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Abstract

ING1 (Inhibitor of Growth 1) was identified and characterized as a dwate” tumor
suppressor gene in 1996. Subsequently four moresgeniso characterized as “candidate”
tumor suppressor genes, were identified by homotmgrchING2, ING3, ING4 and ING5.
The ING proteins are characterized by a high hogywla their C-terminal domain which
contains a Nuclear Localization Sequence (NLS) arfflant HomeoDomain (PHD) which
has a high affinity to Histone 3 tri-methylated lkysine 4 (H3K4Me3). The ING proteins
have been involved in the control of cell growthenascence, apoptosis, chromatin
remodelling and DNA repair. Within tH&G family, ING1 andING2 form a subgroup since
they are evolutionarily and functionally close. Yeast, only one gen&ho23, is related to
ING1 andING2 and possesses also a PHD. Recently, the ING1N@G@ tumor suppressor
status has been fully established since severdiestihave described the loss of ING1 and
ING2 protein expression in human tumors and bot&INand ING2 knockout mice were
reported to have spontaneously developed tumocgllBymphomas and soft tissue sarcomas
respectively. In this review we will describe fowetfirst time what is known abolNG1 and
ING2 genes, proteins, their regulations in both hunrah mice, and their status in human
tumors. Furthermore, we explore the current knowdedlgout identified functions involving
ING1 and ING2 in tumor suppression pathways espgdrathe control of cell cycle and in

genome stability.
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I ntroduction

A tumor suppressor gene (TSG) encodes for a prownich blocks tumor
development. These genes negatively regulate cellfgration and/or contribute to the
maintenance of genome stability. Their loss contebuo malignant transformation. They are
divided in two classes. Type | TSGs or “caretaken®’ directly involved in the maintenance
of DNA integrity through DNA repair pathways (e.RCA1/2, MSH2, etc.); whereas, type
Il TSGs or “gatekeepers” control cell cycle, semese, apoptosis, autophagy and suppress
angiogenesis and cell invasion (e.g.: p53, pRb) Et@].

In 1996, Karl Riabowol’'s group identifieldNG1 (Inhibitor of Growth 1) from anin
vivo screen which aimed at isolating new candidate T§G-ollowing ING1 discovery, four
genes having a high homology iHG1 were identified as candidate TSG and were named
ING2-ING5 [4-7]. Subsequently, threéNG genes were identified irSaccharomyces
cerevisiae: Yngl, Yng2 and Pho23 and two inSaccharomyces pombe: Pngl and Png2 [8].
Yeast ING proteins share a significant identity50f to 60% with the C-terminal region of
human ING1 [8]. Since then, ING proteins were aidentified in many other species
including frog, fish, mosquito, fruit fly, worm, xepus and plant. The ING proteins are
characterized by their C-terminal region which ighlty conserved from human to plant and
contains a Plant HomeoDomain (PHD) [9-11]. In additthe C-terminus contains a Nuclear
Localisation Signal (NLS) which targets INGs to thecleus [9]. ING proteins possess also a
strongly conserved region that has not yet beenritbesl in any other protein and thus has
been named the Novel Conserved Region (NCR). Theriinal domain is unique to each
ING [9]. Thus, ING proteins are highly conservedidg evolution which suggests their
involvement in important biological processes [9,1&¢cordingly, functional studies have
characterised ING proteins as “candidate” tumorpsegsor proteins that are involved in
many processes like cell growth, apoptosis, senesgcemigration and DNA repair.
Furthermore, many studies have shown that thesesgaeelost or misregulated in several
tumour types [13]. Within théNG family, ING1 andING2 form a subgroup since they are
evolutionarily and functionally close [9]. Recenthoth ING1 and ING2 knockout mice were
reported to spontaneously develop tumors with & frigquency [14-17].

In this review we will detail for the first timehat is known about ING1 and ING2
gene, protein, their regulations in both human amce, and their status in human tumors.
Furthermore, we discuss the involvement of ING1 Bh@2 functions in tumor suppression

especially in the control of cell cycle and genastadility.
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ING1and ING2 genes and proteins: structure and regulations

HumanING1 andING2 are located close to chromosome telomere

HumanING1 andING2 are located on two different chromosomes. HutiN@1 has
been mapped at chromosome 13934 and hui&2 at chromosome 4q35.1. Interestingly,
both are located close to the telomeric region §4,85ig.1, S1). The amino acid sequence of
human ING2 displays 70% homology with ING1 sequefe(Fig.2). The subtelomeric
location of humanNG1 and ING2 genes and their high homology suggest th&1 and
ING2 could result from the duplication of these regidream a common ancestor [9]. In
contrast, mouséNG1 and ING2 are located on the same chromosomidG1l has been
mapped on chromosome 8 Al.1 dif52 on chromosome 8 B2 [18] (Fig.S1). Phylogenetic
tree analysis has revealed that human and mdGe from one part and human and mouse

ING2 from another part belong to the same group ofedlaequences [9] (Fig.S2).

ING1 structure and transcriptional regulation

Human ING1 is made of four exons, exon l1la, 1lb, 1c, and 2ulttreg in five
transcribed isoforms (ING1la, ING1b, ING1c, and INKE{Figl, S1). They are the result of
different promoters and alternative splicilyG1 is ubiquitously expressed in tissues. ING1b
is the most abundant form among ING1 isoforms (F{&lg.1 represents a scheme of ING1b
isoform and of ING2a and ING2b. ING2 proteins arerendetailed than ING1 proteins
because the ING1 isoforms have already been peblift3] and because ING2b has never
been included in a scheme describing ING2 proteinse its identification. A detailed
scheme of ING1 isoforms is represented on Fig.S1).

However, their expression can vary greatly e.g. duiNGla mRNA expression is
highly expressed in testis; whereas, human ING1NARs highly expressed in thymus,
spleen and brain and human ING1c mRNA is highlyresged in thymus and human ING1d
is highly expressed in lung, liver, kidney, thymarsd small intestine [19]. In contrast, mouse
ING1 consists of four exons, exon la, 1b, 1c and 2jltreg in three transcribed isoforms
(ING1la, ING1b and ING1c) (Fig.S1) [18].
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In addition, humanNG1 transcriptional regulation remains unknown butch&e be
explored since ING1 mRNA expression is frequendlst lin human tumors (see thereafter).
The expression of murin®&G1 has been reported to be independent of p53 [20].

ING2 structure and transcriptional regulation

ING2 is made up of three exons, exon la, 1b and 2]tiresun two transcribed
isoforms: ING2a and ING2b [4,6,21] (Fig.1). They ahe result of an alternative splicing
between exons la and 1b. BdiNG2a and ING2b mRNA are ubiquitously expressed.
However, the level of ING2b mRNA transcript expieass much lower. Furthermore, whilst
ING2b mRNA expression has been shown at the RNAIleno protein has ever been
detected [21,19]. By which mechanidhMG2b expression may be regulated at the RNA level
remains unknownNG2 mouse gene is also comprised of three exons giwongranscribed
isoforms by alternative splicing: ING2a and INGZ4] (Fig.S1). Human and mouse ING2a
cDNAs share 90% identity whilst human and mouse 2l@GDNAs share 75% identity (Fig.
S2A).

ING2 promoter displays regulatory elements that conit®ltranscription.ING2a
promoter possesses two p53 binding sites and ingdB8dactivation by Nutlin-3 has been
shown to represENG2a transcription [22]ING2a expression is also regulated by NB-as
its promoter possesses one kE-binding site. Thus, in colon cancéNG2a expression is
enhanced through N&B activation [23]. So far, no transcriptional regtiolry element has
been established fdNG2b. However, a putative Heat Shock transcription éadt and 2
binding site, a C-Rel binding site, a SP1 bindiitg, $ive Myeloid Zinc Finger 1 binding sites
and a p300 binding site are predictediNG2b promoter [21]. Complementary studies about
ING2 transcriptional regulation would allow a better urstignding of ING2 functions since
misregulation of these transcription factors couwaliler ING2 expression. Interestingly,
through still unknown mechanisms, downregulationiM&2a results in changes in ING2b
MRNA expression. Conversely, downregulationIlNG2b also triggers changes in ING2a
MRNA expression [21]. This raises the possibilifyirderplay between ING2a and ING2b
MRNA expression. Consequently, the analysis ofetkression of both ING2a and ING2b
MRNASs would be of interest to better characterimedtatus ofNG2 in human tumors.

