Zhangt al., 1994; Changt
al., 1995). Loss of the C-terminal domain allows thhus protein to escape the
cytoplasmic retention and to translocate into thecleus without further
proteolytic processing. The consequence of thideamndocalization may be a
constitutive activation of NkB-mediated transcription, which may play a role
in transformation (Zhangt al., 1994).
associated with p65 or BCL-3, and repress transonpgby forming inactive
DNA-bound homodimers. Hut78 was shown to bkilisites in an unprocessed
form and to maintain the ability to mediate transgonal activation via
heterodimerizing with p65. However, conversely 52 pHut78 appears to have
acquired intrinsic transactivation properties omeopromoters and lost the
transrepression function associated with homodifoenation (Zhanget al.,
1994; Changt al., 1995).
activity of p100 does appear to be a common feaitithe NFxB2 C-terminal
truncations associated with tumors (Ketnal., 2000). These proteins no longer
exhibit the strong inhibition of NKkB-mediated transcriptional activation
associated with p100 wild type, which possibly k&0l enhanced constitutive
NF-xB activation in tumor cells. As transcription of MB2 is autoregulated
(Liptay et al., 1994; Lombardit al., 1995), the NkB2 promoter could itself
represent a target promoter whose expressionasedlty the loss of theB-
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like properties. This pathway would explain the wéngh levels of NkB2
MRNA and protein observed in the HUT78 cell line.
core region corresponds to a death domain (DD) uficeent to trigger
constitutive processing of p100 (Xiabal., 2001). This latter, contrarily to the
p100 inducible processing, seems to be indeperafeifite SCE™F ubiquitin
ligase (Fong and Sun, 2002) and regulated by nudlaaslocation of the
protein (Liao and Sun, 2003). Xiao and colleaguks® alemonstrated that
binding of p10ACs to promoter DNA-containingB sites is essential for their
constitutive proteasomal-mediated processing aadttie processed p52 plays a
role in oncogenic transformation through deregntatexpression of tumor-
associated NkB target genes (Qingt al., 2007). Moreover, genetically
manipulated mice lacking pl100, but still containiagunctional p52 protein,
develop gastric and lymphoid hyperplasia (Ishikaetaal., 1997), which
supports the idea that deregulated processing@¥ phd generation of p52 may
contribute to the development of lymphoid maligriaac

Recently, the generation of transgenic mice exmmgs Hut78 in
lymphocytes, provided direct evidence of the onocagectivity of Hut78in
vivo, which constitutes the first demonstration of aised role for nfxb2
mutation in lymphomagenesis (Zhaegal., 2007). The transgenic mice display
a marked expansion of peripheral B-cell populatma develop small B-cell
lymphomas with extensive multi-organ metastases 3tudy shows that Hut78
promotes lymphomagenesis by inducing TRAF1 (TNFepsmr associated
factorl), which in turn suppresses specific apaptesponses critical for the
maintenance of lymphocyte homeostasis. Howeverfuhmrigenic activity of
Hut78 does not seem to be totally dependent onpgpd@uction, as mice with
targeted overexpression of p52 in their lymphocyi@sot develop lymphomas,
but are predisposed to inflammatory auto-immunesaties and show only
transient upregulation of TRAF1 (Wangt al, 2008). The lymphoma
development seen in Hut78 mice is characterized pyolonged latent period,
which suggests that additional mutations may beuired for malignant
transformation of Hut78 lymphocytes. This hypotee& supported by the
observation that the HUT78 cell line also harbdisepalterations, for example
in c-myc (Finger et al., 1988), c-cbl (Blake and Langdon, 1992) and p53
(Tolomeoet al., 1998). Therefore NkB2 mutations are likely to be only one of
several mutations involved in the generation of &anrh or B cell lymphomas.
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Matrix metalloproteinases. MMPs

Matrix metalloproteinases are a family of zinc-elegent proteolytic
enzymes originally described to degrade the compusnef the extracellular
matrix (ECM) including collagen, laminin, fibron@ct and proteoglycans
(Nagase and Woessner, 1999). In addition to tHesiroECM homeostasis, the
identification of new MMP substrates such as cyteki latent growth factors,
cell-matrix adhesion molecules and cell-surfacepéars, and the development
of genetically modified animal models with gainloss of MMP function, have
demonstrated the relevance of these proteases itipl@uphysiological
processes (Chakrabodi al., 2003; McCawley and Matrisian, 2001; Sternlicht
and Werb, 2001; Egeblad and Werb, 2002; Vu and \2@€0). MMPs are well-
known mediators of cell migration, invasion andleoation, which, in normal
physiology, are involved in embryonic developmewund healing, tissue
remodeling, angiogenesis, ovulation, macrophage radrophil function,...
(Van den Steen, 2002; Yoon, 2003). DeregulatioNbfPs activity plays a role
in pathologies, often characterized by the excesdegradation of ECM, such
as rheumatoid arthritis, osteoarthritis, periodbnthseases, auto-immune
diseases, gastric ulcer, arteriosclerosis, cardmuar diseases, tumor invasion
and metastasis (Westermarck and Kahari, 1999; \du/éarb, 2000).

Structure and classification

In humans, the MMP family currently consists of 28creted or
transmembrane enzymes, synthesized as pro-zymoghith acquire their
active form after proteolytic cleavage, thus allogvifor local degradation of
their substrates. Matrix metalloproteinases belmnthe metzincin superfamily,
a family of zinc endopeptidases, characterized byighly conserved motif
containing three histidines that bind to zinc a datalytic site, followed by an
invariant methionine involved in a structural faatucalled the “Met-turn”
(Stocker and Bode, 1995). The MMPs share a commasit Istructure, made up
of the following homologous domains (reviewed indBet al., 1999; Sternlicht
and Werb, 2001):

ligates the active site zinc ion, making the cdtalgnzyme inaccessible to the
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substrate and conferring latency to the proMMP i(pnanet al., 1990; Van
Wart and Birkedal-Hansen 1990).

domains (except for MMP 7, 23 and 26).

Depending on their substrate specificity, MMPs wdraditionally
subdivided into collagenases, stromelysins andtigakes, but recently, new
classifications, based on structure and cellulaation, have been proposed
(Egeblad and Werb, 2002; Brinckerhoff and Matris2002) Eigure 5):

% Secreted MM Ps

domain (Mulleret al., 1988; de Coignaet al., 2000), but yet display substrate
degradation and are known as matrilysins.

collagenases (MMP 1, 8 and 13), two stromelysin$1fM3 and 10) and four
additional MMPs with unique structural characteest(MMP 12, 19, 20 and
27).

catalytic domain, a fibronectin-like insert orgasuzinto three internal repeats,
homologous to the type Il motif of the collagendimg domain of fibronectin
and required for binding and cleaving collagen alastin (Collieret al., 1988;
1992; Murphyet al., 1994; Shipleyet al., 1996). In addition, MMP9 possesses
at one end of the catalytic domain, a unique 54nanacid long proline rich
domain, homologous to the chain of type V collagen (Wilhelet al., 1989).
motif furin-like serine proteinases between thepemiide and the catalytic
domain, allowing intracellular activation prior the secretion (Thomas 2002;
Zuckeret al., 2003).

cleavage site and a domain related to vitronegbhfound in other MMPs.
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Protein Structure M MP number
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Figure 5: Protein structures of MMPs. Pre predomain or signal peptideyo: propeptide,
H: hinge region,Hemopexin hemopexin-like domainfu: furin susceptible siteTM:
transmembrane domai@y: cytoplasmic domainGGPI: glycophosphatidyl inositol-anchoring
domain,SA: signal anchor domairGA: cysteine array domaii,n: vitronectin-like domain,
Ig-like: immunoglobulin-like domain.From Yoon et al., Journal of Biochemistry and
Molecular Biology, Vol. 36, No. 1, January 2003, pp. 128-137.
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«» Membrane-bound MMPs

MMPs are anchored to the membrane by a C-termydophobic region with
a glycosyl-phosphatidyl inositol (GPI) domain (Itehal., 1999; Kojimaet al.,
2000).
hemopexin-like domain, MMP23 possesses a cystenag-a(CA), an
immunoglobulin-like-domain, as well as an aminaxgral signal anchor
targeting it to the cell membrane (feeal., 2000).

