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Abstract. Early studies of the inhibitor of growth 1
(ING1I) gene, the founding member of the /NG tumor
suppressor family, demonstrated that this gene plays an
important role in apoptosis and cellular senescence. Four
other related genes have since been identified and found
to be involved in various biological activities, including
cell cycle arrest, regulation of gene transcription, DNA
repair and apoptosis. The biochemical functions of ING

proteins as histone acetyltransferases and histone
deacetylase co-factors ties this new tumor suppressor
family to the regulation of transcription, cell cycle check-
points, DNA repair and apoptosis. This review is aimed at
summarizing the known biological functions of the ING
tumor suppressors and the signalling pathways that they
involve.
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Introduction

The INGI gene was originally identified through sub-
tractive hybridization between normal human mammary
epithelial cells and seven breast cancer cell lines, and sub-
sequent in vivo selection of genetic suppressor elements
that displayed oncogenic characteristics [1]. Three alter-
natively spliced transcripts of the /NG gene have been
found, and they encode protein variants with a predicted
size of 47, 33 and 24 kDa [2]. In addition to ING1, four
additional related genes (ING2, ING3, ING4, ING5) have
since been identified. Cloning of /NG2 (formally known
as INGIL) was done through a homology search of
p33™9b complementary DNA (cDNA) sequence with the
Otsuka cDNA database [3]. /ING2 encodes a 33-kDa pro-
tein, and p33™92 shares 58.9% homology with p33™Gib,
while the nucleotide sequences between these two genes
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shows 60 % identity [3]. p33™¢2 contains a unique leucine
zipper domain that is thought to mediate hydrophobic
protein-protein interactions [4]. ING3 was subsequently
identified through a sequence homology search [5], and
ING4 and INGS5 were identified through a computational
search of expressed sequence tag (EST) clones showing
homology to INGI and ING2. Both protein products,
p29™NG4 and p28™G, are highly homologous, sharing
72.8% of identity to one another [6]. All ING proteins
further share a highly conserved carboxy-terminal plant
homeodomain (PHD) (a C4HC3 zinc finger motif impli-
cated in chromatin remodelling) and a nuclear localiza-
tion sequence (see previous reviews [4, 7, 8] for ING gene
and protein structures).

ING1I messenger RNA (mRNA) is found ubiquitously ex-
pressed in various human tissues [3]. Northern analysis of
specific ING I multiplex polymerase chain reaction (PCR)
products confirmed that p33™V¢/* is the predominant form
expressed in normal tissues, with varying degrees of ex-
pression in different types of tissues. The expression of
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p24™NGieis lower than p33™V97h and all tissues examined ex-
press little if any p47¥¢/« [2]. Northern analysis of murine
ING1 homologs, p31'¥¢! and p37™¢!, also demonstrates
ubiquitous expression in all adult tissues, with highest lev-
els in thymus [9]. Furthermore, both isoforms were ex-
pressed during all stages of embryonal development, with
differing peak levels [9]. p33™NG2 and p47™G expression
levels were found to be ubiquitous in normal human tis-
sues, with varying expression levels in different tissue
types. For example, the mRNA expression level of ING2
is high in testis but low in lung and undetectable in kidney
[3], whereas ING3 is highly expressed in spleen in which
ING?2 expression is undetectable, but less expressed in
lung and brain [5]. ING4 is expressed in multiple human
tissues with the highest expression in testis [10].

Early studies quickly linked negative regulation of cellular
growth and sensitization to apoptosis as biological func-
tions of the INGI gene. Flow cytometry analysis of normal
fibroblasts overexpressing /NG demonstrated the capabil-
ity of this gene to initiate a G,/G, cell cycle block [1], while
overexpression of ING 1 was reported to enhance apoptosis
in various cultured cell models [1, 11-15]. This review
presents ING proteins as evolutionary conserved co-fac-
tors of histone acetyltransferases (HATs) and histone
deacetylase (HDAC) that mediate acetylation of essential
cellular components, including core histones and the p53
tumor suppressor. Moreover, it is the acetylation of these
components that tightly links ING proteins to the regula-
tion of transcription, cell cycle checkpoints, DNA repair,
apoptosis and ultimately tumor suppression.

Cell cycle regulation

Maintenance of genomic integrity upon genotoxic stress
relies on the ability of cells to halt during the cell cycle to
allow proper cellular repair or apoptosis, thus preventing
the propagation of genetic alterations. Activation of the
p53 tumor suppressor to prevent cellular G,/S transition is
a key mechanism utilized by cells to mediate cellular
growth control [16]. Various lines of evidence indicate
that ING proteins can also influence cell cycle progression
and are actively involved in cellular checkpoints. One can-
didate mechanism that was first proposed as responsible
for INGI-mediated growth suppression is the cooperation
of p24™Gle with the p53 tumor suppressor to enhance tran-
scription of the cyclin-dependent kinase inhibitor (CDKI)
p21%f! [17]. Wafl (also know as Cipl and Sdil) is a po-
tent mediator of the G, cellular checkpoint that binds and
inactivates cyclin-Cdk complexes, resulting in reduced
phosphorylation of retinoblastoma protein (Rb), E2F se-
questration and cell cycle arrest at the G,/S transition [18].
Reduced growth inhibition is observed when either p53 or
p24NGle js suppressed, and p24™Gle expression is required
to obtain efficient transcriptional activation of the p21%f!
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promoter. Recent experiments utilizing luciferase gene
constructs fused with the p21%f! promoter further demon-
strated that p33™62 and p47™3 enhance while p47™6'a re-
presses the p21%f! promoter activity [19]. p33™& and
p47™S3 involvement in negative regulation of cell growth
is further evidenced by p33™¢2 or p47™G-mediated G, cell
cycle arrest and inhibition of colony formation in RKO
colorectal carcinoma cells carrying wild-type (wt) pS3 [5,
20]. Chronic overexpression of p47™63 also suppresses
colony formation in NIH 3T3 cells [5]. Furthermore,
Western analysis of uninhibited viable clones showed loss
of p47™S3 expression [21]. In addition, overexpression of
p29™64 and p28™G3 resulted in a decrease in the S-phase
cell population and an increase in both the G,/S- and
G,/M-phase cell populations in wt p53 RKO cells but not
in p53-depleted RKO-E6 cells, suggesting that these two
ING members also mediate cell cycle arrest in a p53-de-
pendent manner [6]. As expected, both p29™G4 and p28™G3
enhanced transcriptional regulation of p21% in a p53-de-
pendent manner [6].

Recent evidence suggests different mechanisms associ-
ated with the initiation of a G, cell cycle arrest and its
maintenance. Initiating a G, arrest requires phosphoryla-
tion of the cyclin-dependent kinase 1 (CDK1) and is p53-
independent. p53 can, however, promote the maintenance
of this cellular G,/M transition halt [22—24] by oppress-
ing cyclin Bl mRNA and protein levels [24—26]. Cyclin
B1 is the regulatory subunit of CDK1 and is required for
mitotic onset [27]. Microarray analysis of p33™G!-regu-
lated genes coincidentally identified CCNB! (cyclin Bl
gene) as a downregulatory target of p33™GIb [28], sug-
gestive of p53-dependent involvement of ING proteins in
cellular G,/M checkpoint. Such involvement was sub-
stantiated by observations made in a few studies. First,
overexpression of p33™G'® was observed to enhance adri-
amycin-induced G, arrest in the p53-null H1299 non-
small cell lung carcinoma cell line [29]. The antiprolifer-
ative effects of p33™6!® were further evidenced by an in-
creased cellular doubling time upon p53 overexpression
compared to severely compromised proliferation upon
expression of both recombinant p53 and p33™¢!® proteins
[29]. Reverse transcriptase polymerase chain reaction
(RT-PCR) analysis of p53-deficient SAOS2 cells infected
with p33™GIb afso resulted in a slight decrease in cyclin
B1 mRNA levels after 72 h. However, infection of both
p53 and p33™NGIb constructs caused a marked reduction of
cyclin Bl mRNA 24 h post-infection, suggesting that
p33™GIb repression of cyclin B1 may be enhanced in the
presence of p53 [28]. It is conceivable that certain ING
members may also indirectly enhance G, arrest by pro-
moting the acetylation of p53, as a recent report sug-
gested that cells expressing p53 lacking c-terminal lysine
residues had a minimal effect on cyclin B1 and could un-
dergo G, but not G, cycle arrest [30]. It is interesting to
note that p24™Sle protein level is inversely correlated to
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cyclin B1 level. While p24™Gi¢ protein level increases in
late G, and decreases in G, in normal murine mammary
gland epithelial (NMuMGQ) cells [31], cyclin B1 expres-
sion is normally maximal during the G,/M phase of the
cell cycle and is rapidly degraded at the end of mitosis
[27]. Collectively, these observations imply a role of ING
proteins in the regulation of cell cycle checkpoints.