ING2 expression is regulated by tissues-dependent mischa sincéNG2a is highly

expressed in the skeletal muscle, lung, thymus thadin pancreas [19,21]. Interestingly,
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ING2 has been involved in muscle differentiationrbgulatingmyogenin transcription [24].
Moreover, botiNG2a andING2b are especially highly expressed in human and masdes
[17,21]. Indeed it has been shown that ING2 playalein male fertility [17]. It suggests that

ING2 may also play a role in the physiology of thed, thymus and pancreas.

ING1 and ING2 proteins structure

Human INGla and ING1b are the most abundant INGfbims. No information has
currently been published regarding functions of ¢kigers. Human INGla and ING1b have
respectively a molecular weight of 47 kDa and 33&KkPigl, 2, S1). Amino acid sequence
alignment of human ING1 versus mouse ING1 isofotmas revealed a high similarity
between mouse ING1b and human ING1b since theyesB@% identity (Fig.S2). Mouse
ING1b has a molecular weight of 37kDa and possdbsesame domains than human ING1b.
The alternative splicing between mouse ING1a, IN@hd ING1c results in the absence of
the PCNA-interacting protein (PIP) and Partial BoBomain (PBD) domains on ING1la and
ING1c. Consequently, INGla and ING1c have a predicholecular weight of 31 kDa [18]
(FigS1, 2). Thus, there is no equivalent to huni@1a in mice. Anyway, human and mouse
ING1b have a high homology. Consequently, mouseetsoare pertinent for ING1im vivo
studies (Fig.S1, S2).

Human ING2a has a molecular weight of 33 kDa whildéG2b has a predicted
molecular weight of 28 kDa. However, ING2b proteasmever been experimentally detected
[4,6,21]. The alternative splicing between humaGRd and ING2b results in the absence of
the Leucine Zipper Like (LZL) domain on ING2b (Fi@)l Human and mouse ING2a
proteins are very close as they differ by only aemno acids distributed across the length of
the protein and are made of the same protein donflaigsS2B). Moreover, mouse ING2a has
the same molecular weight as human ING2a. On tier tiand, mouse ING2b is smaller than
human ING2b and has a predicted molecular weigl20¢3 kDa since mouse ING2b is also
truncated of some part of its NCR domain [21] (Eig51). Overall, human and mouse ING2a
and ING2b have a high homology. Consequently, mansdels are pertinent for ING2
vivo studies (Fig.S1, S2).

ING1 and ING2 C-terminal domain contain a PHD wahzinc binding motif
described as a domain having a high affinity for bitone 3 tri-methylated on lysine 4
(H3K4Me3) [9,10,25-30] (Fig.1, S1). ING1 and INGB@have a PolyBasic Region (PBR)
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adjacent to the PHD [9] (Fig.2). As its closestgbag to ING1, ING2 also contains a amino
acids motif in its C-terminal part. The REASP amawads motif has been described as a 14-
3-3 binding motif containing a phosphoserine [ANG1, phosphorylated on its serine 199,
interacts with the 14-3+Bprotein through its REASP motif to be shuttled frira nucleus to
the cytoplasm [9,32]. In the cytoplasm, ING1 is hiegphorylated and interacts with
karyopherinesi2 andpl through this region to allow its import to thecleus [33]. One can
hypothesize that ING2 is also phosphorylated orsétsne located inside the REASP motif
and that ING2 may also interacts with the 14r3aBd with karyopherines2 andpl through

its REASP motif [9] (Fig.2). ING1 and ING2 C-termaindomains also contain a NLS which
possesses three Nucleolar Targeting Sequences (kI8 targeted to the nucleolus [21,34]
(Fig.1, 2). ING1 and ING2 proteins are charactelibg a NCR in their N-terminal part [9]
(Fig.1, S1). NCR domain has been suggested to tessary for the binding between ING1
and histone acetyltransferase (HAT) or histone eligéarse (HDAC) [28]. This domain was
also subsequently named Lamin Interaction Domal®)lbecause ING1, as well as ING2,
ING3 and ING4, coprecipitates with Lamin A throuihiis domain. It has been shown that the
binding of ING1 to Lamin A through the ING1 LID relgtes ING1 protein level and ING1
nuclear localisation [35]. It is thus possible ttie ING2 LID could have a similar function.

The N-terminus is unique to each ING protein. INGQY-terminus possesses a PIP
domain. Among the ING1 proteins this domain is omgtricted to ING1b isoform. ING1b
PIP domain has been shown to interact with PCNA (B#].1, 2, S1). A PBD is also present
close to the PIP on ING1b [36,37]. As mentioned/janesly, ING2a N-terminus also contains
a LZL motif. This motif contains leucine residugsasning every seven amino acids and
forming a hydrophobic patch. This LZL could preseat leucine zipper coiled-coll
conformation. Such conformation could allow theemttion with other leucine zipper—
containing proteins [9]. Indeed, ING4 also contaankZL domain and its homodimerisation
has recently been demonstrated by cristallograpB,3p]. Subsequently, putative
homodimers have also been predicted for the othss, including ING2 [38]. Nevertheless,
this hypothesis remains to be tested for ING2.

So far, only a few studies have investigated IN&®M ING2 protein regulation.
Nonetheless, in response to genotoxic stress, hulid@&ib has been described to be
phosphorylated on its serine 126 by the kinases @diKdhk1. This phosphorylation promote
its protein stability [40]. In addition, anotheudy has reported that ING1b can be degraded
through the 20S proteasome complex. The NAD(P)Hhane oxidoreductase has been
described to inhibit this degradation when INGllpl®sphorylated on its serine 126 [41].
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Moreover, human ING2a protein level has been shtonpe regulated by ubiquitylation. A
member of the E6AP carboxyl terminus ubiquitin §ga (HECT) family named SMURF1
(Smad Ubiquitination Regulating Factor 1) interactgth ING2, inducing ING2
polyubiquitylation and its proteasomal degradatiiNG2a interacts with SMURF1 through
its central region corresponding to the NCR and K& domains while its PHD is the
domain targeted by ubiquitinylation [42]. This dadation could play a more important role
in the pancreas and testis where both ING2a and RMU are highly expressed
[19,21,43,44]. MoreovelSMURF1 expression is amplified in pancreatic cancer [Z4us, it
could be interesting to analyze whether ING2a [moexpression is reduced in pancreatic
cancer because of an enhancement of its degraddiionan increased SMURF1

ubiquitinylation.

ING1 and ING2 statusin human tumors

Most studies have described that ING1 and ING2Zesgion is decreased or lost in
human tumors which argues for a role for ING1 @2 as a tumor suppressor gene [13].

A high frequency of loss of heterozygosity (LOH)tbe ING1 chromosomal region
13934 has been found in head and neck carcinomdsimaresophageal squamous cell
carcinomas [45-47]. Expression INGL1 is frequently lost in breast cancer tumors [1319B,
Most of the time, ING1 expression is lost at theARNMvel. ING1 mRNA status has been
studied using primers targeting exon E2 correspanth all ING1 isoforms or targeting exon
Ela corresponding to ING1b mRNA (Fig.1, S1). Consedly, there is currently no data
available regarding ING1a, ING1c or ING1d statushiman tumors [13]. Less frequently,
some mutations have been foundIdiG1l gene. These mutations occur in the PHD [13,50].
They thus could decrease ING1 binding to H3K4Meg] [see thereafter). Moreover, in
breast cancer and neuroblastoma, ING1 loss has &&sociated with more differentiated
tumors suggesting that ING1 loss is associated pathr prognosis [13,51,52]. In addition, in
oral carcinomas, ING1 loss results in a shift @& finotein localization from the nucleus to the
cytoplasm resulting in the loss of its nuclear tiomms [13,53].