All these transmembrane MMPs also contain a faleavage site for
intracellular activation.

MMPs in tumor invasion and metastasis

Like embryonic growth and tissue morphogenesisjotuinvasion and
metastasis require the disruption of ECM barrieraltow cell migration and
matrix microenvironment remodeling. Because of rthability to degrade
structural components of ECM and basement membrafd$s were initially
thought to be directly involved in these proces3éss idea was supported by a
correlation between high levels of MMP activity, iparticular MMP2
(gelatinase A) and MMP9 (gelatinase B), and in@datumor metastasis
(Johnsen, 1998; Ohas#tial., 2000; Kuraharat al., 1999; Bandat al., 1998;
Kanayamaet al., 1998). Tumor metastasis is a multistep processyhich a
subset or individual cancer cells escape formmmgmy tumor and disseminate to
distant, secondary organs or tissues. This incldtsonnection of intercellular
adhesions and separation of single cells from daindor tissue, proteolysis of
the extracellular matrix, migration and invasiontieé surrounding tissues and
lymph- and blood vessels, immunologic escape incthmulation, adhesion to
endothelial cells, extravasation from lymph- anaool vessels, proliferation and
induction of angiogenesis (Bohle and Kalthoff, 1988@shet al., 2002; Yoonet
al., 2003; Deryugina and Quigley, 2006). MMPs expedsby tumors and
stromal cells have been shown to be involved inynsi@ps in tumor metastasis,
such as tumor invasion, migration, host immune m@scaextravasation,
angiogenesis and tumor growth. However, the role MMPs in cancer
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progression is much more complex than that derivemn their direct
degradative action on ECM components (Egeblad aath\VX002; Freijest al.,
2003; Hojilla et al., 2003; Folguerast al., 2004). Besides degrading ECM,
MMPs target other substrates like growth-factorepors, cell adhesion
molecules, chemokines, cytokines, apoptotic ligaadd angiogenic factors,
which can exhibit pro-metastatic, as well as argtamstatic activities. The
opposite effects of bioactive molecules processellblPs are also involved in
earlier stages of tumor evolution and are illusianFigure 6.
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Figure 6: Dual functions of MMPs in tumour progression.MMPs activate many
bioactive molecules which were shown to have opposffects on cancer
developmentFrom Folguerast al., Int. J. Dev. Biol. 48 411-424 (2004).

The diversity and complexity of MMP functions imncer rely on the
substrate specificity and the regulation of eachvidual MMP, certain MMPs
having dual effects on tumor development (Andarawetval., 2003). The
generation of genetically modified animal models gaiin or loss of MMP
function allowed a better understanding of the dggl of each MMP. We will
next focus on the roles of MMP9 in cancer as weenhes] upregulation of this
protease in murine fibroblasts overexpressing pisiZoa Hut78.
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MMP9

The type IV collagenase MMP9, also called gela#n8, is synthesized
as a 78,4 kDa prepropeptide and secreted as asglgted 92 kDa proenzyme
(Wilhelm et al., 1989), which yields an active MMP9 enzyme ofkE2a after
proteolytic activation (Ogateet al., 1992). Macrophages and neutrophils
constitute the major source of MMP9, but it is aisoduced by stromal cells,
endothelial cells and osteoclasts.

The absence of distinct phenotypes in most gealgtiengineered mice
with knockdown of specific MMPs finding suggestsnétional redundancy
among the different MMPs (Ngt al., 2002; Solberget al., 2003). However,
studies with MMP9-deficient mice have demonstrateelin vivo role of this
protease in a number of developmental processesPdi required for the
release of vascular endothelial growth factor (VEEG& chemoattractant for
osteoblast recruitment (Engsgy al., 2000), which explains the defect in long
bone development observed in MMP9-null mice @wal., 1998). MMP9 also
contributes to adipogenesis by promoting adipocyfferentiation (Bouloumie
et al., 2001). MMP9-deficient mice exhibit lower leveltapoptosis induced by
TNF-a (Wielockx et al., 2001), resulting in a delayed apoptosis of hypphic
chondrocytes at the skeletal growth plates andwaszation (Vuet al., 1998).

In many cancers, high serum levels of MMP9 aratipe$y correlated
with rapid tumor progression, metastasis and poognosis (Nakajimaet al.,
1993; Johnsemt al., 1998; Nikkolaet al., 2005). However, whether elevated
levels of MMPs actually results in more functioraadtivity of the enzymes
during cancer progression or simply reflects tdeiregulated expression remain
to be determined as soluble MMPs are found mainlyhe proenzyme form
(Deryugina and Quigley, 2006). MMP9 deficiency prods a substantial
inhibitory impact in different metastasis model®lflet al., 1999; Bergerst al.,
2000; Coussenst al., 2000; Huanget al., 2002; Acuffet al., 2006) and the
majority of effects observed have been related ¢duced or altered
angiogenesis. Therefore, the pro-angiogenic rofesIP9 appear to be the
most critical aspect in the functional contributioh host MMP9 to tumor
progression.
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+ MMP9 and angiogenesis

The formation of capillaries irrigating tumor el necessary to sustain
solid tumor growth, by allowing gas exchange anttient supply (Carmeliet
and Jain, 2000). Several studies involving MMP3aiefnt mouse models
demonstrated that MMP9 is mainly supplied by themduassociated
inflammatory cells and plays a key role in tumadined angiogenesis, without
affecting the development of normal vasculaturer¢gBeset al., 2000; Bergers
and Benjamin, 2003; Huarg al., 2002; Hiratsukaet al., 2002; Jodelet al.,
2005; Chantrairet al., 2004; Riedett al., 2000; Coussergt al., 2000; Zijlstra
et al., 2004; Zijlstraet al., 2005). The MMP9 pro-angiogenic effect can be
mediated by activation of the vascular endothgjralwth factor (VEGF) and/or
the transforming growth factor TQ@F triggering the switch from vascular
guiescence to angiogenesis (Bergstral., 2000; Giraudaet al., 2004; Miraet
al., 2004; Aalinkeett al., 2004). However, MMP9 can also inhibit angiogéenes
by cleaving the ECM components into anti-angiogéaators, like angiostatin,
generated from plasminogen, endostatin derived ftloenproteolysis of type
XVIII collagen and tumstatin, the NC1 domain @8 chain of collagen IV
(Ferrerast al., 2000; Hamanet al., 2003; Heljasvaaret al., 2005; Pozzet al.,
2000). A recent study has correlated the decrelasets of tumstatin in MMP9
knock-out mice with the increased angiogenesisamuglerated tumour growth
(Hamanoet al., 2003). Therefore, the dual role of MMP9 in amgoesis
contributes to regulate the “angiogenic balancetimor development.