Other studies have further implied ING proteins in cell
cycle regulation. Cyclin E is involved in G,/S phase pro-
gression in the cell cycle and is used as a marker for cell
proliferation. Overexpression of cyclin E can induce ac-
celeration of the G, phase of the cell cycle and may be
linked with various malignancies [32]. In a recent study,
cyclin E was immunoprecipitated from human hepatocel-
lular carcinoma (HCC) protein lysates and assayed in
vitro for the ability to phosphorylate recombinant Rb. The
authors found cyclin E-associated kinase activity to be
significantly higher in HCC biopsies with negative im-
munological p33™G!® staining compared to HCC samples
positive for p33™G6'® [33]. Further exploration of the rela-
tion between ING proteins and CDKIs and cyclins may
provide useful information for understanding the role of
ING proteins in cell cycle regulation and deregulation in
malignancies. More recently, p33™S!® was shown to in-
teract with the DNA methyltransferase 1 (DNMT1)-asso-
ciated protein 1 (DMAP1) complex and a core Sin3-
HDACI1/2 complex to maintain histone methylation and
hypoacetylation in pericentric heterochromatin during
late S phase of the cell cycle [34]. ING proteins may also
be involved in mitosis and meiosis, as suggested by Choy
and colleagues [35]. Experiments in budding yeast have
demonstrated that acetylation of histone 4 (H4) by the
NuA4 complex requires Yng2p (a yeast ortholog of
p47™G3) and is necessary to correctly progress through
mitosis [36]. In fact, treatment of Yng2 mutant cells with
trichostatin A (TSA), a histone deacetylase inhibitor, was
sufficient to restore H4 acetylation and allow a nearly
normal mitotic progression [35]. Yng2 was later found to
be required for in vitro NuA4 HAT activity [37], possibly
by participating in NuA4-dependent H4 acetylation to
promote the transcription of specific genes, and/or facil-
itating genome-wide acetylation to ensure proper chro-
matin arrangement during mitosis, and helping mediate
acetylation of other non-histone substrates that regulate
cell cycle progression. This was an interesting finding
and has been followed up in a recent study by Doyon and
colleagues [21] which demonstrates that a NuA4 com-
plex homolog does exist in humans, consisting of the
p47™NG3 ING family member (see section on acetylation).

Apoptosis

Initial evidence indicative of a role of /NG in apoptosis
came from the observation of prominent /NG expression
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in regressing tails of Xenopus tadpoles but absence from
growing hind limbs, the induced expression of ING/ in
serum-starved P19 teratocarcinoma cells [11, 38], as well
as anchorage-independent growth and neoplastic trans-
formation associated with the suppression of INGI [1].
Consistent with these observations, senescent human fi-
broblasts were shown to express 10-fold more INGI
mRNA compared to early passage fibroblasts, while anti-
sense expression of /NG resulted in prolonged prolifer-
ative life span of these cells [31]. Early passage but not
senescent fibroblasts were also able to upregulate
p33M™GIb expression and enter apoptosis upon growth fac-
tor deprivation [39].

As in cell cycle regulation, cooperation with p53 was
quickly recognized as essential for ING/-mediated sensi-
tization to apoptosis. First, p24™6lc was found to physi-
cally bind to p53 by immunoprecipitation [17]. More im-
portant, INGI-expressing fibroblasts were shown to have
little effect on cell survival in the absence of p53, while
both ING1 and p53 were required to suppress colony for-
mation [17]. In agreement with this study, adenoviral de-
livery of both p33™G!® and p53 was shown to synergisti-
cally induce apoptosis in cultured human glioma cells
[12]. Similar observations were reported upon overex-
pression of both p53 and p33™S™ in T.Tn human
esophageal carcinoma cells [40]. Together, both tumor
suppressor proteins inhibited anchorage-dependent cell
growth, reduced cell viability and enhanced apoptosis
more efficiently than with p53 alone [40]. The same was
true for transcriptional upregulation of the p53-down-
steam targets p21™ and MDM2 [40]. We provided fur-
ther evidence supporting the involvement of /NG/ in the
p53-mediated intrinsic apoptotic pathway by demonstrat-
ing that p33™G!® enhances transactivation of the proapop-
totic Bcl-2 family protein Bax upon ultraviolet (UV) irra-
diation and consequently promotes change in mitochon-
drial membrane potential [ 15]. As expected, enhancement
of UV-induced apoptosis of melanoma cells by p33™NG®
was dependent on wt p53 function [15]. This p53 depen-
dency in apoptosis was further illustrated by an experi-
ment in which p53-null H1299 cells expressing both p53
and p33™G!® tumor suppressors were found to be more
sensitive to adryamicin compared to either one alone
[29].

A few observations hint at different mechanisms through
which different ING proteins likely enhance apoptosis.
The interrelation between p53 and different ING mem-
bers is apt to influence the apoptotic response (see section
on p53 dependency). However, the interaction of ING
proteins with the proliferating cell nuclear antigen
(PCNA) and histone-modifying factors may also play a
large part. A recent study demonstrated that the ectopic
expression of p33™GIv but not p47™Ela sensitized early
passage human fibroblasts to apoptosis [39]. These dif-
ferences are reflective of the distinctive amino-terminal
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sequences of ING proteins. For example, p33™9'® but not
p47™Gla contains a PCNA-interacting protein (PIP) box
which permits p33™G'® to physically interact with PCNA
following UV exposure and enhance apoptosis [13]. UV
irradiation of p33™S!b-transfected cells increased base-
line levels of sub-G, cells compared to mock-transfected
cells. However, overexpression of PIP-mutant p33™61® ef-
ficiently protected cells from UV, as these cells showed a
similar sub-G, DNA content distribution compared with
non-irradiated controls [13]. Part of this ING-mediated
enhancement of the apoptotic response is also likely me-
diated by ING transcriptional activity and histone acety-
lation linked to ING proteins. ING proteins contain a nu-
cleolar targeting sequence (NTS) and are translocated to
the nucleolus, a transcriptionally active area of the nu-
cleus, upon UV irradiation [4, 14]. p33™G!® has been
shown to downregulate the expression of various genes
involved in cellular growth, such as the Cyclin Bl gene,
and upregulate genes that will promote a cell cycle halt
and apoptosis, such as Waf1 and Bax, presumably by as-
sociation with HATs and HDACs. Furthermore, p33™Gib
mutants lacking a functional NTS motif were restricted in
their ability to appropriately promote apoptosis [14]. An-
tagonistic effects are also seen between different ING
family members. For example, while p33™G!* and
p47™Gl possessed antagonistic effects on histone acety-
lation both in vitro and in vivo, ectopic overexpression of
p33™GI but not p47™6'2, resulted in an increased sub-G,
peak, indicative of an apoptotic component [39]. This ob-
servation is also consistent with previous studies report-
ing a link between increased histone acetylation and
apoptosis [41, 42].