In the case of ING2, a high frequency of LOH af ING2 chromosomal region 4q32-
35.1 has been found in basal cell carcinomas, &adl laed neck squamous cell carcinomas and
in hepatocellular carcinomas [54-56]. ING2 LOH ssaciated with advanced tumor stage in

head and neck squamous cell carcinomas [54]. Bglkino report has shown the presence of
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ING2 mutation in human tumors. But, several studieshdascribed that ING2 is lost at the
RNA level. Indeed, ING2 RNA expression is reducedbreast and ovarian cancers, in
hepatocellular carcinomas and in non-small cell lcaginomas [19,45,53,57]. In melanoma,
loss of ING2 nuclear expression has been repontiedt bemains to be investigated if this is
due to a loss of ING2 mRNA expression [58]. In &iddi no shift of the protein localization
has been reported for ING2 but it remains possbiee it has been described for ING1 and
for other INGs [13,53].

Contrary to its status observed in many tumorsIN@RNA has been once shown to
be overexpressed in brain tumor. It has been agsdcvith a mutation within the NLS. Since
this mutation was located within a consensus phargfdtion site (serine 81), it has been
suggested that ING1b overexpression may be duedisragulation of a post-translationnal
modification [59]. Moreover, in contrast to itsstsobserved in many tumors Kumamoto and
coll., have shown in colon cancer that ING2 mRNApression is upregulated and may
enhance tumor invasion by enhancing Matrix MetdMmteinase 13 expression. KB-
activation was suggested as a possible mechanismptegulate ING2a mRNA [23].
However, it remains unclear how and why ING2 isegiated in colon cancer. These studies
raise a new assumption where ING1b or ING2a coaicehunder certain conditions a role as
an oncogene. This is not restricted to ING1b or 28Gince other TSGs such as E2F1 which
regulates cell death through activation of p53 pin&: pathways have also been described to
support tumor cell migration and invasion whensitaverexpressed, giving it oncogenic
properties [60].

In some cancers, such as in breast and lung cgndEE1b and ING2a expression
decrease could be involved in the tumor initiatsord/or progression [13,45,53,49,58] since
ING1lb and ING2a mRNA loss of expression occursnagéarly stage of tumor development.
Loss of ING1b or ING2a mRNA could be the resultecther misregulation of transcription
factors that regulatéNG1 or ING2 expression or gene inactivation mechanisms such as
epigenetic mechanisms including DNA methylation &mnstone modifications. These losses
could also result from misregulation of microRNAsgeting ING1b or ING2a mRNA since
in gastric cancer miR-622 have been described toedse the ING1 mMRNA expression by
targeting thdNG1 3'UTR [61].

ING1 and ING2 knockout mice
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Development of ING1 and ING2 knockomiice are an interestinign vivo model to
study the physiological role of ING1 and ING2 sirfmgth have been reported to be lost in
human tumors. Moreover, human and mouse ING1b prahuand mouse ING2a are highly
homologous (Fig.S2).

Two models of ING1 knockout mice have been dewadopThe first one was

developed by removing the common exon E2 sharedhéythree ING1 mouse isoforms
(Fig.S1). Thus it results in the absence of theghsoforms (Fig.S1). This model displays an
increased incidence of spontaneous tumors with lyndstcell lymphoma from germinal
center origin [14,15]. They also exhibit a decreastrm of survival in response to six daily
doses of 2.3 Gy of-rays compared to the wild type mice which suggagtsle for ING1 in
DNA repair [14] (see thereafter). In the second etodnly mouse ING1lb has been
inactivated. ING1b-/- mice develop B-cell lymphofram germinal center origin with a high
incidence [14-16]. Strikingly, these ING1b-/- mibave a tumor spectrum slightly different
than ING1-/- mice suggesting a role for mouse INGhal mouse ING1c isoforms by
modulating mouse ING1b activity to prevent tumonggis. These two models of ING1
knockout mice have demonstrated that ING1 functemesindependent of p53. Interestingly,
p53-/-ING1b-/-mice develop, with an incidence of 63%, aggresdiffese large lymphomas
(DLBCL) whereas p53-/- mice develop T-cell lymphamaith an incidence of 60%. In
addition, expression analysis &ax in the thymus, spleen, liver and brain have been
performed in these mouse models in response taimgnradiations. It appears that for all
these tissuefax expression is highly induced in ING1b-/- mice afightly less in ING1b -
/- p53 -/- mice whereas it is not expressed in p58ice [15], suggesting that ING1 induces
Bax expression and consequently apoptosis indeperdehtp53. Thus, because of their
different tumor spectrum, ING1 has p53-dependedtiadependent functions. Moreover, it
seems that they cooperate to suppress DLBCL [16].

Then, a model of knockout mice targeting both Ild@&d ING2b isoforms has been
engineered. Saito and coll. have reported that IINGH#ee develop soft-tissue sarcomas with
an incidence of 46%, and most frequently histiaxygarcomas (28%) [17]. A particular
phenotypic trait was observed in ING2-/- male miCleese mice were infertile. They showed
deficient spermatogenesis, small testes, seminigertubules degeneration, abnormal
spermatozoa motility and morphology from the ageight weeks. Analysis of testes DNA
content showed that ING24estis cells failed to complete meiosis Il and hawvealtered
meiotic recombination. RNA microarray profiling sthed a deregulation of genes specifically

expressed in spermatid and spermatozoa suggestaigING2 could have an effect in
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spermatids and spermatozoa differentiation. Moreogemparisons of public microarray
datasets revealed an association between ING2ialefic and human male infertility.
Consequently, this opens new prospects for a fdl®2 in male meiosis [17].

Since previous reports have suggested a functioteahction between ING2a and p53
[4], the effect of ING2 knockout on p53-dependent andependent apoptosis was also
investigated. ING2-/- germinalells undergo more apoptosis than the WT and tp&d
protein level is increased. It could be the resfiltesticular degeneration in the absence of
ING2 or of novel regulatory interactions betweerGiNand p53. In the aim to determine p53-
independent apoptosis in ING2-/- testes, doubleckoot ING2 and p53 mice were
generated. p53-/- mice do not show spermatogedefast and are fertile. ING2 deficiency in
p53-/- background presents the same abnormaliie®grim of spermatogenesis deficiency
than ING2-/- mice. However, these abnormalitiesevksss severe than those in ING2-/-
mice. Thus, simultaneous loss of ING2 and p53 g@i&ytabrogates the apoptosis observed in
ING2-/- testes. This suggests that ING2 deficiemctestis induces both p53-dependent and
independent apoptosis [17]. These double knockKg@2l and p53 mice should also provide
clues on dependent and independent effects of p&3NG2 in tumor suppression.

Surprisingly, although ING1 and ING2 have a higimology, a different phenotype
has been observed in between thHeseckout mice models. In humaiNG1 andING2 status
have never been fully investigated in B-cell lymptas and histiocytic sarcomas. Such
studies would allow the correlation with the phepeis observed in mouse knockout models.
Double knockout mice for ING1 and ING2 have notrbeagineered yet. This model will

provide clues regarding the potentially redundantfions between ING1 and ING2.

Tumor suppressor functionsfor ING1 and ING2

Since their identification, ING1b and ING2a fumcts have been investigated using
mostly overexpression strategies in human cellslindore recently, downregulation of
ING1lb and ING2a, as it occurs in human tumors hasngnew insight in the understanding
of ING1b and ING2a functions. In this part, we willscuss which ING1b and ING2a
functions define them as a tumor suppressor gendshaw their loss could contribute to
tumor development. Some functions characterize IN&1d ING2a as gatekeepers and others

as caretakers.
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ING1 gatekeeper functions regulate cell cycle, seeece and apoptosis

Among ING1 isoforms human ING1b is the most abmbdarm. Its functions have
been well defined since its identification. Thartksthese studies its status as a tumor
suppressor has been fully established. In contrashan ING1la is less expressed and less
studied. Its TSG status is not as well defined esildGla has just been involved in

senescence. So far, there is no study reportinduancgion for the other ING1 isoforms.