¢+ MMP9 and the immunologic escape in the circulation

Once in the circulation, the intravasated tumollschave to acquire
certain mechanisms to avoid their recognition antimieation by
immunocompetent cells. By disrupting the IL«Bignaling, which is involved
in the development and propagation of T-cells, MMB@ppresses the
proliferation of the encountered T-lymphocytes ahds contributes to this
immunologic escape of the tumor cells (Skeadl., 2001). MMP9 also activates
TGH3 (Yu and Stamenkovic, 2000), an important inhibdbthe T-lymphocytes
response against tumors (Gorelik and Flavell, 208A9reover, the MMP9-
dependent ICAM1 release mediates the resistanceredst cancer cells to
natural killer (NK) cell-mediated cytotoxicity.
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Regulation of MMP9

The regulation of MMPs occurs at multiple lev

¢ Transcriptional regulation

MMP transcripts are generally expressed at lowlgveut these leve
rise raidly in response to extracellular stimuli, such @dokines, growtl
factors or oncogenes (Westermaand Kahari, 1999)The MMP expression |
cell-specific and MMP induction mechanisms appear taifferent dependin
on the characteristics of the drse cells with ability to produce these enzyn
Analysis of the different MMP promoters reveals firesence of a variety
functional cis-acting elements allowing for the regulation mmp genes
expression by a subsettrans-activators, like APt (activator protein 1), PEA
(polyomavirus enhancer-binding protein 3), Spl-catenin/Tcf4 or N-xB.
Based on their basic conformation, the MMP pronsotee divided into thre
groups (Yan an@oyd, 2007)

¢ TATA box at around-30bp and APL site at approximate -70bp
(relative to the transcription start site): MMP31,7, 9, 10, 12, 13, 19, and :
Most of these promoters harbor also an upstream3P&Ading site (Benboy
and Brinckerhoff, 1997).

¢ TATA box, but no proximal A-1 site:MMP 8, 11 and 2:

¢ No TATA box, nor proximal A-1 site: MMP 2, 14 and 2

A3

_ . =) )
MMP9 promoter — 74 W
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Figure 7. Schematic representation of thecis-elements of the human MMP9 promotel
(Data from Yan andoyd, J. Cell. Physiol. 211: —26, 2007).AP-1: Activator protein 1
GC: GC-box,PEA3: polyoma enhancer A binding prot-3.

The MMP9 promoterFigure 7) belongs to the first group, which rend
the mmp9 gene responsive to the dimeAP-1 complex, composed of Jun a
Fos proteins. Activation of A-1 by extracellular stimuli is mediated by th
classes of mitogeaetivated protein kinases (MAPKS): the mito-activated
extracellular signategulated kinass 1, 2 (ERK 1, 2), the stresstivated Jun N-
terminal kinases and the p38 MAPK (WestermeandKahari, 1999; Chand
Choi, 2002). ThePEAZ: site is anothercis-element present in the MMF
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promoter, which binds the Ets family of oncoprose{Crawfordet al., 2001)
and can cooperate with AP-1 to enhance transcnipt{enbow and
Brinckerhoff, 1997; Westermarck and Kahari, 1998akrabortiet al., 2003).
AP-1 and/or PEA3 represent a convergence pointrégulation of MMP
expression by a variety of cytokines, growth fagtor ECM proteins (EGF,
VEGF, TNFRu, TGH3,...) (Yan and Boyd, 2007). The GC box binds Spl and
Sp3, and potentially other GC-binding proteins. Nfe«B signaling pathway
also mediates the synergistic induction of MMP9regpion by inflammatory
cytokines and growth factors (Bowetal., 1998), through the presence of a NF-
kB binding site located at -600 bp in the human MM#®&moter (He, 1996).
Therefore, the inhibition of NkB was shown to down-regulate MMP9 and
reduce tumor invasion (Yoot al., 2002). MMP9 is also regulated by Runx2,
which fits with its role in endochondral ossificati (Ortegaet al., 2004).

Epigenetic modifications such as DNA methylationd achromatin
remodeling, also contribute to the regulation of FMIMyenes expression.
Hypermethylation of cytosines within the CpG direatides in a promoter
region is usually associated with inhibition of geexpression (Fuks, 2005). In
lymphoma cell lines, a correlation was shown betws#encing of MMP9
promoter and hypermethylation at its promoter (Gimeet al., 2002).

The roles of the different histone post-transtzio modifications in
remodeling the structure of chromatin in order wdulate access of a promoter
to the basal transcriptional machinery will be tert discussed in the next
chapter. However, we can mention here some stediggesting that epigenetic
mechanisms contribute to the controlmxinp9 gene expression. For example,
MTAL, a component of the NuRD (nucleosomal remaudgland histone
deacetylation) repressor complex was shown to neddlDAC2 and the
chromatin-remodeling enzyme Mi-2 to the MMP9 proenptepressing MMP9
expression (Yan edl., 2003). Additionally, PMA-induced MMP9 expression
involves the recruitment of AP-1, NéB, Spl1 and Brgl, the ATPase subunit of
the Swi/Snf complex on the MMP9 promoter, remouigAC1- and HDACS3-
containing complexes and leading to modifications histone acetylation,
phosphorylation and methylation (M#al., 2004). This PMA-induced MMP9
expression is inhibited by MTA, a specific protenethyltransferase inhibitor,
and enhanced by HDAC inhibitors (M#aal., 2004; Martengt al., 2003; Clark
et al., 2008).
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¢ Proenzyme activation

MMPs are synthesized as inactive zymogens aneftirer activation of
proMMPs represents another step in the regulatioMMP activity. In vivo,
MMPs are proteolytically activated in the periciluspace by tissue or plasma
proteinases, bacterial proteinases or other MMPs.

¢ Endogenousinhibitors

The activity of MMPs may be also controlled byaaiss of endogenous
inhibitors. Four specific tissue inhibitors of mi&proteinases (TIMPs) have
been identified in vertebrates (Breval., 2000): TIMP-1, TIMP-2 and TIMP-4
are secreted proteins whereas TIMP-3 is anchorethenECM. They all
reversibly inhibit MMPs in a stoechiometric manrard the balance between
MMPs and TIMPs determines the proteolytic poteriatumors (Folguerast
al., 2007).

In addition to TIMPs, MMP functions may be regeldty other protease
inhibitors, like the al-proteinase inhibitor anda2-macroglobulin, the
procollagen C terminal protease enhancer (Mb#l., 2000), the NC1 domain
of type IV collagen (Petitcleret al., 2000) and the tissue factor pathway
inhibitor-2 (Hermanet al., 2001). RECK (reversion-inducing cysteine-rich
protein with kazal motifs) is a membrane-anchoredtgin that inhibits the
secretion of pro-MMP9 as well as the MMP2, MMP9 &T1-MMP catalytic
activity (Takahashét al., 1998; Ohet al., 2001).
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The Histone Code

In eukaryotes, DNA is compacted into the nuclesschromatin. The
fundamental repeating unit of the eukaryotic chrtomiz called the nucleosome
and consists of 146bp of DNA wrapped around annoetacore of pairs of
histone proteins (H4, H3, H2A an H2B) (Kornberg749 The histone H1 binds
to the linker DNA region between the histone beaus facilitates the formation
of higher-order structures of chromatkiqure 8A).

The structure of the chromatin determines the ssibiity of DNA to
various enzymes implicated in transcription, regimn, recombination and
repair process. For example, an open, diffuse cationstructure (euchromatin)
IS mostly associated with actively transcribed genwhereas a highly
condensed chromatin (heterochromatin) preventsrémscription machinery to
gain access to the DNA template (Weintraetbal., 1976) Figure 8B).
Chromatin structure can be modulated by differergcimanisms, such as
methylation of cytosine residues in the CpG islaofdghe genome and histones
modifications, which we will discuss here. Thesechaisms often operate in a
coordinated way on a given locus and constitute “dpegenetic” regulation
which refers to an inherited state of regulatiodejpendent of the genetic
information encoded within DNA itself (Shilatifard006).