Other ING members are also shown to be actively, but
differentially involved in apoptosis. The expression of
p33™62 was found to be specifically induced by etoposide
or neocarzinostatin, but not by gamma irradiation, dox-
orubicin, cis-platinum, or bleomycin in a normal lym-
phoblastoid cell line [20]. This induction of p33™G2 was
independent of ATM or p53 function. Unlike p33™2,
p47™G3 expression level was not altered by various geno-
toxic stresses [5]. However, overexpression of both
p33™62 and p47™3 induced apoptosis and G,-phase cell
cycle arrest in RKO cells, but not in a p53-deactivated,
RKO-E6 cell line [5], suggesting overlapping functions
between various ING family members in negative regula-
tion of cell growth and apoptosis as well as a dependent
relation between various ING members and p53. The role
of ING2 in hormone-dependent developmental events
was studied using Xenopus tadpole metamorphosis as a
model system, in which a single stimuli thyroid hormone
(TH) initiates tissue-specific proliferation, apoptosis and
remodelling simultaneously. Thyroid receptors (TRs) se-
lectively repress or activate gene transcription in response
to absence or presence of TH [38]. It is shown that Xeno-
pus ING2 (xING?2) transcript levels increase in response
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to TH-induced metamorphosis and during spontaneous
metamorphosis in X. laevis tadpole tissues [38]. It is in-
teresting to note that in the tail and brain, which apoptose
extensively during metamorphosis, xING2 induction fol-
lows TRs expression pattern; whereas in the legs, which
proliferate and grow, xING2 expression is not induced,
similar to that of TRs, suggesting the role of XING2 in
hormonally regulated nuclear transcription factor-medi-
ated apoptotic response. /ING3 may also be activated upon
cellular exposure to reactive oxygen species, as it was
found to be differentially expressed in an mRNA differ-
ential display screen comparing cells overexpressing mi-
tochondrial phospholipids hydroperoxide glutathione
peroxidase (mtPHGPx) with control cells [43].

DNA repair

The p53 tumor suppressor is well known to play an es-
sential role in cellular stress response to UV irradiation,
including DNA repair and promotion of apoptosis in
cases where the extent of DNA damage is too great
[44—-46]. The fact that p33™G!® physically binds to p53
and shares similar biological functions with p53 led us to
hypothesize that ING proteins may also directly partici-
pate in the cellular stress response to DNA damage. In a
previous study, our group showed that UV irradiation in-
duced a cell type-specific p33™NG'® expression at both
mRNA and protein levels in a time- and dose-dependent
manner independent of p53 [47, 48]. We further demon-
strated that overexpression of the p33™S!® protein en-
hanced nucleotide excision repair (NER) of UVC-dam-
aged exogenous plasmid DNA and UVB-damaged ge-
nomic DNA. Using a host-cell-reactivation assay where a
UV-damaged reporter plasmid was transfected into a
melanoma cell line, p33™S!® gverexpression led to an in-
creased repair efficiency of the UV-damaged plasmid
DNA by two- to fourfold compared to vector and anti-
sense controls. Likewise, the levels of the major UVB-in-
duced photoproduct, cyclobutane pyrimidine dimers
(CPDs), were monitored in global genomic repair using a
radioimmunoassay (RIA). Human melanoma MMRU
cells overexpressing p33™G!® repaired CPDs at a rate
nearly twice as fast as vector-transfected control cells 24
h after UV irradiation. Furthermore, p33™S!*-mediated
enhancement of DNA repair was dependent on wt p53.
However, unlike p53, p33™6! was found incapable of in-
teracting with the XPA and XPB DNA repair proteins.
More recently, our group found that repeated mutations
occur at codons 102 and 260 of the /NG b gene in human
cutaneous melanoma biopsies [49]. Using the same host-
cell reactivation assay, we have found these mutations to
be detrimental to p33™6'-enhanced NER, as both R102L
and N260S mutants abolished p33™S!* enhancement in
NER. RIA using specific antibodies against pyrimidine
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(6-4) pyrimidinone photoproducts (6-4PPs) confirmed
this observation. While cells overexpressing wt p33NGib
repaired 47% of 6-4PPs 4 h following UVB irradiation,
cells transfected with R102L and N260S mutants only re-
paired 18.6 and 18.5% of 6-4PPs, respectively. Both
p33™GI mutants displayed a similar phenotype of re-
duced NER as a truncated p33™S!* mutant lacking the
PHD domain, suggesting that this zinc finger is required
for proper DNA repair functions. Preliminary data from
our laboratory further links other ING family members to
DNA repair [unpublished data].

ING proteins may also be involved in early events in the
cellular responses to DNA lesions. Early mobilization of
p53 involves acetylation of a series of lysine residues at
its C-terminal regulatory domain by CBP/p300. The re-
sulting conformational changes play a role in the ubiqui-
tination and degradation of MDM2 [50], enhance the
ability of p53 to bind DNA and upregulate transcription
of various genes required for DNA repair [51, 52]. Recent
studies showed that p33™NG1b p33ING2 ) QING4 gpd p2§INGS
can cooperate with p300 to promote the acetylation of
p53 at Lys-382 [5, 6, 19, 20], suggesting that ING pro-
teins may act early in NER upon DNA damage. Since
there are multiple acetylation sites present in p53, it is
likely that there may be potential subtle differences be-
tween ING family members in acetylating p53, which
will assist in defining specificity of their modulating ac-
tivities in DNA repair.

While the exact molecular mechanism that links ING
proteins to DNA repair is still not fully understood, a few
noteworthy points may clarify the involvement of ING
proteins in the DNA repair machinery. PCNA is a highly
conserved protein deemed essential for viability. This
protein forms a homo-trimeric complex that can encircle
DNA as part of larger multi-protein complexes involved
in DNA replication and repair. Several PCNA-interacting
proteins contain a common octapeptide motif (QXX
[ILM]XXF[FY]) called PIP-domain, through which they
bind competitively to PCNA [53]. Since p33™G'® binds to
PCNA upon UV irradiation and competes with p21%af!
for binding with PCNA [13], it has been proposed that
p33™GIY may inhibit DNA replication resulting from
p2 1%l dissociation with PCNA [54], thus favoring DNA
repair over DNA replication [13]. Alternatively, but not
mutually exclusively, the observation of p300 association
with PCNA-p33™NG1t [55] has also been proposed to po-
tentially link chromatin remodelling to DNA repair, since
both PCNA and p300 have been shown to play a role in
chromatin remodelling following DNA damage [56, 57].
Furthermore, chromatin immunoprecipitation experi-
ments (ChIP) demonstrated that p33™S!® can interact with
chromatin [55], further implying a role of ING proteins in
chromatin remodelling. The role of different ING pro-
teins in DNA repair is currently under investigation in our
laboratories.
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ING proteins may also be involved in the repair of dou-
ble-strand breaks. The chemotherapeutic agent adri-
amycin is a topoisomerase II inhibitor that generates
double-strand DNA breaks [58]. In a study by Tsang and
colleagues [29], a prominent G,/M phase arrest was ob-
served upon exposure to adriamycin when p33™GI® wag
expressed in p53-null H1299 cells. Interestingly, this
G,/M arrest was not observed upon treatment with cis-
platin and UV exposure, both of which generate in-
trastrand cross-links [59, 60]. Reintroduction of p53 re-
stored the G, arrest after UV irradiation, suggesting that
in the absence of p53, p33™G!t can respond to double-
stand breaks but not to intrastrand cross-links. Further in-
vestigation should be conducted to verify whether ING
proteins are involved in homologous repair or non-ho-
mologous end joining (NHEJ) repair pathways.