ING1 controls gene transcription

Initially, ING1 has been described to interact hwihe mSin3a/HDAC1-2/Sap30
complex [28,30]. Then, studies of ING2 PHD (seedh#ter) have revealed that ING2 PHD
and of ING1 PHD have a high affinity with H3K4Me23d,27]. Subsequently, the interaction
of ING1 PHD has been better characterized. ING1 RktBracts strongly with H3K4Me3
and more weakly with H3K4Me2 and H3K4Mel [29]. Rgeiion of H3K4Me3 by ING1
PHD has been described to promote ING1 functiock 13 DNA repair and apoptosis [29].
Trimethylated histone is mainly found on transcapally active regions [62]. This
interaction recruits and stabilizes the mSin3a/HDAXZSap30 complex on gene promoters
since ING1 is a stable component of the mSin3a/HDA&CSap30 complex. This leads to
histones deacetylation and gene repression. Rgcemitations of ING1b aminoacid residues
located in the PHD critical for the binding with H8Kle3 [26,27] has been reported to impair
the onset of senescence. These mutations modifyeeifie transcriptome signature after
senescence induction. This signature is enrichexytiokines and chemokines. Thus, during
senescence, the recognition of H3K4Me3 by ING1 mtedi transcription of genes that
induce a secretory response in human primary fiasté [63]. Consequently, regulation of
gene transcription through ING1lb PHD and the mSHB&AC1-2/Sap30 complex may
regulate the induction of senescence (Fig.3). éstangly, ING1la and ING1b regulate histone
acetylation in a different manner. OverexpressibiiNGla decreases acetylation of histone
H3 whereas overexpression of ING1b does not deeraestylation of histone 3. ING1b has
been invoved in histone acetylase and deacetytasplex by interacting with p300 [64] (see
thereafter) and with the mSin3a/HDAC1-2/Sap30 caexpthereas ING1la interacts only with
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the mSin3a/HDAC1-2/Sap30 complex [28,30]. Thus, lHomMNG1 isoform differentially
regulate histones acetylation/deacetylation.

Interestingly, in mouse fibroblasts downregulat@inING1b has been described to
increase the expression Bfcr8 which encodes for an RNA-binding protein regulgtthe
early steps of microRNAs biogenesis. In the absend’G1b, acetylation on histone H3 and
histone H4 in theDgcr8 promoter was described to significantly increasgggesting that
ING1b contributes to the transcriptional represaddgcr8 by inhibiting histone acetylation
through the recruitment of deacetylase complexbss [Bads to the deregulation of miRNAs
expression [65]. The deacetylase complex involvethé regulation of ING1b-dependent H3
and H4 acetylation has not been identified but migh the mSin3a/HDAC1-2/Sap30
complex. Moreover, deregulation of the microRNA imaery is well characterized in tumors
[66]. Thus, this is a new pathway by which INGlbwdoegulation could promote
tumorigenesis. Moreover, in mouse mammary epithebds ING1b has been described to
negatively control the expression ojfclin B1 and the proto-oncogene DEK, a nucleic acid
binding protein [67]. The mechanism involved remaing&nown but may occur through the
mSin3a/HDAC1-2/Sap30 complex. In addition, ING1Is béso been reported to interact with

pl6 promoter and upregulated6'NcK*?

expression in 2BS fibroblasts in a p300-dependent
manner that lead to induction of cellular senesedi68]. Interestingly, ING1b have been
reported to interact with p300 acetylase [69] (Hesreafter). As a consequence, it could

promote p300 anchorage ph6 promoter to acetylate this regitmactivategpl6 expression.

ING1b regulates p53 activity

Initially, ING1b overexpression has been describedhhibit cell growth in various
cell lines [3,70,71]. Then, ING1b was involved jpoatosis caused by serum starvation [72].
Interestingly, compared to young fibroblast the leefdNGla mRNA in senescent fibroblast
is enhanced; whereas, ING1b mRNA is decreased. #\lizks been reported to promote a
senescent phenotype in human fibroblast whereasliNas involved in the induction of
apoptosis [73,74]. Later, ING1b was also involvedhie maintenance of cellular senescence.
A stable and moderate overexpression of ING1b imngohuman fibroblasts induces
senescence in a p53-dependent [63,75]. In additoexpression of both ING1b and p53 in
H1299 cells induces more cell death in respongbdcadryamycine than these two proteins

alone, suggesting a close collaboration of these gvoteins [76]. Thus, INGla has been
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involved in the control of senescence in a p53-ddpet manner and ING1lb has been
involved in the regulation of apoptosis and seneseein a p53-dependent manner.
Interestingly, coexpression of mouse ING1b and IblGas been reported to activats3
transcription more efficiently than mouse ING1b amoluse ING1c alone [76,77]. It is not yet
clear how mouse ING1c collaborates with mouse INGdld, since mouse ING1c is the
truncated of N-terminus of mouse ING1b, it couldtlv@ugh its C-terminal domain (Fig.S1).
Thus human and mouse ING1 isoforms have been iadoiv p53-dependent regulation of
cell cycle, apoptosis and senescence.

In addition, overexpression of human ING1b in HJA2xpressing p53 increages3
andp73 expression [76]. Thus, ING1b may also regulatetthescription of two members of
the p53 protein family which have also tumor suppog functions [78-80]. Thereafter,
human ING1b has been described to regulate p53&tgdtirough three different mechanisms.
Firstly, human ING1b interacts with p300 acetylas@romote p53 acetylation on lysine 382.
p53 acetylation activates transcription factor fiorts to regulatg2l andBax expression to
induce cell cycle arrest and apoptosis [69,71] .@igMoreover, human ING1b associates
which SIRT1 (also known as hSir2) and competitiviellgibit SIRT1 association with p53
[69,81]. SIRT1 is a histone deacetylase descrilzeddacetylate p53. This results in the
inhibition of p53 deacetylation contributing in theaintenance of p53 activity such as
activation of transcription op21 andBax (Fig.3). Finally, human ING1b may regulate the
ARF - MDM2 - p53 pathway. ING1b interaction with®5as been proposed to compete with
MDM2 - p53 interaction [77]. MDM2 has been descdlie ubiquitinylate p53 in order to
mediate its degradation through the proteasomeersy$82]. More recently, an ubiquitin
interaction motif (UIM) has been described as aarlapping region on the PBR in the C-
terminal domain of ING1b. Through this region INGbinds monoubiquitinated p53 to
prevent its polyubiquitination [83]. Thus, througheir interaction, ING1b stabilizes p53
[77,83]. Then, ARF has been suggested to interéttt WG1b to alter its localisation from
the nucleus to the nucleolus [77,84] (Fig.3). Furtime, ING1b has been described to
interact with p53-related proteins p63 and p73 & as p53 [76]. Consequently, ING1b
could regulate p63 and p73 activity through simitagchanisms than those involved in p53

regulation. However, it needs to be investigated.

ING1b regulates cell growth and apoptosis independently of p53
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ING1lb decreases cell proliferation through p53etelent mechanisms but also
through p53-independent mechanisms. Human ING1lespeession in H1299 p53-null cells
have been reported to decrease cell growth. Moreoveesponse to adryanamycine, a DNA
damaging agent, it enhances the blockage in G2/Mckgént [76]. In addition,
downregulation of ING1b in p53 null glioblastomallsehas been reported to increase
apoptosis in response to cisplatin [37,85]. ConsaityyéNG1b regulates cell growth and
apoptosis in a p53-independent manner.

Moreover, overexpression of human ING1b inducesesgion ofHeat Shock Protein
70 (HSP70). The N-terminal region of ING1b containing thePPand the PBD has been
reported to be required for the induction HEP70 expression; whereas, the PHD and the
PBR were not [86]. HSP70 has been reported to inNib-xB signalling [87,88]. Thus, by
regulating HSP70 expression ING1b could indirectgulate NFR<B-dependent cell growth
and apoptosis [37,86] (Fig.3).

Human ING1b interacts with CSIG (Cellular Seneseemhibited Gene) through its
NTS. CSIG is a nucleolar protein which has been lirad in the regulation of cellular
senescence [89]. Human ING1b overexpression inese&SIG protein stability and its
downregulation decrease CSIG protein level. Thereraction and the maintenance of CSIG
protein level by ING1b is required to activate Baxd apoptosis in response to ultraviolet
(UV) [90] (Fig.3).