Chromatin Unit

>
|

Figure 8: A. The nucleosome structurethe DNA is wrapped around the
histone octamer, which consists of two copies oAH22B, H3 and H4. H1
is the linker histond. Histone modifications have been associated with
either 'active’ or ‘'inactive’ chromatin states. Ac: acetyl- ;Me: methyl-.
From http://www.abcam.com
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The “histone code”

Histone proteins have a globular C-terminal domantical to
nucleosome formation and a flexible N-terminal thdt extends away from the
nucleosome core, providing an attractive signaptegform (Santos-Rosa and
Caldas, 2005). These amino-terminal tails of histproteins are subject to post-
translational covalent modifications such astylation (lysine), methylation
(lysine, arginine),phosphorylation (serine, threonine)ybiquitination (lysine)
and SUMOylation (Figure 9). These modifications occur at selected residues
and can be recognized by enzymes that affect thteisstof other residues,
including those on neighboring histones. The pee@attern of the histone
marks in the chromatin surrounding a gene conssttiie histone code” and
controls chromatin structure and regulation of gesression through
recruitment of downstream effector proteins contgna specific interacting
domain (chromodomain, bromodomain) (Strahl andsAIR000; Santos-Rosa
and Caldas, 2005).
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Figure 9: Histone post-translational modifications (methylation, acetylation,
phosphorylation, and ubiquitination): they occur gpecific residues, which are
generally located on the aminoterminal tail of oiets.From Spivakov and Fisher,
Nature Reviews Genetics (2007) 8, 263-271.
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Figure 10 Gradients of histone H3 methylation and
Inrgenic h wegene | ACetylation in active genesA schematic representation
of active gene is shown. The extent and level of
H33

modification are depicted by the height of the oeib

"A_' shapeFromwww.abcam.com

M : Methylation marks at H3K4 (lysine 4 of

i o .| histone H3) in the promoter region of a gene seem
ez | 1O D€ necessary to initiate transcription whereas

e | H3K36 methylation along the coding region is

| B linked .to efficient elongation | apd .H3K79

! '| methylation marks have a broad distribution across

, "™ | promoter and open-reading frame regions (Krivtsov

I and Armstrong, 2007). Hyperacetylation at histone
———— | H3 (H3K9ac, H3K14ac) and histone H4 has also
been extensively associated with active regions tled genome, while
methylation at H3K9, H3K27 and H4K20 participatasthe establishment and
maintenance of silent domains (Navagtal., 2006) Figure 10).

Adding to the complexity of epigenetic regulatidche methylation of
lysine residues can occur at three states (momogrdrimethylated) and the
degree of methylation has also considerable inflaen transcriptional
activation or repression (Xet al., 2008). For example, isaccahromyces
cerevisiae, di-methylated H3K4 is associated with both traipg@nally active
and inactive genes, peaking toward the middle efctbding region whereas the
tri-methylated H3K4 is present exclusively at traiionally active genes, in
the 5 and promoter regions, and monomethylatiomast abundant at the 3’
end of genes (Santos-Rodaal., 2002; Ruthenburgt al., 2007). Because the
loss of trimethylation is a very slow process, dn& methylation is considered
as a much more stable mark in comparison to otisesrte modifications. It can
indicate that the transcription of a given gene d@sirred in the recent past but
IS not necessarily happening in the present titmba$ been proposed that the
pattern of histone H3 methylation can serve as & matranscriptional “short-
term memory”, informing the cell of the transcrgti status of a given gene
(Shilatifard, 2006).

Many enzymatic complexes are involved in writihgstcovalent language
either by introducing wWriter) or removing €aser) a posttranslational
modification. In this work, we will briefly introdze the different classes of
writers and erasers, and more focus on enzymesgvtite H3K4 methyl mark.
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Histone acetylation

Acetylation of thes-amino group of lysine residues neutralizes the
positive charge of the histone tails and decretsss affinity for DNA which,
in turn, makes the chromatin more accessible tastmdptional regulatory
proteins. On the contrary, deacetylation of thetomss leads to a more
compacted chromatin, diminishing its accessibility transcription factors
(Santos-Rosa and Caldas, 2005). Histone acetylagiorow recognized as a
fundamental process that strongly affects the egguid of gene expression, but
it appears also to be involved in other processash as DNA replication,
recombination and repair, chromosome dynamics, ceibliferation,
differentiation and apoptosis (Struhl, 1998, Reithl., 2001).

«»» HATs (Histone Acetyltransferases)

Given the link between histone acetylation anddgcaptional activation,
it is not surprising that many histone acetyltrans$es (HATs) were first
identified as transcriptional co-activators. Thes@izymes, capable of
transferring acetyl groups from acetyl coenzymeagefyl-CoA) onto histone
acceptors, all share a highly conserved acetyl{gioding site. They are usually
components of multisubunit complexes and can bearozgd into families,
based on sequence similarity (Santos-Rosa and £&@8a5) Figure 11):

GONSIPCAF — [ e EroTo | 439
ESAT { Chramo ey i — 445

e lecrcaal I | — . .

CBR/ —{ TAZ +— Bromo L PHD ; 22— 2441

p300 —

) [EE——————— T I
T 25 | L — : Bromo | Bromo [ 1875

Figure 11 Representative members of the different histone atdtransferase (HAT)
families: GCN5/PCAF (GNAT), yeast ESA1 (MYST), CBR§300 (CBP/p300) and
TAFI1250 . Bromo: bromodomainghromo: chromodomainHAT : histone acetyltransferase
domain; Kinase: kinase domain;TAZ, PHD and ZZ: conserved cysteine-histidine-rich
regions; Zn: zinc-binding domain. From MarmorsteifNature Reviews Molecular Cell
Biology 2; 422-432 (2001).
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HAT group display several conserved acetylatioatesl structural motifs,
including a HAT domain and a C-terminal bromodomailnte to recognize and
bind acetyl-lysine residues. They function as ciovators for a subset of
transcriptional activators and include proteingdia to transcriptional initiation
(Gen5 and PCAF), elongation (Elp3) and telomeriensing (Hatl) (Grant,
2001).
bromodomain and three zinc fingers regions (cysZ,TAnd ZZ) that are
believed to mediate protein-protein interactionshede proteins serve
coactivator functions for transcription: they da bond directly to DNA but are
recruited to particular promoters through inte@ctwith multiple DNA-bound
transcription factors (Rotét al., 2001).
and Tip60): beside the highly conserved MYST donw@mmon to all MYST
family members, many of them contain a cysteink-mimc-binding domain as
well as N-terminal chromodomains. They are involveda wide range of
regulatory functions, including transcriptional igation, transcriptional
silencing and cell cycle progression.

Other proteins such as basal transcription factoA11250, ATF2) or
nuclear hormone-receptor cofactors (SRC-1, ACTRp aharbor a histone
acetyltransferase activity.

+» HDACs (Histone Deacetyl ases)

HDACSs (histone deacetylases), the enzymes redperfsir deacetylation
of histones, do not bind directly to DNA, but arecmited to DNA by
multiprotein chromatin complexes involved in tramgonal repression. In
mammals, the HDACs have been ordered in threeedabased on homology to
their yeast counterparts (Marésal., 2003) Figure 12):
expressed in a wide variety of tissues, presenpbstirexclusively a nuclear
localization and share homology in their cataly§ite containing a zinc
molecule.
group. These proteins also present a zinc-activ@yt& site, but a narrower
tissue distribution than Class | HDACs and theyt$@between the nucleus and
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the cytoplasm upon certain cellular signals. HDA&C&nd 10 are particular
because they harbor two catalytic domains homolsgaith the class I
catalytic site and HDAC 11 shares homology to lmbdiss | and 1| HDACSs.
dependent Sir2 family of deacetylases differs frbma two first classes of
HDACSs in their structure and their catalytic medksan which depends on the
cofactor NAD. This class of proteins is also known to deaceyten-histone
proteins, such as alpha tubulin, p53,...