Transcription

The gene expression profile of mouse mammary epithe-
lial (NMuMG) cells infected with a viral construct ex-
pressing antisense /NG 1b was studied using microarray
technology and subsequently confirmed by RT-PCR.
Suppression of ING1b led to a minimal 1.5-fold upregu-
lation of 14 genes (0.6 % of monitored genes) and a min-
imal 1.5-fold downregulation of 5 genes (0.2 % of moni-
tored genes) [28]. In accordance with its role as a tumor
suppressor, overexpression of p33™6' resulted in down-
regulation of a-fetoprotein (AFP), a tumor-specific
marker of hepatocellular carcinoma [61]; cyclin Bl,
which is correlated with poor prognosis and is overex-
pressed in various cancers including non-small cell lung
cancer, colorectal cancer, squamous cell carcinoma of
the head and neck, esophagous, tongue, larynx, breast
cancer cells and malignant breast lesions [62—69]; 12-O-
tetradecanoylphorbol-13-acetate-inducible sequence 11
(TIS11), a member of the CCCH zinc finger protein
family, which consists of growth factor-inducible nu-
clear proteins and functions as a positive transcriptional
regulator reported to influence growth and/or survival
pathways [70, 71]; DEK, a chromatin-associated proto-
oncogene initially identified as part of a fusion protein
with the nucleoporin CAN/Nup214 in a subtype of acute
myeloid leukemia [72, 73] overexpressed in various can-
cers including acute myeloid leukemia, bladder cancer
and human hepatocellular carcinoma [74—76], and
thought to be involved in certain autoimmune disorders;
testicular tumor differentially expressed (TDE) which is
overexpressed in lung tumors [77]; and finally the down-
regulation of osteopontin, a protein thought to be in-
volved in cancer metastasis [78, 79]. It is, however, puz-
zling to note that p33™G!® downregulates the insulin-like
growth factor 2 receptor (M6P/IGF2R), a multifunc-
tional receptor involved in cytotoxic T cell-induced
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apoptosis and tumor suppression [28]. Also intriguing is
the RT-PCR-based observation that low expression of
p33™G1 within a short time period (up to 12 h) caused
downregulation of the translationally controlled tumor
protein (TPT1/TCTP), a protein associated with cell
growth and malignant transformation [80]. However,
higher expression levels of p33™G!b in NMuMG cells ob-
served at longer time points clearly upregulated the ex-
pression of TPT1 protein [28]. The upregulation of vari-
ous ribosomal proteins (S7, S11, S29, L12) and Int-6 (a
component of the eukaryotic translation initiation factor-
3) by p33™WG1t [28] further link p33™6'® to the translation
machinery. Some of these components, such as S29 ri-
bosomal protein, are known to help modulate apoptosis
[81, 82].

Recently, a study was carried out to investigate the mech-
anisms by which ING family members contribute to the
downregulation of the AFP gene. It was found that, in
contrast to upregulation of the Wafl promoter, p33™NGi®
and p33™42 strongly repressed human AFP promoter ac-
tivity, possibly through binding to the AFP AT motif, in
wt p53 hepatocellular carcinoma HepG2 cells [19]. Con-
trarily, p47™% was found to have no effect on the AFP
promoter, although it upregulated WafI promoter activity
[5, 19]. This repressive effect on the AFP promoter was
also observed to a lesser extent in a p53-null cell line,
suggestive of plausible p53-dependent and p53-indepen-
dent regulatory mechanisms. p33™6'® was found to phys-
ically associate with hSir2 [19], an HDAC family mem-
ber that binds and deacetylates Lys-382 of the p53 protein
[52, 83]. The authors therefore proposed a gene regula-
tion model in which p33™6™ represses AFP transcription
by binding to the AT motif, thus excluding HNF1 (the
primary AFP positive transcriptional regulatory factor)
binding, and by increasing p53 acetylation through bind-
ing and inhibition of hSir2 [19].

Using an MDM2 promoter-luciferase reporter, both
p33™GIb and p24™MNGle enhanced transcription in a pS3-de-
pendent manner [84]. However, this was not observed
when INGI1 proteins were co-expressed with p53 mutants
lacking the N-terminal transactivation domain [84], rais-
ing the possibility that p33™6!*- and p24™Gle-mediated
activation of p53 through acetylation could account for or
at least enhance transcription of p53 gene targets such as
bax, MDM2 and p21%f!. Murine p31™6! was also found
to have similar biological functions to its p33™S!* human
counterpart. However, unlike p31™6!, overexpression of
murine p37™6! inhibited UV-induced accumulation of
p53 and repressed p53-mediated gene transactivation [9].
Interestingly, p31™6! but not p37™6! was found to associ-
ate with p53 through immunoprecipitation [9]. This dif-
ferential role is consistent with studies examining Waf1
promoter activity, which revealed that while p33™Glb,
p47™NG3 p29™NG4 and p28™GS enhanced Wafl promoter ac-
tivity in a p53-dependent manner, this promoter was re-
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pressed by p47™6ta [5) 6, 17, 19, 20]. Like p33™Gtb,
p33™62 and p47™S3 were also found to enhance the pro-
moter activities of Bax in wt p53 colorectal carcinoma
RKO cells [5, 19]. It is interesting to note that in non-
small cell lung cancer, both Wafl and Bax gene expres-
sion levels were significantly lower in p33™G!t-reduced
tumors than inthe p33™G!b-positive tumors [85]. The p53-
dependent transcriptional activity of p29™G4 and p28NG3
seems to be weaker than that of p33™2 [6]. Moreover,
p33™G2 was significantly more effective in enhancing
these p53 transcriptional-transactivation activities com-
pared to p33™G™ [20]. Similarly, it was found that the
transcriptional activities of the p53-related p63a and
p73a proteins were enhanced in the presence of p33™NGib
but not to the extent observed with p53 [29]. It would be
interesting to examine whether ING members can modu-
late p53-related proteins via protein acetylation. Garkavt-
sev and colleagues [10] recently showed that p29™&* co-
immunoprecipitated with the transcription factor NF-xB
and attenuated NF-xB transcriptional activity. p29™o6+
was found to attenuate the expression of various angio-
genic factors, including interleukins IL-6 and IL-8,
prostaglandin-endoperoxide synthase 2 and colony-stim-
ulating factor 3, thus inhibiting angiogenesis of brain tu-
mors in mice. The author demonstrated that p29™%+ di-
rectly associates with and represses the transcriptional ac-
tivities of NF-xB in the gel mobility shift assay.
Furthermore, p29'NGé* was shown to negatively regulate
the expression of vascular endothelial growth factor
(VEGF).

The exact mechanism(s) that account for ING-mediated
gene regulation remain to be elucidated. All ING proteins
contain a highly evolutionarily conserved plant home-
odomain zinc finger within their carboxyl moiety, a mo-
tif found in various chromatin-regulating proteins, in-
cluding HATs and transcription factors [86]. Evidence
from electromobility shift assay (EMSA) and ChIP sug-
gest that p33™6!t is capable of binding DNA either di-
rectly or indirectly [19, 55]. It remains unknown whether
ING proteins interact directly with DNA though the PHD
motif or indirectly via other accessory proteins. However,
interaction of various ING proteins with different
HAT/HDAC components (see table 1) strongly argues a
role of ING protein as co-activator/repressors of gene
transcription. A few clues have emerged on events that
lead to ING-mediated transcriptional activation. First,
UV treatment of HS68 cells, a stress event leading to the
transcription of appropriate response genes, resulted in a
clear translocation of p33™G'® protein into the nucleolus
of cells where immunofluorescent imaging of high levels
of transcription was evidenced by using anti-BrdU anti-
bodies [14]. ING-mediated transcriptional response may
also be modulated and help modulate responses to en-
docrine factors. TH was shown to differentially affect the
expression of different ING members in Xenopus laevis
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Table 1. ING protein association with various components of histone acetyltransferase and histone deacetylase complexes.
Protein Associated components Complex Species Methods References
involved
p33Natd RBP1, Sin3, HDAC1/2, RbAp48, Sin3-HDAC human MS, AP [101,102]
RbAp46, Sap30, Brgl, BAF155,
p42, p35
TRAPP human 1P [55]
p300/CBP, PCNA human P [55]
P/CAF human 1P [55]
HSir2 human 1P [19]
p47INGla HDACI1 human 1P [55]
p33iNG2 Sin3, HDAC1/2, RbAp48, MSin3 human MS, AP [102]
RbAp46, Sap30
p29ING4 Tip60. TRAPP, BAF53a, hNuA4 human IP, AP, MS [21]
RUVBL1/2, EPC1, MRG15,
DMAPI, hDomino, Brd8, Actin
p300, p53 human 1P [6]
p28MNGS p300, p53 human 1P [6]
Yngl Sas3, Anc1/Taf30 NuA3 yeast IP, MS, AP [98, 99]
Yng2 Tral, Esal, Epll, Arp4, Actl, NuA4 yeast Y2H, IP, [35, 36,97, 99]
Eafl, Eaf2, Eaf3, Eaf4, Eaf5, GST, AP
Eaf6, p532
Pho23 Rpd3, Sap30, Sin3 Rpd3-Sin3 yeast AP [97]

@ Mammalian recombinant p53.