ING1 caretaker functions regulate DNA repair inp@sse to UV

Originally, ING1b expression has been reported to be enhanced ionsspo UVB in
mouse keratinocytes and in MMRU melanoma cell lif#0,91]. Human ING1b
overexpression was described to enhance repairveflditnaged DNA in a p53-dependent
manner. Interestingly, ING1b binds Growth Arrest &@NA Damage 45 (GADDA45) but not
Xeroderma Pigmentosum A (XPA) and XPB [91] (Fig BADD45 has been described as a
cofactor to promote DNA demethylation during Nutide Excision Repair (NER) without
any demethylase activity [92]. The mechanism byclwHNG1b collaborates with GADD45
to mediate NER remains unknown. In addition, INGHD domain has been shown to play
an essential role in NER. In fact, truncation oGiNo PHD abrogates DNA repair in response
to UV-induced damage [93]. We thus could hypotleetiat the involvement of ING1b PHD

in the regulation of DNA repair in response to Uduld be through its interaction with the
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the mSin3a/HDAC1-2/Sap30 complex [28,30]. Interegti, ING1b has then been shown to
regulate H4 acetylation to promote global chromaélaxation to allow XPA recruitment
[94]. A more recent study has described that dogulegion of ING1b decreases PCNA
monoubioquitination and sensitizes cells in respamsUV during S phase [95]. Defect of
ING1b results in chromatin break and sister chramaxchange in response to UV. The E3
ubiquitin ligase Rad18 is known to mediate PCNA owdroquitination in response to UV to
ensure lesion bypass and error prone DNA replind®6,97]. In fact, ING1b is required for
the loading of Rad18 on chromatin at replicatioressiupon replication stress to mediate
PCNA monoubiquitination. A strong regulation of dBd H4 acetylation by ING1b has been
reported to support Rad18-dependent PCNA ubiquion [95] (Fig.3). Therefore, ING1b
facilitates NER and regulation of DNA replicatiopan UV stress through regulation of
histone acetylation. Two mechanisms of such reguiatould be considered. Firstly, ING1b
through its involvement in the mSin3a/HDAC1-2/Sapdimplex could regulate histone
acetylation and thus allow the access of GADD45 Rad18 to the chromatin. The second
hypothesis is through ING1b interaction with p3DG1b has been described to interact with
p300 and its overexpression has been reportedetioRCNA - p300 interaction in response to
UV [64]. By regulating PCNA-p300 interaction, INGtbuld also regulate H4 acetylation in
response to UV-induced DNA damage to facilitate ®¥5 and Rad18 accessibility to the
chromatin but it needs to be experimentally conéidm

Interestingly, ING1b interacts also with PCNA thgbuits PIP domain. Mutation in
the PIP domain decreases apoptosis in respons&/ ta'is, binding between ING1b and
PCNA is necessary to mediate apoptosis in resptmsdV. Moreover, this interaction
strongly increases in response to UV and could eenpiith other PIP containing proteins
such as p21 known to regulate the switch from DNe&plication to DNA repair.
Consequently, ING1b-PCNA interaction was proposedegulate the switch from DNA
replication to DNA repair by altering the compasitiof the replication protein complex to
promote apoptosis [34]. In addition, pi5 associates with both PCNA and ING1b in
response to UV. pf5™ possesses a PIP domain and has been describethpete with p21
for PCNA binding when overexpressed [98]. Since RCN organized as a ring-like
homotrimer, it contains three binding sites fortpnes having a PIP motif [99,100]. It has
been proposed that the association of PCNA with Ibl@®gether with p1%" could more
efficiently compete with the binding of PCNA andlp201] (Fig.3).

To conclude, ING1b regulates DNA repair in resgotts UV through its interaction
with GADD45 and PCNA and through the regulationhigtone acetylation. How ING1b
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regulates histone acetylation in response to UVaresmunsolved but it is clear that ING1b
promotes the remodelling of the chromatin structor@rovide accessibility of DNA repair
factors. Thus, it also interacts with some factmrpromote their recruitment and/or their

function.

ING2 gatekeeper functions regulate cell cycle, seeece and apoptosis

Initially, ING2a has been shown to negatively Hatgi cell proliferation because it
enhances p53 transcription [4]. Subsequently, thratgyinteractions with HDACs and with
acetylases, ING2a has been involved in the reguaif genes involved in cell cycle control,

senescence and apoptosis.

ING2 controls gene transcription

ING2a has been shown to interact directly withidnes to regulate gene transcription.
ING2a PHD is necessary and sufficient for a strontgraction between ING2a and
H3K4Me3 and a weaker interaction with histone mamodimethylated on lysine 4 [27].
Trimethylated histone mark is mainly found in tramgtionally active regions [62]. This
interaction recruits and stabilizes the mSin3a/HRDAZSap30 complex on gene promoters
since ING2a is a stable component of the mSin3a/G8DA&/Sap30 complex. This leads to
histones deacetylation and gene repression [2®271,04] (Fig.3). Interestingly, ING2 male
KO mice germinal cells show an impaired expresstbnHDAC1 during spermatocyte
differentiation. It results in the accumulation adetylated histones associated with meiosis
arrest [17]. This highlights the significance ofGRa in histones acetylation/deacetylation
process to regulate gene expression. ING2a invawern chromatin remodeling through the
mSin3a/HDAC1-2/Sap30 complex could thus changeativessibility of transcription factors
to the chromatin or could allow the accessibilibydther chromatin remodeling factors to
modify transcription factors expression and/or uéarent. Indeed, epigenetic changes have
been described to contribute to carcinogenesis [I4)s, ING2 loss, as it occurs in tumors,

could trigger epigenetic modifications participatin the tumorigenesis process.
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Through this mechanism ING2a regulgb@& transcription since ING2a is critical for
the binding of the mSin3a/HDAC1-2/Sap30 complexhtop2l promoter. Indeed, the use of
suberoylanilide hydroxamic acid (SAHA), a histoneadetylase inhibitor, causes the
dissociation of ING2 from the mSin3a/HDAC1-2/Sap&inplex resulting in the disruption
of the binding of the mSin3a complex from tp21 promoter [103]. Moreover, ING2a
sumoylation by Small Ubiquitin-like MOdifier 1 (SUBM) on Lysine 195 has been described
to enhance the interaction between ING2a and mSib3a). Effects of SAHA on ING2a
sumoylation need to be explored to clarify whetiNgg2 disruption is not a consequence of a
modification of its sumoylation status. It is alpossible that ING2 sumoylation regulates
other interactions between INGa and other partizersgulate other ING2a functions. Indeed,
ING2 sumoylation site is located in a potential Rimsylation Dependent Sumoylation
Motif (PDSM) [106]. Thus ING2a could be sumoylatau Lysine 195 in a manner dependent
on its phosphorylation on Serine 201. Interestinttg same PDSM motif is also present on
ING1. In this case the serine residue has beenrstoWwe phosphorylated in order to regulate
ING1 export from the nucleus. Interestingly, ituks in a decrease @21 expression [32].
Therefore, since ING2a sumoylation has been shawregulate its interaction with the
mSin3a/HDAC1-2/Sap30 complex, ING2a potential phasplation on Serine 201 could
also regulate its interaction with mSin3a and cquoseatly p21 expression. An independent
study has shown that ING2a downregulation indubesdecrease @21 expression and thus
accelerates the progression of cells from G1 tth&e. Binding of ING2a to H3K4Me3 has
been proposed as a mechanism to regulate the @hSition by regulatingp2l expression.
Indeed, downregulation of WD40-repeated protein VBD®Rhich recognizes lysine 4 of H3
to facilitate methylation of lysine 4 of H3 or siftaneous downregulation of WDR5 and
ING2a accelerates cell progression from G1 to Ss@ha the same manner than ING2
downregulation [107] (Fig.3).

ING2a regulates cell proliferation also by regugtTGF{3 dependent transcription.
TGF{ regulates homeostasis and has tumor suppressoerpespsuch as inhibition of
proliferation, vessels formation and regulatiorapbptosis. Dysfunction of TGEsignaling
has been implicated in cancer development [108lsTln response to TGF-signaling,
ING2a binds SnoN (Ski-like oncogene), a Smad-imtémng transcriptional modulator,
through its PHD domain. SnoN binds ING2a to forrooanplex that associates ING2, SnoN
and Smad2. Consequently, Smad2 enhances fF@pendent transcription that contributes
to the inhibition of cell proliferation [109] (Fig). Interaction of ING2a PHD with SnoN
could compete with ING2 PHD interaction with the inf2/HDAC1-2/Sap30 complex. Thus
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HDAC1-2 would not be recruited to TGFdependent gene promoters and would not be able
to acetylate chromatin to inhibit their transcroti Thus, ING2 loss, as it occurs in human
tumors, could allow cancer cells to escape from@&¥yEGFf dependent regulations.