N c
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Figure 12 Schematic representation of the different histonaleacetylases
(HDACS). The catalytic domain is shown in blue. Black déepi NLS.N: N-
terminus; C: C-terminus.From de Ruijteret al., Biochem. J. (2003370,
737+749.

By many different mechanisms, HDACs may be invdiva tumor
development and they represent therefore an atteatarget for anti-cancer
therapy. Several molecules, such as Trichostati(lf A), phenylbutyrate or
valproic acid inhibit Class | and Class Il HDACs bynding to their zinc-
containing catalytic domain. HDACs inhibitors arsually well tolerated and
have been shown to induce cancer cell growth ardeBerentiation and/or
apoptosisin vitro andin vivo. Many drugs are now under clinical trials as
monotherapy or in combination with other therapreshe treatment of cancer
and recently (2006), the vorinostat (SAHA, subeaaillde hydroxamic acid)
has been approved by the U.S. FDA for the treatroeregfractory cutaneous T-
cell ymphoma (ZolinZ9).
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Histone methylation

The transfer of methyl groups from the S-adendasgiethionine (SAM)

to histone proteins occurs predominantly on spedysine or arginine residues
on histones H3 and H4. Tlheamino group of lysine residues can accept up to 3
methyl groups, resulting in mono-, di- or trimeti@d forms, while arginine
residues can only be mono- or dimethylated. Cahtréo histone acetylation,
which is almost exclusively linked with transcrgoial activation, histone
methylation correlates with either transcriptionattivation or repression,
depending on the modified residue, the degree dfiytegion and the pattern of
modifications on adjacent residues (Santos-RosaCatdas, 2005, Shilatifard,
2006).

%+ Histone Arginine Methyl Transferases

Protein arginine methyltransferases (PRMTs) ca&ine methylation of
arginine residues of many cytosolic and nucleatgmms. Three distinct forms of
methylation can occur on arginine residues on hesttails: monomethylation
and symmetric or asymmetric dimethylation, depegdon whether both
guanido nitrogens are methylated or only one guamirogen receives two
methyl groups. The type | histone methyltransfesasatalyze asymmetric
dimethylation of arginine and include PRMT1, CARRREMT4, PRMT2 and
PRMT3, while the type Il PRMTs catalyze the formoati of symmetric
dimethylarginine and include PRMT5/JBP1 and PRMAN. these PRMTs
share a conserved catalytic core, but preserg Hitinilarity outside this core
domain (Santos-Rosa and Caldas, 2005, Shilatiz@b).

+» Histone Lysine Methyltransferases

The enzymes catalyzing addition of methyl groupstiee e-nitrogen of
histone lysine residues can be divided into twoupgso the SET domain-
containing lysine histone methyltransferases, which represent the majority of
histone lysine methyltransferases and are involwvedethylation of lysines 4, 9,
27 and 36 of histone H3 and lysine 20 of histone &l thenon-SET domain-
containing lysine histone methyltransferases, methylating lysine 79 of histone
H3 (Shilatifard, 2006). The catalytic SET domairhieh is a 130- to 140-amino
acids motif found in a variety of chromatin-asstmib proteins, was first
recognized as a conserved sequence in fAresophila melanogaster proteins
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where it takes its name from:ufar)3-9, Whancer of zeste [E(z)], and
Trithorax (Dillon et al., 2005). These latter belong to two superfamilibg,
trithorax (TRX) group and the polycomb group (Pc@)so identified in
vertebrates and known to activate or repress trghien, respectively.
Equilibrium between their opposing roles is essgiiti maintain the expression
state of homeotic (Hox) genes during developmergmdtopoiesis, X-
chromosome inactivation and control of cell probfison (Santos-Rosa and
Caldas, 2005, Schuettengruleeal., 2007). Some TRXG and PcG components
possess methyltransferase activities directed tsvapecific lysines, whereas
other TRXG and PcG proteins interpret these histoagks (Schuettengruber
al., 2007).

= H3K4

In yeastS. cerevisiag, Setl is the sole enzyme responsible for mone-, di
and trimethylation of histone H3K4 (Briggs al., 2001; Rogueet al., 2001).
Nevertheless, for its full H3K4 methyltransferasetivaty, this Drosophila
Trithorax-related protein needs to associate t@rofolypeptides to form the
multimeric complex COMPASS (standing for cplex proteins_asociated with
Setl). The recruitment of the COMPASS complex tooatmatin by Pafl
(Polymerase ll-associated factor), a complex aasedtiwith the elongating
form of RNApol II, establishes a link between tramgtional elongation and
histone methylation (Krogaei al., 2003).

In mammals, at least ten known or predicted H3Kethyltransferases
have been isolated. They catalyze mono-, di- oratiylation, depending on the
presence of specific residues in their catalyticndm and the proteins they
associate with. Some of them contain SET domailagect to the SET domain
of yeast Setl andDrosophila Trx and are referred as the MLL
(Myeloid/Lymphoid or Mixed-Lineage Leukemia) or $dike family. This
latter includes: SetlA (hSetl), SetlB, MLL1 (HRXLIA), MLL2 (TRX2),
MLL3 and MLL4 (ALR). Other proteins, like ASH1, SE® and SMYD3
display also a H3K4 methyltransferase activity, thdir SET domains are not
related to the one of Setl and Trx (Ruthenkatiad., 2007) Figure 13).
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MLL FAMILY: ALTERNATIVE METHYLTRANSFERASE
NAMES: ACTIVITY:
¢ —C SET1A hSet1, KIAA03397
4———COSET1B KIAA1076 Confirmed (for SET1A, MLL1-4),

or predicted (for SET1B)
—H— e d—>C LY MLL, HRX, ALL-1 | mono-, di-, and trimethylation

HH——0—00-00-04¢—>C \ILL2 MLL4, TRX2 of H3K4; SET domain associates
with the core complex containing
0 —H—0 O MLL3 HALR WDRS5, RbBP5 and ASH2

-0 WH—0 - MLL4 MLL2, ALR-1

OTHER H3 K4 METHYLTRASFERASES:

Based on high similarity with DmAsh1
H—rt +—00—-@80— ASH1  Ashi-like ] predicted to methylate ¥-|3K4,KQ & H4K20
OS'(:;t:-:rtural m::f:M +— SMYD3 E;—haarr\gégrg;taygapt?&qof H3K4; activity
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Figure 13 Schematic representation of the domain architecturef known H3K4 histone
methyltransferases (HMTs). The H3K4 HMTs are represented by two groups: pmete
containing SET domains related to the SET domaipeast Setl and Drosophila Trx (MLL
family), or those unrelated yet able to methylat di K4 (other H3K4 methyltransferases).
From Ruthenburget al, Molecular Cell25, January 12, 2007.

Figure 14 Schematic representation of the
interactions between MLL complex componentsThe

COHE OOl EX

ﬁ core complex containing RbBP5, WDR5 and ASH2
2 cooperates with the catalytic SET-domain of the MLL
'::} ' family HMTs to methylate H3 at K4, whereas other
A ﬂ mm‘;\\} P regions of the MLL proteins are involved in asstoia
actaty reco-gnitian

with other protein partners and in recruitmentdmét

% ‘a_ﬂk . | genes.From Ruthenburget al, Molecular Cell 25,

January 12, 2007.