Actual HATs and HDACs are underlined. Eafs (Esal-associated factors) 1—6 are previously unidentified polypeptides. Y2H, yeast-two-
hybrid; IP, immunoprecipitation; MS, mass spectrometry; GST, glutathione-S-transferase pull-down assay; AP, affinity purification.

and correlate with apoptosis during development [38].
Such observations suggest the possibility that ING fam-
ily members may be involved in transducing signals initi-
ated by certain endocrine factors such as TH. More re-
cently, studies using an estrogen response element lu-
ciferase construct found that p33™G!® s able to increase
estrogen receptor a expression in a dose-dependent man-
ner via the AF2 domain [87, 88]. The modes of action of
ING family members and the different stressed cellular
contexts in which they synergize with p53 might attribute
to the variations in the effectiveness of facilitating p53
transcriptional activities.

Modes of action of ING proteins

Although ING family members are involved in various
biological functions, they possess no known enzymatic
activity. It is therefore reasonable to assume that ING pro-
teins may act by facilitating specific protein-protein, pos-
sibly protein-DNA and even protein-phospholipid inter-
actions. Some of these interactions have been deemed
crucial for ING tumor suppressive properties. With the
exception of the anti-apoptotic p47™¢'2 and perhaps
p47™G3, all other mammalian family members are known
to interact with or promote posttranslational modifica-
tions that activate the p53 tumor suppressor protein. Fur-
thermore, various functions of ING proteins seem to de-

pend on p53 status and vice versa, indicative of an im-
portant interrelation. The p33™62 protein is also known to
interact with phosphoinositides through its PHD zinc fin-
ger domain. This interaction results in altered subcellular
distribution of the p33™% tumor suppressor, altered p53
interactions and cellular susceptibility to undergo apop-
tosis. Finally, ING members are known to differentially
associate with HAT and HDAC components. These chro-
matin-regulative interactions are vital to ING-mediated
transcriptional regulation, apoptosis and probably DNA
repair.

p53 dependency

First evidence suggesting an interrelation between ING
proteins and p53 came from the observation that the
growth-inhibitory effect of p24™Gl¢ was suppressed by
the simian virus 40 (SV40) large T-antigen [31]. Demon-
stration that the growth suppressive effect of p24NGie s
only observed in wt but not p53-null or mutant p53 cells
[17] was indeed the direct evidence for such interrelation
between these two tumor suppressors. Various studies
have since shown that ING proteins help sensitize various
cell types to apoptosis in a p53-dependent manner [12,
15, 29, 40]. Although ING enhancement of apoptosis is
dependent on p53 status, /NG transcription is indepen-
dent of p53, as p33™6lc expression is unaffected in p53
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null mice and upregulated by UV radiation in both wt and
p53-deficient keratinocytes [47]. This may be true for
various, if not all, ING products because the p33™G2 ex-
pression level was found to be induced by etoposide in the
p53-null lung cancer cell line Calu-6 after etoposide
treatment, suggesting that accumulation of p33™¢? is in-
dependent of p53 function [20].

Two main mechanisms may help explain how ING pro-
teins enhance the p53 response: association of ING mem-
bers with p53 and ING-mediated acetylation of p53. In a
report by Leung and colleagues [84] p33™6'® was pro-
posed to compete with MDM2 for binding to p53. In ex-
periments using cycloheximide to block de novo protein
synthesis, p33™6'® gverexpression was found to increase
the half-life of the p53. Furthermore, while MDM2 ex-
pression reduced p53 stability, this reduction was abro-
gated by p33™G® in a dose-dependent manner [84]. Most
important, both MDM2 and p33™¢!® were found to com-
pete for the same p53 binding site in a mutually exclusive
fashion. Both proteins seem to bind the N-terminal trans-
activation domain of p53. Interestingly, a p53 mutant that
does not allow MDM2 binding (L22Q_W23S) also
showed significantly reduced binding with p33™GIb [84].
p33MWGIb n29ING4 and p28MNGS are now known to co-pre-
cipitate with p53, while p33™62 and p47™& do not [5, 6,
20]. Furthermore, p33™6'™ was also found to associate
with the p53-related p63a and p73a tumor suppressors
[29], suggestive of interrelation and interdependency be-
tween different members of p53- and ING-family tumor
suppressors. Although certain ING proteins do not phys-
ically associate with p53, they may modulate p53 activity
by enhancing protein stability. Overexpression of p33™62
was found to induce increased acetylation of p53 at Lys-
382 in the colorectal carcinoma cell line RKO [5, 20].
Posttranslational modifications such as acetylation and
phosphorylation within the C-terminal region of p53 are
believed to facilitate activation and stimulate p53 se-
quence-specific DNA binding activity [89, 90]. It was re-
ported that p53 acetylation at Lys-382 in normal lym-
phoblastoid cell line C3ABR after exposure to DNA-
damaging agents, etoposide or neocarzinostatin
correlated with an increased expression level of p33™N62,
Furthermore, it was shown that antisense /NG2 expres-
sion in osteosacorma OsACL cells reduced the levels of
endogenous p33™G2 and acetylated p53 proportionally
following exposure to etoposide [20]. Similarly, small in-
terfering RNA (siRNA)-directed disruption of ING2 re-
sulted in resistance to etoposide- and hydrogen peroxide-
induced apoptosis in HT1080 human fibrosarcoma cells
and caused significant reduction of p53 acetylation [91].
However, p33™62 expression did not alter the phosphory-
lation of p53 at either Ser-15 or Ser-392 or Fas-mediated
apoptosis [20, 91]. On the other hand, p47™& did not af-
fect posttranslational modifications of p53 [5], and its re-
lationship with p53 remains to be clarified. The p29™6+
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and to a lesser extent the p28™% proteins are also known
to facilitate acetylation of p53 on Lys-382 [6]. Conflict-
ing results are, however, presented for p33™Gib as this
variant did not induce p53 acetylation at Lys-382 in RKO
cells [6] but increased p53 acetylation in HCT-116 col-
orectal carcinoma cells [19]. These differences could be
due to different model systems or the antibodies used, as
in the latter study the antibody did not discriminate be-
tween acetylated Lys-373 and Lys-382. Since both p63
and p73 can be acetylated [92], it would be of interest to
further study the diverse interactions between different
ING and p53 family members, including the anti-apop-
totic ANp73. Taken together, ING association with p53
and ING-mediated acetylation of p53 present diverse
mechanisms through which ING proteins may stabilize
p53 and enhance the p53 cellular responses to genotoxic
stresses and apoptotic stimuli.

Interaction with phosphoinositides

Gozani and colleagues [91] were the first and the only
group to identify p33™G2 as a phosphoinositide-binding
module through a library expression screening using Pt-
dInsP-affinity resins. It was found that p33™@ interacts
with Ptdlns(3)P and PtdIns(5)P through its PHD finger
motif, which alone is sufficient for this binding. The im-
portance of the PHD finger motif in this interaction was
further evidenced by the findings that the TPEN zinc
chelator and mutations of the basic residues at the C-ter-
minal of the PHD finger of p33™62 greatly reduced the
binding affinity of p33™% with Ptdlns(3)P and Pt-
dIns(5)P. In fact, it was shown that the PHD finger motif
was a general PtdInsPs binding domain and that the gen-
eral structure for PtdlnsPs binding was conserved
through evolution. Therefore, we speculate that other
ING family members might be phosphoinositide-inter-
acting partners as well, with different specificity and
binding affinity.