To summarize, through the regulation of chromegimodelling on promoter of genes
such agp2l and TGIB-responding genes, ING2a regulates expression régyavolved in

cell cycle control.

ING2 regulates acetylation of p53 and p73a« to inhibit cell growth

ING2a is involved in signalling pathways that rizge other gatekeeper TSG. Initially,
ING2a was characterized as being involved in th&-gépendent pathways [4]. ING2
overexpression in young fibroblast arrests cebihand induces senescence with a phenotype
similar to p53 overexpression while siRNA targetinyG2 decreases senescence.
Mechanistically, ING2a interacts with the p300 gitednsferase to enhance p53 acetylation
on lysine 382 to increase transcription of p53aagenes particularlg2l andBax to control
cell cycle arrest, senescence and apoptosis [4(El®B). Moreover, a mechanism involving
PtdinsP has been reported to regulate ING2-p53raiepe pathway. ING2a has been
described as a nuclear receptor to PtdInsP sinogertacts with Ptdins(5)P through its PBR
region [25,111]. In response to exogenous stresesp38 kinase pathway is activated to
regulate phosphorylation of Ptdins(5)P resultingmnincrease of nuclear Ptdins(5)P. p38 has
tumor suppressor properties since it has been idedcto regulate cell proliferation and to
negatively regulate cell cycle progression of b&th'S and G2/M checkpoints [12]. Nuclear
PtdIns(5)P increase induces ING2a accumulatioh@éachromatinThis interaction modulates
the ability of ING2a to regulate p53 acetylationrdsults inp21 expression and cell death
activation [25,112] (Fig.3). Interestingly, INGlba$ also been shown to interact with
PtdInstP(5)P through its PIP [25]. Thus, as INGR¥&1b through its interaction with
PtdInstP(5)P could have an accumulation to therohtm and then modulate the acetylation
of p53. Moreover, ING2a has been also describduktable to bind chemically synthesized
analogues of the PtdIinstP(5)P [113,114]. Interghtira simultaneous reintroduction of ING2
and PtdInstP(5)P or PtdInstP(5)P analogues in HO1@8ls enhances cell death in response
to DNA Damage [114]. In the context of anticanderapies, the concomitant reintroduction
of ING2 toghether with PtdinstP(5)P or PtdinstP(&jfalogues could be thus a strategy to be

considered (see discussion).
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p73 belongs to the p53 protein family and has tumorpeegsor properties. It
regulates transcription of genes involved in cgltle arrest and in apoptosis suchpag,
PUMA and Bax [78]. The p78 protein is activated in response to N-methyl-Ni-@HN-
nitrosoguanidine (MNNG), a genotoxic agent. A studpgorted that in response to MNNG
treatments, in cell lines not mutated for p53, INGaupregulated in a dose and time
dependent manner. In response to this genotoxiatagdG2a is not required for p53
induction and acetylation but it is required foe timduction and the acetylation of pr/8
promote cell death. It remains unclear through Wwhacetylase ING2a facilitates pr3
acetylation. Since p@3has been shown to be acetylated by p300 to medoék death, and
since ING2a has been reported to interact with g80@ediate p53 acetylation [110], p300 is
a good candidate which will need to be tested [115,1

To conclude, ING2a regulates p53 and 7&etylation and as a consequence
regulates transcription of genes involved in celtle arrest, apoptosis or senescence.
Interestingly, p300 has also been describes as BWi#ich can acetylate H2A, H2B, H3 and
H4 [117,118]. Thus, ING2a could also regulate, tigto its binding with H3K4Me3, the
anchorage of the p300 to allow acetylation of dpegenomic area to regulate gene
transcription. A competition with the mSin3a/HDAQ1Sap30 complex in response to

different exogenous or endogenous signals or ssessuld thus occur.

ING2 caretaker functions maintain genome stability

Two set of studies have shown the involvement @2Nn DNA replication and NER

suggesting that it may also act as a caretaker TSG.

ING2 regulates DNA replication

ING2a downregulation experiments have shown arairagd normal DNA synthesis
because of a reduced replication speed duringltimgation process. Indeed, ING2 interacts,
through its NCR domain, with Proliferating Cell Near Antigen (PCNA) which acts during
elongation by regulating DNA polymerases procesidMNG2a regulates its recruitment to
the chromatin and is thus necessary for the optimnagression of DNA replication forks
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[119] (Fig.3). How ING2a regulates PCNA recruitmeéatthe chromatin remains unsolved.
One hypothesis is that ING2a could regulate PCNAviag by regulating its post-
translational modifications. Interestingly, p30GHzeen shown to bind PCNA [120]. Thus, as
observed for the activation of the transcriptioatdas p53 and p#3 ING2a could allow the
acetylation of PCNA on replication forks, may beotigh p300 acetylase, to enhance PCNA
activity. In addition, a model has been propose@rhING2, ING4 and ING5 could be
involved at different steps of the normal replioatiprocess [121]. Indeed, since both ING4
and ING5 have been described to be part of HAT dexes, they could allow histone
acetylation around replication origins. Then, tiedaxed chromatin state would allow the
recruitment of the MCM helicase complex which iats to ING5 [104]. Afterwards, thanks
to its interaction with ING2a, PCNA would reguldtee polymerase processivity [119,121].
ING2 which interacts with p300 acetylase could alsgulate local acetylation around the
replication forks. Moreover, depletion of ING2a ults in a high frequency of genome
endoreplication, sister chromatid exchange and aclation of DNA double strand breaks
[119] (Fig.3). Consequently, loss or downregulatafriNG2, as it occurs in human tumors,
slows down the replication process, contributing genomic instability which could

contribute to tumorigenesis.

ING2 isinvolved in NER in response to UV

ING2a plays an important role in DNA repair inpease to UV. It was firstly shown
that ING2 overexpression increases NER in resptmsdV in a p53 dependent manner;
whereas, downregulation of ING2a decreases NERi@ifity in response to UV. However,
ING2 does not colocalize with UV-induced DNA damalystead, ING2a is required for H4
acetylation and chromatin relaxation in respondd\fao facilitate the recruitment of XPA to
photolesions [122]. More specifically, ING2a LZL rdain has been shown to be critical for
this process while its PHD moitif is dispensablee Heletion of ING2a LZL decreases NER
efficiency and apoptosis induced by UV-damage.esponse to UV-DNA damage, ING2a
LZL domain binds p53 and mediates the interactiawéen p53 and p300 acetylase in order
to stabilize them to the chromatin [122,123]. TN&Ra LZL domain is also required for H4
hyperacetylation and chromatin relaxation to prembER [123] (Fig.3). Moreover, the
association between p53 and p300 has also beennstmvbe involved in H3 histone

acetylation [124]. Thus, by mediating the assooratbetween p53 and p300 in response to
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UV, ING2 could facilitate the anchorage of p300specific genomic sites to support H3 and
H4 hyperacetylation to promote the accessibility\N&R factors to the chromatin. Moreover,
PCNA is involved in several steps of NER DNA sysiseInterestingly, Hasan and coll. have
reported that PCNA interacts with p300 to promolADsynthesis after UV irradiation [120].
Because ING2 regulates PCNA recruitment to the chtonduring the replication process
[119], it could also regulate PCNA interaction wgBO0 and its recruitment for the NER.
Additional experiments will be required to complétese results. In fact, these results have
mostly been carried out using ING2a overexpressiwategies which is known to have
supraphysiological effects. For example, ING1lb dN&G2a were firstly described to be
involved in p53-dependent apoptosis whereas siRbiAlksnockout studies have shown that
both ING1b and ING2a are also involved in p53-irefetent apoptosis. However, since the
expression of ING2 is lost in melanoma [58], it Wbbe interesting to analyse at which step
of skin cancer development ING2 has been lost teraene if a loss of its NER function has

been playing any role in the tumorgenesis process.