Like most histone-modifying complexes, the MLLimgdtransferases
exist in multiprotein complexes. They all shareethcommon subunits: WDRS5,
RbBP5 and ASH2 (ASH2L), which are homologs of ye@AMPASS/Setl
complex subunits Swd3, Swdl and Bre2, respectividigse three proteins form
a subcomplex that can exist independently of thalytec subunit and can
associate with the SET domain-containing COOH-teainifragment of the
different MLL-family members (Ruthenburgt al., 2007, Choet al. 2007)
(Figure 14). All these components are required for the H3kethyltransferase
activity of the complex: WDRS5 is thought to acteapresenter which recognizes
the H3 tail with a preference for the dimethylak#®K4 form and presents it for
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further methylation within the MLL complex, while SH2L seems to be
required for H3K4 trimethylation (Doet al., 2006; Wysockeet al., 2005).
Besides these three shared proteins and the SE&wdosmzymatic subunit,
MLL complexes contain distinct but overlapping smnibs; including the cell
proliferation regulator HCF-1, the tumor suppressdiENIN (Multiple
Endocrine Neoplasia type | gene), hDPY3, ... Themasition of the different
MLL complexes is resumed ifable 2

Subunit compositions of human Set1-like historne H3 K4
methyltransferase complexes
] Human Set1-like histone H3 K4
Yeast methyltransferase complexes
COMPASS/ Setl -
complex hsetl MLL MLLZ  MLL3/MLL4
complex complex complex complex
Sotl hsetl MLL MLLZ MLL3/MLL4
Brel ASHZL ASHZL ASHZL ASHIL
Sl EEEPS REEPS REEPS RERPS
Swd3 WDRS WDRS WIDRS WDIERS
Sdel hDPY-30 hDPY-30 RDPY-30 hDPY-30
S hSwd2
Sppl CXXC]
HCFL Menin Menin PTIP
HCF1/HCF2 Pal
MNCOAS
LITX

Table 2 Subunit compositions of human Setl-like histone
H3K4 methyltransferase complexes.From Cho et al., The
Journal of Biological Chemistry Vol. 282, N°28, pp0395—
20406, July 13, 2007.

The greater number of H3K4 methyl writers in higha&rganisms
compared to yeast, likely results from their fuactl specialization, in order to
deal with the regulatory complexity of vertebratevelopment. Genetic
disruption of theMLL1 or MLL2 genes in mice leads to embryonic lethality,
revealing that each is important in early developinalbeit in different ways
(Glaseret al., 2006; Lubitzet al., 2007). The distinguishable phenotypes and/or
the lethality observed when deletions or truncaiarh the different family
members, strongly suggest that the multiple mananali H3K4
methyltransferases provide non-redundant functidMmeover, Milne shown in
2005 that loss of MLL1 has negligible effects ookl H3K4 methylation but
strongly influences the methylation status and esgion of specific genes
(Milne et al., 2005). All these examples support the notion furiction
specialization for each H3K4 methyltransferasegllikthrough differential
expression patterns and/or target genes speciftdiiyever, the nature of these
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target genes and the specific mechanisms of rewoeait remain elusiv
(Ruthenburget al., 2007; Leecet al., 2007).

Based on the literature, diffint models have been proposed to exg
the targeting of MLLeomplexes to gene loci (reviewed in Ruthenbet al.,
2007). First, MLLlike proteins have been shown to associate withuesag-
specific DNA binding factors, including estrogerceptoro (Mo et al., 2006),
E2F6 (Dou et al., 2005),.. (Figure 158. This suggests a ge-specific
recruitment by interaction with specific transcapt factors. Other studie
shown, like for the yeast COMPASS complex, an axtBon between the ML-
complexes and the pbphorylated form of RNA polymerase Il, as well ae
overlapping between the H3K4me3 marks and the eéwlygating Pol Il (Milne
et al.,, 2005, Nget al.,, 2003) Figure 15b). The recognition of histone t:
modifications by the ML-complex itself (Wysockat al., 2005) Figure 159
and some noncoding seque-specific RNAs (SancheEisner et al., 2006)
(Figure 15d) may also play a role in the recruitment of HZ
methyltransferases to their target genes. It ighyikhat, in vivo, all these
mechanisms actni combination to recruit and/or stabilize on chramahe
H3K4 methyltransferase

a 0@ b O@ ¢ O@ d O

O A . .
sile-specific basal machinery histone modification specific RNA

transcription factor recognition

Figure 15 Mechanisms of H3K4 methyltransferase recruitmentto the
target genes: (a)association with si-specific transcription factors(b)
association with basal mrhinery, (c) histone modification recognition ar(d)
specific RNAs. From Ruthenburcet al, Molecular Cell25, January 12, 200

Deregulation of H3K4 methyltransferase activity hiigesult in aberrar
regulation of gene expression and cellular trams&ion. The humaMLL gene
was initially cloned on the basis of its transaaptproperties associated w
the pathogenesis of smal different forms of hematological malignanc
including acute myeloid leukemia (AML) (Zien-Van der poelst al., 1991).
Reciprocal chromosomal rearrangements involving MLL gene are indeed
detected in approximately 80% of infants diagnos@ti acute forms of bot
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myeloid and lymphocytic leukemias. They also ocdeuapproximately 5% of
adult patients with AML, and up to 10% with ALL (@te lymphoblastic
leukemia). MLL is a 3968 amino acids protein whishspecifically cleaved
shortly after translation into two peptides thahmovalently associate with each
other. The amino-terminal portion contains an ABkd®NA-binding domain,
as well as a region that binds CpG-rich DNA andrugg transcriptional
repressors (HDACSs,...). The carboxy-terminal portontains a transactivation
domain and the catalytic SET domain (Xéh al., 2005). In most of the
chromosomal translocations involving thi.L gene, the amino terminal part is
fused to about 60 different partners, the mostmreat being AF4, AF9, ENL,
AF10 and ELL. The gain of function of the resudtifusion protein could partly
explain its role in leukemia and Wiederschain (Veéisghainet al., 2005)
showed that inactivation of p53, a critical tumapgressor proteins implicated
in cell cycle regulation and pro-apoptotic respense a common characteristic
of multiple MLL fusions. However, the precise megisans underlying the
oncogenic function of MLL fusions are still pooriynderstood. Other H3K4
methyltransferases have also been linked to turapnegis:MLL2 has been
found to be amplified in epithelial cancers suchlgisblastoma and pancreatic
cancer (Huntsmaret al., 1999), while SMYD3 is overexpressed in most
colorectal and hepatocellular carcinomas (Hamanebta., 2004). Moreover,
loss of interaction between MLL1 or MLL2 and theot@in MENIN, observed
In some tumor-derived cells, could abolish the tuswppressor activity of this
latter (Hughe®t al., 2004; Milneet al., 2005; Yokoyamat al., 2004).

= H3K9

In contrast to H3K9 acetylation, H3K9 methylatie linked to gene
silencing in many organisms, exceptdncerevisiae where it is not methylated.
H3K9 methylation participates in the establishmemd maintenance of
heterochromatin in higher eukaryotic organisms uglo recruitment of the
heterochromatin formation protein, HP1l. This pnoteipossesses a
chromodomain which recognizes the H3K9 marks (myaimiethylation) and it
recruits DNA methyltransferases. Therefore, DNA mgkttion and H3K9
methylation appear to be tightly connected (He lagiuming, 2003).

The “SuV39 family” which belongs to the Polycomloo@p, regroups the
enzymes capable of methylating histone H3 on lySinmcluding the proteins
Suv39hl, Suv39h2, G9a, ESET/SETDB1 and EuHMTaskks& enzymes
seem to display distinct patterns of localizationchromatin as well as different
catalytic activity: Suv39h1/Suv39h2 mediates theKBi3trimethylation in
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pericentric heterochromatin, whereas, G9a is thepmtd3K9 dimethylase in
euchromatin (Shilatifard, 2006; Santos-Rosa and&3l2005).