PtdIns(5)Ps can modulate the subcellular localization of
p33™G2 This is evidenced by the finding that generation
of PtdIns(5)Ps at the plasma membrane by lipid phos-
phatase IpgD, which dephosphorylates PtdIns(4,5)P, to
PtdIns(5)P, recruited p33™62 PHD finger to plasma mem-
brane and caused loss of diffuse p33™G&2 cytoplasmic dis-
tribution [91]. Furthermore, reducing nuclear PtdIns(5)P
levels by overexpressing PIKIIS, which phosphorylates
PtdIns(5)P to form Ptdlns(4,5)P, [93], reduced p33™62
association with the chromatin/nuclear matrix and in-
creased p33™62 levels in the cytosol, without changing
the total p33™G2 protein levels [91]. In addition, mutant
PHD that abrogated Ptdlns(5)P binding disrupted the
ability of p33™©2 to enhance p53 acetylation and p53-de-
pendent apoptosis. Overexpression of a PHD zinc finger
peptide demonstrates dominant-negative effects on
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p33™E2 functions. Taken together, these observations sug-
gest that PtdIns(5)P recruits or stabilizes p33™62 in the
chromatin and/or interaction with Ptdlns(5)P might lead
to allosteric activation of p33™G2,

Histone acetylation

The folding of DNA into higher-order chromatin is a
highly dynamic process influenced by multiple covalent
reversible modifications of chromatin-associated pro-
teins. Acetylation of histones is a highly conserved mech-
anism that has evolved to remodel eukaryotic chromatin
structure and facilitate various biological functions, in-
cluding gene transcription regulation, cell cycle progres-
sion and DNA repair. This process is carried by HAT en-
zymes that catalyze the transfer of the acetyl moiety of an
acetyl-co-enzyme A (Co-A) cosubstrate to e-NH;* groups
of lysine residues on the N-terminal extremities of his-
tone proteins. Such posttranslational modifications are
believed to attenuate positive charges on histones and in-
crease their hydrophobicity to reduce the affinity between
histones and DNA, thus alleviating the level of chromatin
density. Histone acetylation may further induce interac-
tions with proteins such as transcription activators that
contain a bromodomain, an acetyl-lysine-interacting
structure. HATs can be divided into five families: GenS-
related acetyltransferases (GNATs), the MYST-related
HATSs, the p300/CBP HATsS, general transcription factor
HATSs and nuclear hormone-related HATs [94—96]. ING
proteins have so far been associated with MY ST-related
HATs, GNATs complexes and p300/CBP.

The involvement of ING proteins in histone acetylation
was first noted in yeast by Loewith and colleagues [36].
Through database searching, three Saccharomyces cere-
visae (Yngl, Yng2 and Pho23) and two Schizosaccha-
romyces pombe (Pngl and Png2) proteins were found to
contain high homology to human p33™6' [36]. Deletion
of Yng2 led to pleiotropic phenotypes, including slow
growth and increased sensitivity to UV irradiation that
was rescued by the expression of either human p33™NGi®
or S. pombe Pngl, indicative of highly conserved func-
tional properties [36]. Two subsequent reports identified
Yng2 as part of the nucleosomal acetyltransferase of hi-
stone 4 (NuA4) complex, a yeast multi-subunit complex
composed of the MYST Esal protein, which is involved
in the acetylation of histones 2A and 4 and is linked to
cell cycle progression [35, 96, 97]. Through yeast two-
hybrid screen and immunoprecipitation, Yng2 was fur-
ther found to interact with Tral, an ATM/phosphatidyli-
nositol 3 (PI-3)-kinase-related homolog of the human
TRRAP cofactor that acts as an accessory subunit to var-
ious HAT complexes [35]. Furthermore, all three ING-
related S. cerevisae proteins and the human p33™6!® ho-
molog were found to mediate HAT activity in yeast [35].
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In an independent report published the same month,
Nourani and colleagues [97] also identified Yng2p (a 32-
kDa variant of the Yng2 gene) as a co-eluted component
of purified NuA4 from yeast extracts that is required for
NuA4-associated HAT activity. Like the work by Choy
and colleagues [35], this study reported that Yng2 was re-
quired for normal cell growth as its deletion was associ-
ated with slow growth, an observation that is in agree-
ment with the normal function of NuA4 in yeast. How-
ever, both mutant and wt cells had similar G,/G, and
G,/M phase distributions [97]. Expression of truncated
Yng2 lacking the PHD domain did, however, rescue the
aberrant growth phenotype of Yng2-deficient cells,
demonstrating that the PHD motif is not required for nor-
mal cell growth [97]. A yeast-based system was further
used to analyze the requirement of Yng2p/NuA4 for p53-
dependent transcriptional activation in vivo. Using a re-
porter plasmid carrying p53 binding sites, p53 transacti-
vation of the p21Wf! promoter was found to require
Yng2p/NuA4 [97]. The authors further showed that p53
binds NuA4 via its transcriptional activation domain in a
functional interaction resulting in NuA4 recruitment for
targeted chromatin acetylation of histone 4 but not his-
tone 3 and subsequent transcriptional activation. This ex-
citing observation suggests an evolutionarily conserved
pS3/ING molecular relationship. Interestingly, p53-de-
pendent transcriptional activation was crippled in cells
expressing only the Yng2 PHD finger domain region,
while NuA4 complexes containing truncated Yng2 lack-
ing the PHD-finger motif could bind p53 but exhibited
crippled p53 transactivation [97]. The authors therefore
proposed that the Yng2 PHD domain is perhaps involved
in transcriptional activation in an aspect that does not in-
volve the recruitment of NuA4 HAT activity.

The Ynglp protein was also found to be a stable compo-
nent of the NuA3 complex (yeast complex comprised of
the MY ST Sas3 HAT that is involved in the acetylation of
histones 3 and 4) and to be required for proper HAT ac-
tivity [98]. Although Ynglp is an integral component of
NuA3, it was not required for proper integrity of a stable
NuA3 complex [98]. Similar to Yng2/NuA4, Yngl was
required to maintain HAT activity in the NuA3 complex.
Like Yng2 in NuA4, the PHD domain of Yng1 was not re-
quired for the function of the HAT complex. It is also of
interest to note that unlike Yng2 in NuA4, Ynglp was in-
capable of interacting with p53 in the context of NuA3.
The authors suggested caution when interpreting this re-
sult, however, since it is possible that the recombinant p53
used in the experiment may lack proper modification re-
quired for such interaction. To further study this complex,
the authors reconstituted an array of nucleosomes bound
to paramagnetic beads and incubated them with partially
purified NuA3 isolated from either wt or Yngl-deficient
strains. Ynglp deletion severely compromised HAT ac-
tivity on free histones. However, the absence of Ynglp in
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NuA3 resulted in the incapability of acetylating nucleo-
somes. Severely compromised Sas3p interactions with
nucleosomes in the absence of Ynglp suggests that cer-
tain ING proteins may facilitate interactions between
HAT complexes and chromatin [98].

It is very likely that ING associations with HAT and HDAC
complexes may mediate ING biological functions. This no-
tion is supported by Western and mass spectrometry analy-
sis of S. cerevisae of ING homologs, showing that Yngl,
Yng2 and Pho23 are solely associated with NuA3, NuA4
acetyltransferase and Rpd3/Sin3 deacetylase complexes,
respectively [99]. Yng2 and Pho23 were found to possess
antagonistic effects on p53-dependent transactivation of a
reporter p21*f construct in yeast [99]. However, Yngl
also demonstrated HAT-dependent repression of transcrip-
tion [99], which is the first evidence of negative regulation
of transcription by the NuA3 complex. Furthermore, Yngl
and Yng2 deletions are found to be detrimental to NuA3
and NuA4 activities but do not disrupt complex formation
[97, 98]. More recently, p47™6 was identified as a compo-
nent of a Tip60-based complex, a human equivalent to the
yeast NuA4 HAT complex [21, 100]. Purification of the
complex identified multiple components homologous to
the yeast NuA4 complex. It is interesting to note that
p47™G was the closest human ING member to the Yng2
yeast counterpart. Although Tip60 could not acetylate p53,
this human NuA4 (hNuA4) complex strongly influenced
p53-dependent transcription, while a defective hNuA4
complex was detrimental to p53-depedendent transcription
[21]. In fact, a trimeric complex composed of recombinant
Tip60, EPC1 and p47™S was found to sufficiently acety-
late nucleosomal histones in vitro [21].