Crosstalk between ING1 and ING2 tumor suppressutions

ING1 and ING2 are two tumor suppressor that haatelgeper and caretaker TSG
functions. Both ING1b and ING2a are stable comptseh the mSin3a/HDAC1-2/Sap30
complex and thus both regulate gene transcripti®imce ING1lb and ING2a do not
coprecipitate together, they are exclusive compwnari the mSin3a/HDAC1-2/Sap30
complex. The reason that explains why both are lu& in these complexes remains
unknown. Depending of the cellular context, theyldohave complementation effects to
regulate gene expression suclp2t expression. They also could target different prarsoto
regulate the expression of different genes. Intergly, in Yeast, Pho23, the ING yeast
related to ING1 and ING2 iSaccharomyces cerevisiae [8], has also been purified as a stable
component of Rpd3/HDAC complex. Rpd3 is the catalydtomponents of the yeast
Sin3/HDAC complex [104,125]. Consequently, the aggmn of ING1 and ING2 with the
Sin3/HDAC complex is conserved from Yeast to Hunsaggesting that this function has
been critical for epigenetic regulation throughth# evolution.

Interestingly, both ING1b and ING2a regulate p&8st, ING1b and ING2a both
regulate acetylation of p53 to regulate cell cyepoptosis and senescence [63,75,110,126]

22



Guérillon et al., 2013

(Fig.3). Since ING2a regulates pvacetylation [127] and ING1lb has been described to
interact with p73 [76] it is possible that INGllgwates also p73 acetylation. ING1b has also
its own functions to mediate p53 activity since itmelvement of ING2 in the ARF - MDM2

- p53 pathway has never been demonstrated [77183ddition, by interacting with the
acetylase SIRT1, ING1b inhibit SIRT1 — p53 intel@cttresulting in the maintenance of p53
acetylation [81,69] (Fig.3). Interestingly ING2asha@lso been described to bind SIRT1 [81]. It
remains thus possible that ING2a may, as ING1bbi8IRT1 association with p53.

By controlling acetylation of histones and by rging transcription factors activity
or protein expression level, ING1b and ING2a reguteanscription of genes involved in cell
cycle arrest, apoptosis and senescence. Conseguidi@1b and ING2a act as gatekeeper
TSGs. Their loss may confer growth advantage becatithe loss of transcription control of
these genes. Thus, cells lacking ING1b or ING2ddcbypass cell cycle checkpoint controls,
proliferate and be positively selected (Fig.4).

Interestingly, the two close homologs ING1b andsRé are both involved in the
regulation of DNA replication through two indepentemechanisms. Initially,ING1
expression was described to be cell cycle-depentieréxpression is increased from G1 to S
phase and then decreases in G2 phase [126]. LdtBRa expression was shown to also be
dependent of the cell cycle, ING2a expression lmaned in S phase reaching a maximum in
G2 phase [119], suggesting an involvement of b&ie1b and ING2a in the S phase.
Actually, ING2a has been described to be necessaryregulate DNA replication
independently of exogenous stress [119]; wher@®#S,Lb mediates replication in response to
UV [95]. Consequently, ING1b and ING2a have specifunctions involving them in
replication. However, why ING2a but not ING1b isahved in the progression of the normal
DNA replication forks remains unknown. One hypotbegould be that because ING2a does
not possess a PIP domain, it does not interferle atther PIP proteins in response to DNA
damage and consequently it does not regulate tlitehsitvom DNA replication to DNA
repair. However, a recent nuclear magnetic resaanedy demonstrated that ING1b PIP
binds PCNA with a very low affinity, probably besauING1b PIP motif lacks a second
aromatic residue usually presents in the canori®d@l motif [128]. Strikingly, it is ING2a
NCR domain, also found on ING1b, which has beerolired in the interaction between
ING2 and PCNA [119]. Since interaction of ING1lb Pd#®main with PCNA has been
demonstrated using only ING1 PIP mutant [34] anttesithis interaction has a very low
affinity [128] (Fig.3), it would be of interest tiest whether the ING1b NCR domain could

mediate or facilitate the interaction with PCNA.réimains also possible that the interaction

23



Guérillon et al., 2013

between ING1b and PCNA is promoted by post-trammsiat modifications or by other PCNA
interacting proteins.

In addition, ING1b and ING2a have both been inedlun the regulation of NER
through regulation of histone acetylation. ING1ll dNG2a could either collaborate or act
independently to regulate NER but it remains to dxperimentally verified. Moreover,
because both are also involved in the mSin3a/HDRGBP30 complex in response to
exogenous stress, it would be interesting to umaedshow the switch toward one or the other
complexes is carried out and how the ING1b and IAl@2ols are distributed to regulate
histone acetylation and deacetylation.

Altogether, these studies involve ING1b and ING2ahe regulation of chromatin
acetylation to promote a favourable chromatin stiadé allows the access of DNA replication
or DNA repair proteins to DNA thus contributing t@enome stability maintenance.
Deregulation of DNA repair and DNA replication dtactions which are closely associated
with early steps of tumorigenesis [1,129]. Earlgdmf ING1b and ING2a expression, as it
occurs in human tumors may contribute in an enlraeoé of genome instability and could
initiate the tumorigenesis process. Then, the aataton of later events such as passenger
mutations and DNA modifications will promote thevd®pment and the progression of

cancer (Fig.4).

Conclusions and futuredirections

Originally ING1 was identified with the aim to identify new tumsuppressor genes
[3]. Then, studies conducted on ING1b about ittustan tumors and its functions have fully
established the status of ING1b as a tumor supprés3,37]. Later]NG2 has been identified
thanks to a high homology to the tumor suppressmedNG1l. SubsequentlyNG2 was
characterized as a “candidate” TSG. Since, stutke® demonstrated that, both ING1b and
ING2a are frequently lost in human tumors and thath knockout mice models
spontaneously develop B-cell lymphomas and sdftiéssarcomas respectively [13-17]. In
addition, the better understanding of ING1b and Zd®iological functions has contributed
to confirm their TSG status. Interestingly, a stilyolving ING1 in a mechanism is most of
the time also true for ING2. Indeed, ING1b and INGghich regulates cell cycle, apoptosis
and senescence, have thus been defined as a gueR&S (or type 2). Recent studies have
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also shown ING1b and ING2a involvement in the neiahce of genome stability by
regulation of both DNA replication and NER. Accargdly, as its close homolog ING1b,
ING2a has also been defined as a caretaker TS@p@12).

Consequently, as they are TSGs, the loss of IN@1IDG2a in human tumors could
be involved in the tumorigenesis process. On omal hiwss of ING1b and ING2a caretaker
functions could enhance genome instability that @anitiate tumorigenesis, while loss of
ING1b and ING2a gatekeeper functions would alloWisde bypass cell cycle checkpoint and
apoptosis to be positively selected (Fig.4). Howgkiew and why ING1b and ING2a are lost
in tumors remains unclear. We still do not know ethmechanism that initiates ING1 and
ING2 loss. Genetic and epigenetic susceptibilityvall as environmental factors are probably
involved in this process.

Recent studies have allowed a better understandinfundamental cellular and
molecular mechanisms in which ING1b and ING2a awelved such as cell cycle regulation
and DNA repair. A better understanding of theirtpio structure has allowed the association
of their protein domains with their functions. Howee, the specificity of these proteins has
not yet been fully established, e.g. we still da kiwow the usefulness of the NCR domain
present only on ING proteins. No ING1b or ING2atphno enzymatic activity has been
identified. Instead, ING1lb and ING2a could be festdhat promote acetylation or
deacetylation of histones and transcription factoractivate these proteins and/or to allow a
favourable chromatin state to regulate gene trgstgmm or DNA replication and DNA repair.
Moreover, we still do not know how ING1b and ING&a involved in different complexes.
It has not yet been established whether ING1b @&2&l could be free or only in complex.
Further, it is not known how ING1lb or ING2a exchanpetween protein complexes is
processed. Post-translational modifications suclplassphorylation or sumoylation could
regulate either this exchange or their targetingarol® a protein complex rather than another.