= H3K2/7

Methylation of K27 on histone H3 is a signal foartscription repression
and maintenance of stable epigenetic silencingagauitment of the Polycomb
Repressive Complex (PRC1) (Ceatcal., 2002; Santos-Rosa and Caldas, 2005).
It also seems to play a role in the initial stagecllromosome X inactivation
(Plathet al., 2003; Silveet al., 2003).

Methylation of K27 of histone H3 is catalyzed b¥HE2, a component of
the Polycomb Repressive Complex 2 (PRC2) or EED-EZHmplex, which
contains a SET domain (Mullet al., 2002; Cacet al. 2002). Moreover, G9a,
the H3K9 methyltransferase is also capable of niatimg K27 on histone H3
(Tachibana, 2001).

= H3K36

H3K36 methylation marks within the coding regioht@nscriptionally
active genes are necessary for efficient elongatiogeast, Set2, a SET-domain
containing protein, is the sole enzyme identifiedlisplay an HMTase activity
specific for lysine 36 of histone H3 (Stradtlal., 2002). This latter requires the
association of Set2 with the elongating form of Ri¢Apol Il (Hampseyet al.,
2003). In human, several Set2 homologues have heentified (NSD1,
NSD2/MMSET, WHSC1, NSD3, ASH1, HIF1), but their Hsl9e activity still
needs to be defined.

= H3K79

H3K79 methylation marks also correlate with traigonal activation
and present broad distribution across promoteragmh-reading frame regions
of actively transcribed genes (Krivstov and Armsgp 2007). Contrarily to
other lysine residues, lysine K79 is not locatedh@nN-terminal tail, but lies in
the globular domain of histone H3. Dotl (standing disruptor of telomeric
silencing 1), the enzyme responsible for the metigh of H3K79 is also
different from the other HMTases in the way thataitks the characteristic
catalytic SET domain (Ferg al., 2002; van Leeuwen , 2002).

= H4K20

In human, methylation of lysine 20 on histone H involved in
chromatin condensation and is catalyzed by SETESEPT) (Riceet al., 2002;
Santos-Rosa and Caldas, 2005).
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+» Histone Demethylases

Loss of histone methylation is a very slow processne observations
indicate that the half-life of histones and mettedidues within them are the
same (Byvoetet al., 1972; Thomaset al., 1972). Because of this high
thermodynamic stability of methyl marks and theklaaf identification of
histone demethylases, histone methylation, in @a&r trimethylation, has been
considered for a long time as an irreversible medma However, the recent
discovery of histone demethylases has challengeditgma.

Recently, a human arginine deiminase (PAD4/PADMJs shown to
convert either non- or monomethylated arginine fttruline, therefore
effectively erasing arginine from histone tails amieventing further
methylation of this residue (Cuthbeet al., 2004; Wanget al., 2004b).
However, this deimination reaction does not affiaet dimethylated arginines
and it is thus not considered as a proper “argidamaethylation event”.

The first histone demethylase identified was tA®Hlependent amine
oxidase LSD1 (lysine-specific demethylase, KIAAOBA1SD1 can specifically
remove mono- and dimethylation from lysine 4 oftdme H4. However, it is
unable to demethylate trimethylated H3K4, mostlikdue to the absence of a
protonated nitrogen required for oxidation (®hial., 2004). Therefore, it is
likely that other oxidative mechanisms exist to rmae®l demethylation of
trimethylated lysines. Different dioxygenases wersted for a histone
demethylase activity and proteins harboring a Jyn@rdomain (JmjC) were
iIdentified as enzymes that catalyze demethylatiomethylated lysine residues
by using a hydroxylation reaction which requiresniranda-ketoglutarate as
cofactors (Trewicket al., 2005; Clooset al., 2006; Tsukadeet al., 2006;
Whetstine, 2006). The JmjC domain has been shovae tihe catalytic domain
for histone demethylation (Tsukadgal., 2006) and based on this demethylase
signature motif, several proteins possessing tlisiain, were identified as
histone demethylases. So far, five families of Jij§&one demethylases have
been described, all submembers within each fariérisg the same enzymatic
specificity for methylated histone lysine resid(égure 16):
demethylase 1, FBXL-11) and JHDM1b (FBXL 10), méelidemethylation of
mono- and dimethylated H3K36 (Tsukasal., 2006).

dimethylated H3K9 (Yamanet al., 2006).



Introduction | 47

lysine trimethylation. This family regroups four mbeers, JIMJD2 A-D, which
exhibits dual-substrate specificity for di- andrethylated H3K9 and H3K36
(Cloos et al., 2006, Fodort al., 2006, Kloseet al., 2006b; Whetstinet al.,
2006).

(JARID1 B) and SMCX (JARID1 C), was

Cytaslic phospholpess A2 beta (128-305)
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__tﬁ;@.ﬁ;% enmtmsoams | 13K4 (Christenset al., 2007).
[ty | ¢ The UTX-UTY family: the member Jmjd3

—UTY(IMS-1208) 000 |7 amesssevssessssasnsssssssssssanssannnnnns
JAID 142 i

_E.g:_.'-.f.m-}..nw\.fvﬂi--@r‘ was shown to be an efficient H3K27me3
o demethylase (De Sanghal., 2007).
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The field of demethylases is moving forward ateayvfast pace and new
histone demethylases will probably be discovereshs@bout 30 proteins in
mouse and human have been shown to possess a dmging although some
of them are unlikely to be involved in histone démyéation due either to their
cytoplasmic localization or to aminoacidic subgitns in the iron- and/or
cofactor-binding site (De Sang& al., 2007). However, new demethylases may
also use alternative enzymatic domains and chemgzadtion mechanisms as
opposed to the LSD1 and Jm|C proteins (Shi and §tihet 2007).

Histone phosphorylation

Phosphorylation of histones occurs mainly on s=rih0 and 28 and on
threonine 11 of histone H3. During cell divisiohist modification is involved in
chromosome condensation and is dynamically regiilayethe opposing effects
of the members of the aurora AIR2-Ipll kinase fgmidnd the type 1
phosphatases (PP1). Moreover, phosphorylation &laGhas an important role
In the transcriptional activation of eukaryotic gerby promoting acetylation of
H3K14.
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Histone ubiquitination

In yeast, monoubiquitination of histone H2B onigs123 (corresponding
to H2B K120 in human) is required for methylatiohhostone H3 at K4 and
K79, by COMPASS and the non SET domain enzyme Dethectively (Dover
et al., 2002; Sun and Allis, 2002). Ubiquitination israversible, dynamic
process which is catalyzed by the ubiquitin ligasenplex BRE1/Rad6 (Wood
et al., 2003) and by the deubiquitinating enzymes Ubp& Ebpl0 (Henryet
al., 2003; Emreet al., 2005). The Pafl complex, which is involved ire th
recruitment of COMPASS to the early elongating RNAI, has been shown to
be also required for the functional activation ofdB/Brel in histone
monoubiquitination (Wooet al., 2003).

Ubiquitination of histone H2A on lysine 119 by Ppteins belonging to
PRC1 (PRC1-L, PRC1-like) has been linked to polyisosilencing and
chromosome X inactivation (Wargyjal., 2004a; de Napoles, 2004).