However, not all ING proteins are created equal. Both ag-
onistic and antagonistic effects have been observed when
it comes to histone acetylation. Immunoprecipitation of
ING1 proteins from SNB19 cell lysates co-immunopre-
cipitated various HAT components, including TRRAP
(accessory subunit to MYST HAT complexes), PCAF
(subunit of the human Gen5 GNAT HAT complex in-
volved in histone 3 acetylation) and CBP (involved in
acetylation of histones 2a, 2b, 3 and 4) [55]. Yet it appears
that different ING members can associate with different
HAT/HDAC components resulting in different biological
effects. Immunoprecipitation from human fibroblast
lysates overexpressing ING1 proteins showed that while
both p33™GIb and p47™G1a bound CBP, p33™NGib appeared
to bind it much more avidly. On the other hand, p47™¢!a
could not be co-precipitated with the closely related p300
protein [55]. Like p33™WNGib p29ING4 and p28™NGS proteins
have since been shown to immunoprecipitate with p300,
suggesting a role of ING proteins in targeting of HATS.
Mass spectrometry of purified immunoprecipitates also
found that p33™6'® was capable of associating with
known components of the mSin3 transcriptional core-
pressor complex, including mSin3, HDACI1/2 histone
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deacetylases, RbAp48, RbAp46 and SAP30, whereas
p24™Glewas not, suggesting that p33™6!® may also medi-
ate histone deacetylation. This observation was substanti-
ated by the findings that p33™G!®was functionally associ-
ated with HDAC-dependent transcriptional repression
both in an in vivo reporter gene expression assay and
from in vitro histone deacetylation assay [101]. Interac-
tions between ING proteins and HDAC were further char-
acterized in a more recent study. Mass spectrometry
analysis confirmed the presence of p33™G1 and p33MNG2
in human Sin3-HDAC complexes isolated from HeLa
cells [101]. Furthermore, p33™G!® was found to physi-
cally interact with SAP30 and be an integral component
of two of three biochemically distinct Sin3 complexes, all
of which included Sin3, SAP30 and HDAC1 [101].
p33™GIb interacts with SAP30 through its N-terminus, an
area that the authors termed SAID for SAP30-interacting
domain. Based on a colony formation assay, the deletion
of p33M™6I* SATD was found to be detrimental to p33™NGtb-
mediated cell growth regulation. However, caution
should be taken when interpreting these results, as SAID
was defined to the first 125 amino acids of p33™G!* (45%
of the protein), and deletion of this area included the PIP
domain and a partial bromodomain. It is of interest to
note that a computational search revealed that p33™Glb,
p33™NG2 p47M™NG  and the uncharacterized proteins
AAD48585 (named ING1 homolog, or INGlh) and
HSPC301 possess a SAID domain. Furthermore, deletion
of the PHD domain, which is dispensable for the interac-
tion with the Sin3 complex, did not reduce but enhanced
the growth suppression effect of p33™Gib [102].

Vieyra and colleagues [55] confirmed the association be-
tween p33™G!*and HDACs in human fibroblast. The au-
thors demonstrated a more robust physical interaction be-
tween p47™N6la and HDACT than that between p33WNGib
and HDACI. Such observations are consistent with the
recovery of greater amounts of HAT activity in immuno-
precipitates of p33™G*-gverexpressing cells compared
with cells transfected with empty vector and reduced
HAT activity from cells overexpressing p47™6!a, In fact,
immunofluorescent analysis of cells microinjected with
p33™GIb expression vector demonstrated increased stain-
ing for acetylated histones H4 and H3, while cells mi-
croinjected with p47™G! constructs exhibited decreased
staining for acetylated H4. On the other hand, downregu-
lation of p33™G!® resulted in decreased histone acetyla-
tion, indicating a direct correlation between HAT activity
and ING levels [55]. It is also interesting to note that
p33™GIb represses the expression of DEK [28], a protein
implicated in chromatin remodelling involving nucleoso-
mal core histones [73, 103]. Consistent with such obser-
vations, DEK was further found to co-fractionate with
Daxx, a transcriptional co-repressor, and HDACII [104],
and may therefore antagonize p33™6™. Such observations
provide support to the perception that different ING pro-
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Figure 1. Summary of reported missense and silent mutations of the /NG gene in human malignancies. Numbers refer to p33™N6!* codons.
PIP, PCNA-interacting protein domain; NLS, nuclear localization sequence; PHD, plant homeodomain zinc finger motif. Bromodomain
refers to a partial bromodomain.

Table 2. Summary of reported /NG expression levels and gene alterations in human malignancies.

Gene Tumor type Expression Mutation®  References
lor® Rate (%)  Methods (%)

ING1 basal cell carcinoma ) 25.0 IHC 1.9 [119]
bladder cancer o ND HC ND [76]
brain tumor Jv 100 RT-PCR; WB; ISH; [HC 3.4 [105]
brain tumor { ND RT-PCR 0.0 [120]
brain tumor cell lines T 80.0 RT-PCR ND [106]
breast cancer l 43.8 RT-PCR; ISH; WB 0.3 [121]
breast cancer { 70.8 Q-PCR ND [122]
breast cancer Lo 80.2 HC ND [8]
breast cancer cell lines l 100 RT-PCR, WB 0.0 [121]
colorectal carcinoma ND ND ND 0.0 [123]
esophageal SCC Jo 54.8 RT-PCR 12.9 [124]
esophagogastric junction adenocar- l 63.2 RT-PCR 53 [125]
cinoma
gastrointestinal cancers l 75.0 RT-PCR ND [126]
gastrointestinal carcinoma cell lines ND ND ND 8.3 [126]
head and neck SCC ND ND ND 13.0 [127]
head and neck SCC ND ND ND 0.0 [128]
haematological malignancy NC ND QC-PCR 0.0 [129]
hepatocarcinoma Lo 54.7 HC ND [33]
lymphoblastic leukemia { 76.5 HC ND [113]
lymphoid cancer cell lines l 56.3 RT-PCR 0.0 [112]
malignant melanoma Tle 80.0/47.5 IHC ND [116]
malignant melanoma ND ND IHC 19.6 [49]
melanoma cell lines T 100 WB ND [130]
melanoma cell lines T 100 WB; RT-PCR 7.1 [131]
myeloid leukemia ND ND ND 0.0 [132]
non-small cell lung cancer l 42.0 Q-PCR 0.0 [133]
oral SCC T 93.0 RT-PCR ND [134]
oral SSC ND ND ND 0.0 [135]
ovarian cancer ND ND ND 0.0 [121]

ING2 various cancer cell lines l 41.7 WB ND [20]

ING3 head and neck SSC N 50.0/12.5 Q-RT-PCR 2.0 [118]

ING4 glial tumor Jv 100 RT-PCR ND [10]

@ Mutation rates include somatic missense and nonsense mutations.
b Associated with advancing clinical stages.
¢ Increased cytoplasmic expression in 80% and reduced nuclear expression in 47.5% of melanoma cases.

IHC, immunohistochemistry; WB, Western blot; RT-PCR, reverse transcriptase polymerase chain reaction;
ISH, in situ hybridization; ND, not determined; NC, no change.
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teins may contribute to the regulation and targeting of dif-
ferent HAT/HDAC complexes and their catalytic activi-
ties. However, more studies are required to investigate in
which systems and under what circumstances different
ING members associate with different HAT/HDAC com-
plexes. Table 1 summarizes reported associations be-
tween HAT and HDAC components with ING members.