Since ING1b and ING2a are TSGs, they are intergsproteins to look at in the
context of anticancer therapies. First of all, INGAnd ING2a could be used as a biomarker
for cancer diagnosis. EstablishiflgG1l andING2 status in tumours could also be important
for the therapeutic choices. It could allow thenitféecation of defective signalling pathways
in tumor cells which would be targets of interest freatment. Interestingly, a recent study
has revealed that simultaneous overexpression GfliNand treatment with 5-azacytidine
synergize to block the growth of breast cancerloedls and mouse tumor xenografts. ING1b
could be used of a therapeutic agent since it ez@sathe efficacy of 5-azacytidine [130].

Moreover, since ING1b and ING2a are lost or downlagd at the RNA level in human
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cancers [13], an interesting strategy would beetexpress ING1 or ING2 or to stabilize their

protein level. ING2a has already been describedind PtdinstP(5)P analogues [113,114].
Since, their concomitant reintroduction into HT10&8Is have been reported to enhance cell
death in response to DNA damage [114], a possitolgegy would be to simultaneously

reintroduce ING2 and PtdInstP(5)P analogues in tuoetls to enhance tumor cells death
[112,114].
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Legend to Figures

Figure 1: Structure of Human ING1 and ING2 genes, mMRNAs and proteins.

A. ING1 human gene. Elc, E1d, Ela, Elb, dt1B2 are respectively Exon 1lc, Exon 1d,
Exon la, Exon 1b, Exon dband Exon 2B. ING1b human mRNAC. ING1b human
protein. ING1b protein contains a PIP and a PBi2simlN-terminal part, a NCR and a NLS in
its central region and a PHD and a PBR in its Gieal part. This figure of ING1 is
simplified, the full version has already been psitedid [13] and can also been found in Fig.S1.
D. ING2 human gene. E1, E2 are respectively ExondlEan 2. Exon 1a promoter contains
two p53 Binding Site (p53BS) and a MB- Responsive Element (NREE. ING2 human
MRNASs. F. ING2 human proteins. ING2a contains a LZL in itge@minal part. ING2a,
ING2b possess a NCR and a NLS with three NTS, a RHD finger motif and a PBR.
ING2a and ING2b are both represented in this figumee ING2b has never been included in
a scheme describing ING2 proteins since its idieatibn. On genes and mRNAs, none
coding regions are in yellow and coding regionramesented in purple. Each mRNA variant
is represented with its name on the left and itegbank accession number on the right. Each
protein is represented with its characterized domauith its name on the right and with its

molecular weight, and its Genebank accession nuorbére left.

Figure 2. Sequences alignment of human ING1b and ING2 genes and proteins.

A. cDNA sequences alignment of human ING1b and ofdruiNG2a and ING2[B. Amino
acid sequences alignment of human ING1b and INGR2hING2b. All Alignments were
carried out using CLUSTAL 2.1 multiple sequencegm@inent software. Asterisks mean a
perfect alignment between each sequence. The RiBlased in pinked purple; the LZL is
colored in green; the PBD is colored in blue; thERNis colored in purple; the NLS is
highlighted in blue; the three NTS are colored inehl The REASP aminoacid motif is

colored in pink; the PHD is colored in red and BH&R is colored in orange.

Figure 3: ING1 and ING2 gatekeeper and caretaker TSG functions.

Human ING1b and ING2a are represented with théeratting proteins to modulate their
gatekeeper and caretaker functiods. ING1b gatekeeper functions. ING1b regulate p53
activity through regulation of its acetylation statby interacting with p300 and SIRT1.
ING1b regulates also p53 protein stability by intily p53 MDM2-dependent degradation.
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In response to genotoxic stress ING1b interactd wihite the mSin3a/HDAC1-2/Sap30
complex through its NCR and with H3K4Me3 through®HD to regulate gene transcription.
ING1b caretaker functions. In response to UV INGilhds GADDA45 to promote NER. It
also interacts with PCNA to facilitate its monoubtmylation. ING1b interaction with
PCNA may also promote the switch from DNA replioatto DNA repair in response to UV.
B. ING2a gatekeeper functions. Under stress condifitdG2a binds the PIP5 through its
PBR to promote its accumulation to the chromatine; ING2a interacts through its LZL
with the acetylase p300 to support p53 acetyladiot the transcription of genes involved in
cell cycle arrest, apoptosis and senescence. Strdased by MNNG treatment regulates
ING2a to induce p73 acetylation in order to activate transcription ggnes involved in
apoptosis. Genotoxic stress regulates ING2a taaatewith the mSin3a/HDAC1-2/Sap30
complex and with H3K4Me3 through its PHD to regelgene transcription. In response to
TGF4 signaling, ING2a binds SnoN through its PHD tmwallthe interaction between SnoN
and Smad2 in order to inhibit T@Fdependent transcription resulting in inhibition ail
proliferation. ING2a caretaker functions. ING2a LA involved in NER in answer to UV
stress. ING2a can also interact with PCNA to enflugenormal progression of the replication
fork and to maintain genome stability. When the donof interaction with ING1b or ING2a
is unknown the protein is represented below the eproscheme. Me and Ac mean
respectively methyl group and acetyl group.

Figure4: ING1 and ING2 tumor suppressor functions.

In normal cell growth or stressed conditions INGH #NG2 regulate DNA replication and/or
DNA repair to maintain genome integrity. Exogenoughysiological stress activates ING1
and ING2 to regulate cell proliferation through #aivation of cell cycle arrest, senescence
or apoptosis to prevent tumor transformation. Cqueatly, ING1 or ING2 loss, as it occurs
in human tumors triggers loss of its functions. FHNG2 loss contributes to disregulation of
cell growth and to enhance genome instability. @gasntly, ING1 and ING2 act as tumor
suppressor genes of type | or “caretakers” as altype Il or “gatekeepers” to prevent

tumorigenesis.
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L egend to Supplemental

Figure S1: Structure of Human ING1, mouse ING1 and ING2 genes, mRNAs and
proteins.

A. ING1 human gene. Elc, E1d, Ela, Elb, d#1E2 are respectively Exon 1c, Exon 1d,
Exon 1la, Exon 1b, Exon dband Exon 2. Exons E1d and Etlbf ING1v2 and ING1v5 are
represented in orange. They both code for the saotein ING1c (ING1v2/v5) as their ATG
on E2 is the sama. ING1 human mRNAsC. ING1b human protein. All ING1 protein
isoforms contain a NCR and a NLS in their centeglion and a PHD and a PBR in their C-
terminal part. ING1b is also composed of a PIP areBD in its N-terminal parD. ING1
mouse gene. Ela, Elb, E2 are respectively Exoridalc and Exon 2E. ING1 mouse
MRNASs.F. ING1 mouse proteins. The three mouse ING1 isofquossess a NCR, a NLS, a
PHD and a PBR . In addition, mouse ING1b contair®lR2 and a PBD in its N-terminal
domain.G. ING2 mouse gene. Ela, Elb, E2 are respectivelynBxg 1b and Exon 2.
ING2 mouse mRNAsL. ING2 mouse proteins. ING2a contains a LZL in itse@ninal part.
ING2a possesses a NCR and ING2b is truncated aftaopthe NCR domain. Both ING2a
and ING2b are composed of a NLS containing thre&N& PHD zinc finger motif and a
PBR. On genes and mRNAs, none coding regions argellow and coding region are
represented in purple. Each mRNA variant is reprieskwith its name on the left and its
Genebank accession number on the right. Each pritaepresented with its characterized
domains with its name on the right and with its @solar weight, and its Genebank accession

number on the left.

Figure S2: Sequences comparison between human and mouse ING1b or ING2 cDNAs
and proteins.

A. Human ING1b and mouse ING1 cDNA sequences alighninHuman ING1lb and
mouse ING1 protein sequences alignméht.Human and mouse ING2 cDNA sequences
alignment.D. Human and mouse ING2a and ING2b proteins alignnfemt all alignments,
the PIP is colored in pinked purple; the LZL amawid sequence is colored in green the PBD
is colored in blue; the NCR is colored in purplee NLS is highlighted in blue; the three NTS
are colored in blue; the REASP aminoacid motifabred in pink; the PHD is colored in red;
the PBR is colored in orange. All alignments weaeried out using CLUSTAL 2.1 multiple

sequence alignment software.
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Figure S2
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