Cross-talk

The large number of possible combinations of histanodifications
constitutes the “histone code”. This latter canréad by proteins containing
bromo- or chromodomains, which have been shownetmgnize and bind
acetyl- and methyl-lysine residues respectivelye Thide distribution of such
domains among enzymes that methylate, acetylataeorodel chromatin
suggests an important crosstalk between all thesdfications. Moreover, the
code writers are often components of multiprotesmplexes that contain or
recruit other writers with which they can work sygistically. Histone
modifications are thus interconnected as one manketther promote or prevent
another one. Some histone modifications, such aAHBethylation or H3K14
acetylation, have been linked to transcriptionaivaton and are generally
incompatible with repressive marks like H3K9 medtyin. The crosstalk
between the different histone modifications detesnialso a certain chronology
in the establishment of a specific pattern. Fomgxa, phosphorylation of H3
S10 facilitates acetylation of K14 and methylatairk4, which in turn, impairs
the ability of Su(var)3-9 to methylate K9 (Waefgal., 2001). Moreover, this
crosstalk may also occur between modificationsitierént histones. This is the
case for the ubiquitination of H2B K120, which exquired for histone H3K4
methylation and subsequent activation of trangorpt
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Crosstalk between histone modifications and DNAthylation is also
required for proper epigenetic control of gene egpion. For example, in fungi,
H3K9 methylation is found to be upstream DNA-me#tign, likely marking
regions for cytosine methylation (Tamagtual., 2001; Tamartet al., 2003).
However, the temporal order of events is not yeaidy defined and may differ
from organism to organism and from gene to genat{fS8aRosa and Caldas,
2005).

New nomenclature for chromatin-modifying enzymes

Recently, a new nomenclature was proposed in otdeunify and
rationalize the field of chromatin-modifying enzysnéCell 131, November 16,
2007). The enzymes have been given a more gerame that reflects the type
of enzymatic activity they perform and the typere$idue they modify. The
lysine demethylases will therefore become KDMalfle 3), acetyltranferases
will become KATs Table 4) and lysine methyltransferases will become KMTs
(Table 5).

Substrate
MNew Name Human D. melanogaster 5. cerevisiae 5. pombe Specificity Function
KDM1 LSDA1/BHCA10 Sulvar)3-3 SpLsd1/Swmi/ H3K4mel/2, Transcription activation
Saf110 H3KSme1/2 and reprassion, hetero-
chromatin formation
KDM2 Jhd1 H3K36me1/2 Transcription elongation
KDM2A JHDMA1a/FBXL11 H3K36me1/2
KDM2B JHOMAB/FEXL1D H3K36med /2
KDM3A JHDM2a H3K9me1/2 Androgen receptor gene ac
tivation, spermatogenssis
KDM3ZEB JHDMZ2E H3K9me
KDM4 Rphi H3Ka/ Transcription elongation
K36me2/3
KDM4A JMID2ASIHDMSA H3Ka/ Transcription repression,
KaGmez/3 genome integrity
KDM4B JMJDZ2B H3Kg/ Heterochromatin formation
H3K36me2/3
KDM4C JMJID2C/GASCH H3Ka/ Putative oncogens
K36me2/3
KDM4D JMJID2D H3K9me2/3
KDM5 Lid Jhd2 Jmj2 H3K4me2/3
KDMS5A JARIDAA/RBP2 H3K4me2/3 Retinoblastoma-interacting
protein
KDMSB JARIDAB/PLU-1 H3K4mel1/2/3  Transcription repression
KDMSC JARID1C/SMCX H3K4me2/3 X-linked mental retardation
KDMSD JARIDAD/SMCY H3K4mez/3 Male-specific antigen
KDMBA uTx H3K27Tme2/3 Transcription activation
KDMEGEB JMJID3 H3K27Tme2/3 Transcription activation

Table 3 Lysine (K) demethylases: KDMs.
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New Name Hurman

D. melanogaster 5. cerevisiae  S. pombe

Substrate Specificity

Function

KATA HAT1 CG2051 Hat1 Hat1/ H4 (5, 12) Histone deposition, DNA
Hag&03 repair
KAT2 dGCNS/PCAF Gens Gens H3 (9, 14, 18, 23, 36)/ Transcription activation,
HZ2B; yHtzl (14) DMNA repair

KAT2A hGGMNS H3 (9, 14, 18//H2B Transcription activation

KAT2B PCAF H2 (9, 14, 18)/H2E Transcription activation

KAT3 dCBP/MNEJ H4 (5, 8); H3 (14, 18) Transcription activation,
DMNA repair

KAT3A CBP H2A (5); H2B (12, 15) Transcription activation

KAT2B F300 H2A (5); H2B (12, 15) Transcription activation

KAT4 TAF1 dTAF Taft Taft H3 = H4 Transcription activation

KATS TIPGOD/PLIP dTIP&0O Esal Mst1 H4 (5, 8,12, 16); H2A  Transcription activation,

(yeast 4, 7; chicken 5, 9, DNA repair
12, 15); dH2A/yHtzl
(14)

KATE (CG1894) Sas3a (Mst2) Ha (14, 23) Transcription activation
and elongation, DNA
replication

KATEA MOZ/MYST3  ENOK H3 (14) Transcription activation

KATEE MORF/MYST4 H3 (14) Transcription activation

KATT HBO1/MYST2  CHM (Mst2) H4 (5, 8, 12) > H3 Transcription, DNA
replication

KAT8 HMOF/MYST1 dMOF (CG1894) Sas2 (Mst2) H4 (16) Chromatin boundaries,
dosage compensation,
DMNA repair

KAT9 ELP3 dELP3/ Elp3 Elp3 H3

CG15433

KAT10 Hap2 H3 (14); H4

KAT11 Rtt109 H3 (56) Genome stability,
transcription elongation

KAT12 TFIIC20 H2 (9, 14, 18) Pal Il transcription

KAT13A SRC1 H3/H4 Transcription activation

KAT13B ACTR H3/H4 Transcription activation

KAT13C P160 H3/H4 Transcription activation

KAT13D CLOCK H3/H4 Transcription activation

Table 4: Lysine (K) acetyltransferases: KATS.
Substrale

Mew Mame  Humar D.melanogaster 5. cerevisiae 5. pombe  Specificty Function

KMTA SufVar)3-2 Clrd H3Kg2 Heterochromatin

formation/silencing

EMTAA SUVZ0HA HaKD Heterochromatin

formation/silencing

KMT1B SuUvasH2 H3K2 Heterochromatin

formation/silencing

KMTAC G9a H3K2 Heterochromatin

formation/silencing

KMTAD EuHMTase/GLP H3K2 Heterochromatin

formation/silencing

KMTAE ESET/SETDB1 H3Kg2 Transcription repression

KMTAF CLL8

KMTZ Setd Setd H3K4 Transcription activation

KMTZA MLLA Trx H3K4 Transcription activation

KMTZB MLLZ Trx H3K4 Transcription activation

KMTEC MLL3 Trr H3K4 Transcription activation

KMTEZD MLL4 Trr H3K4 Transcription activation

KMTZE MLLS H3K4 Transcription activation

KMTEF hSET1A H3K4 Transcription activation

KMTEZG hSET13 H3K4 Transcription activation

KMTEH ASHA Az H3K4 Transcription activation

KMTZ Set2 Set2 H3K36 Transcription activation

KMTZA SET2 H3K36 Transcription activation

KMTZB NSDA1 H3K36

KMTEC SYMD2 H3K3G (253) Transcription activation

KMT4 DOTAL Dot H3K72 Transcription activation

KMTE Setd H4K20 DMA-damage response

KMTEA Pr-SET7/8 PR-set? H4K20 Transcription repression

KMTEB SUV4 20HA1 Suvd 20 H4K20 DMA damage response

KMTEC SUV4-20H2

KMTE EZH2 E{Z) H3K27 Palycomb silencing

KMT7 SET7/9 H3K4 (p53 and

TAF10)
KMT& RIZ1 H3K2 Transcription repression

Table 5: Lysine (K) methyltransferases: KMTs.