ING genes and human malignancies

Various reports reveal infrequent gene alterations but
prevalent dowregulation of /NG gene expression in var-
ious human malignancies. Many of these reports have
been summarized in previous reviews [4, 7, 8]. Table 2 re-
capitulates published altered /NG expression levels in hu-
man malignancies. An abridgment of all reported ING!
gene mutations is also illustrated in figure 1. The follow-
ing section will therefore focus on recently published
data.

Consistent with a general loss of ING expression in can-
cer, recent studies further link the loss of ING expression
and cancer progression. In a study by Vieyra and col-
leagues [105] semi-quantitative RT-PCR analysis of
INGI mRNA expression levels in human brain tumors
showed significantly higher expression in pilocytic astro-
cytomas (WHO grade I) and in diffuse astrocytomas
(WHO grade II) than in anaplastic astrocytomas and
glioblastoma (WHO grades I1I and IV), suggesting a role
of ING1 downregulation in the progression of low-grade
astrocytomas to higher grades of malignancy. However,
high ING1 expression was also shown to correlate with
cellular chemoresistance in brain cancer cell lines [106].
ING1 was also differentially expressed in early-stage and
invasive bladder tumors. Similar to brain tumors, INGI
expression was detected in normal urothelium and most
early-stage transitional cell carcinoma of the bladder but
became less evident with advancing cancer progression
[76]. Interestingly, p33/N6’> expression was found signifi-
cantly associated with patient survival, as patients with
higher p33™N6/* expression had a poorer outcome than
those expressing low p33™V¢!? [evels [76]. Various factors
can lead to chemoresistance, ranging from initial drug en-
try into the cell to intracellular resistance mechanisms
that prevent drug interaction with DNA or DNA damage
signals from activating the apoptotic machinery [107].
Studies demonstrate that chronic DNA lesions induced
by anti-cancer drugs correlate directly with cytotoxicity
[107—-110]. Reducing the extent of DNA damage through
DNA repair factors has been reported as a mechanism
that increases resistance, and can lead to apoptotic inhi-
bition. In fact, increased rates of DNA repair often corre-
late with an inhibition of drug-induced cytotoxicity in
several cultured malignancies [107]. Inhibition of certain
DNA repair proteins has been shown to increase chemo-
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and radiosensitivity of certain cultured cancer cells [107,
111, 112]. It is therefore plausible that loss of ING may
be involved in malignancy progression, but that high ING
levels may constrain cancer chemo- and radiotherapies.
This idea is consistent with a report demonstrating that
loss of p33™GIb nyclear expression is correlated with bet-
ter prognosis in childhood acute lymphoblastic leukemia
[113]. It is therefore intriguing to note that /NG muta-
tions in malignant melanoma negatively affect patient
outcome [49]. Although chemoresistance is a multifacto-
rial concept, further evaluation of ING prognostic value
and predicted chemoresponse in cancer may help explain
the reported correlation of higher ING levels with poorer
prognosis.

Although loss of ING expression may lead to progression
of certain malignancies, we have shown no correlation
between loss of INGI expression and invasiveness in
melanoma cells [114]. No difference was observed in
MMP-1, MMP-2 and MMP-9 matrix metalloproteinase
expression or in the expression of the angiogenesis-re-
lated proteins VEGF, Flt-1 and Flk-1 in cells transfected
with vector, p33V¢!> and antisense p33N¢'*. Furthermore,
no difference was observed in human umbilical vein en-
dothelial cells (HUVEC) cells cultured with medium de-
rived from p33™¢/b-transfected melanoma compared to
controls, providing support to the lack of functional role
of p33™GIb in angiogenesis [114]. Previous reports have
also demonstrated loss of nuclear localization and in-
creased cytoplasmic localization of p33™G!® in certain
malignancies [49, 113, 115, 116]. Consistent with the in-
clusion of a nuclear localization sequence (NLS) [4],
both p33WNG and p33™N62 proteins were found to be
mainly localized in the nucleus [14, 91, 117].

Unlike p33™6™ | protein levels of p33™62 in cancer cell
lines were found to be highly variable, with undetectable
expression in some cell lines. It was reported that the ex-
pression profile of p33™&2 did not correlate with the mu-
tational status of p53. However, 3 out of 12 cell lines
which express the most abundant p33™¢2 contained either
null or mutant p53 [20]. ING2 mRNA expression was sig-
nificantly higher in colon cancers, where p53 abnormali-
ties occur very frequently, compared to the adjacent nor-
mal tissues. Importantly, its expression levels increased
with tumor progression, as poorly differentiated carci-
noma expressed stronger /ING?2 levels than differentiated
adenocarcinoma [3]. Allelic loss of ING3 was reported by
Gunduz and colleagues [118] in 48 % of a total of 49 head
and neck squamous cell carcinoma (HNSSC) cases ana-
lyzed. Furthermore, ING3 mRNA expression was found
decreased in 50% of the primary tumors and 75 % of tu-
mor-derived cell lines, whereas 5% of the tumor tissues
analyzed exhibited complete loss of /NG3 mRNA ex-
pression and 12 % of the tumor samples showed increased
ING3 expression compared to the paired normal tissues.
Mutational analysis of 49 HNSCC by PCR-SSCP (single-
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Figure 2. Protein-protein interactions, gene regulation and biological functions of ING proteins. ING family members interact with tumor
suppressors, transcription factors, DNA repair and replication factors, HATs and HDACs to induce cell cycle arrest, enhance DNA repair,

promote apoptosis and inhibit angiogenesis.

strand DNA conformational polymorphism) and direct
sequencing detected a tumor-specific missense mutation
of ING3 at codon 20 with an amino acid substitution from
aspartic acid to glycine [118]. It was reported that there
was no significant correlation between /NG3 mRNA lev-
els and clinicopathological features such as tumor stage,
recurrence and metastasis. There was, however, a ten-
dency towards mortality in cases that had tumors with re-
duced ING3 expression compared to cases with tumors
expressing high or normal /NG3 expression. Moreover,
there was a location preference of decreased ING3 ex-
pression, as 64 % of tongue tumor and 63 % of larynx tu-
mor showed decreased /NG3 expression compared to 17
and 20% for hypopharynx and oropharynx tumors, re-
spectively [118].

In spite of the recent study reporting that /ING4 expression
is reduced in gliomas correlating with the extent of tu-
mour progression from low to high grades [10], no stud-
ies have so far been done to investigate the expression
levels of p28™S5 protein in various organs and in normal
and cancerous cellular states. Such study along with mu-
tational status analyses will provide further understand-
ing of the functional importance of these /NG family
genes.

Conclusion

Although ING proteins have not been found to possess
any enzymatic activity, they exert their biological func-

tions by associating with various cellular components
(fig. 2). They are involved in various cellular responses
to stress, including cell cycle arrest, DNA repair and
apoptosis. With the exception of p47™6'2 ING proteins
operate with p53 to promote upregulation of p21%f, re-
sulting in reduced phosphorylation of Rb, E2F seques-
tration and a G,/G, cell cycle arrest. p33™6!® fyrther fa-
cilitates G,/M cell cycle arrest by repressing the expres-
sion of cyclin B1, which is required for mitotic onset.
ING proteins are transcriptional regulators; they may
help target various HAT/HDAC components to induce
local acetylation/ deacetylation of histones and regulate
gene expression. With the association of p300, certain
ING members may further contribute to p53 activation
and stability by promoting acetylation of its regulatory
domain and by competitively binding to MDM2, thus
preventing its association with p53. ING proteins can
also upregulate the pro-apoptotic Bcl-2 member Bax to
promote apoptosis and interact with various DNA repair
factors and facilitate the removal of UV-induced DNA
lesions. ING proteins are silenced in various human ma-
lignancies or become excluded from the nucleus, where
they are required to exert tumor suppressive functions.
Mutations of the /NG genes may also be detrimental to
nucleotide excision repair. However, recent studies sug-
gest that ING proteins could negatively affect chemo-
therapy. Further studies are therefore required to assess
ING prognostic values in predicting patient chemothera-
peutical responses.
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