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Abstract: ING1 gene, the founding member of the ING tumor suppressor family, was originally identified
through subtractive hybridization between normal mammary epithelial cells and breast cancer cell lines, and
subsequent in vivo selection of genetic suppressor element that displayed oncogenic features. Soon after
identification of ING1, four additional members of the ING family (ING2-5) were cloned and all the gene
products contain a highly conserved plant homeodomain (PHD) finger motif in the carboxy (C)-terminal end,
that plays important role for their function. Furthermore, ING family members contain nuclear localization
signals and N-terminal sequences important in the interaction with histone acetyltransferase (HAT) and histone
deacetyltransferase (HDAC) that regulate gene promoter activity within chromatin. Although exact functions
of ING family genes have not been clarified, the gene products are involved in transcriptional regulation,
apoptosis, cell cyle, angiogenesis and DNA repair through p53-dependent and —independent pathways.
Chromosomal deletion and decreased expression of each ING family member gene in various cancer types
strongly suggested products of these genes as tumor suppressor factors. Rare mutation but frequent allelic loss
and epigenetic changes have been shown in ING family genes, suggesting them as a class Il tumor suppressor
gene. This review summarizes the known biological functions of the ING tumor suppressors and signaling
related pathways.
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Introduction

Cell proliferation in normal cells is tightly controlled by various
regulatory mechanisms. However, certain genetic and epigenetic
alterations permit the normal cells to avoid these mechanisms
allowing indefinite cellular activities. Cancer is basically a genetic
disease. The collection of genetic and epigenetic alterations of
multiple genes and chromosomes lead the development of cancer.
In this regard, two major groups of tumor-associated genes,
oncogenes and tumor suppressor genes (TSGs), have been
implicated in the carcinogenic process (Figure 1).

Tumor suppressor genes have been defined as genetic elements
whose loss or mutational inactivation allows cell to display one

or more phenotypes of neoplastic growth?. Protein products of
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these tumor suppressor genes are known to be involved in negative
regulation of the cell cycle and induction of apoptosis by different
mechanisms and inactivation of TSGs is one of the crucial steps
during carcinogenetic process. In this process, the deletion of
targeted chromosomal regions eliminates one allele, while
inactivating events (mutation, deletion, or promoter
hypermethylation) affect the other allele of a concerning TSG?.
The detection of frequent loss of heterozygosity (LOH) in a
chromosomal locus is considered to be critical evidence for the
localization of a TSG (Figure 2).

In fact by using LOH analysis and then positional cloning, many
TSGs have been recently identified including well-known p53,
RBI, pl6, p21, and FHIT etc. Inactivation of these classical TSG
usually occurs through deletion of one of its allele and mutation
in the rest allele (Class I TSG). However, a new class of TSGs
with haploid insufficiency, in which one allele is lost and the

remaining allele is haploinsufficient, has been described recently,
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Figure 1. Cell growth and proliferation are regulated by two major groups of genes namely oncogene
and tumor suppressor gene. These groups of genes function opposite to each other. While oncogenes
promote cell growth and proliferation, tumor suppressor genes inhibit cell growth and proliferation.
When the balance between oncogene and tumor suppressor gene is broken, the result is cancer.

and these hemizygous TSGs show a tumor-prone phenotype when
challenged with carcinogens (Class II TSG) 3.

The novel TSG family, inhibitor of growth (ING), belongs to
the group of genes that encodes proteins containing structural
motifs involved in chromatin remodeling and transcription
regulation. The ING family is classified as type II tumor suppressor
since its inactivation has been implicated in neoplastic growth of
various tumors>®. Five human ING genes (ING1-5) have been
identified and among them, INGI is the founding member and
the most widely studied. ING1 was first isolated using subtractive
hybridization between short segments of cDNAs from normal and
cancer cells”. These randomly fragmented cDNAs interfered with
the activity of tumor suppressors by either blocking protein

production through anti-sense sequences or abrogating function
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Figure 2.Inactivation mechanism of tumor suppressor gene. It has two
copies in normal cell. During carcinogenic process, one copy is deleted
through loss of heterozygosity. In this condition, the cell can still control
its growth to some extent. However, only one copy is left, these patients
are called susceptible carrier for cancer. When the other copy is also
inactivated through mutation or decreased mRNA expression, the cell
becomes cancerous.

in a dominant-negative fashion through truncated sense
fragments”. Acute expression of transfected constructs encoding
this gene inhibited cell growth while chronic expression of
antisense ING1 constructs promoted transformation of mouse
breast epithelial cells and increased the frequency of focus
formation with NTH3T3 cells and protected cells from apoptosis’®.
Using radiation hybrid analysis, ING1 gene was mapped on human
chromosome 13q33-34". The other four members have been
disclosed through sequence homologies with ING1'0.

Functional Structure of ING Family

All ING family members consist of a highly conserved C-
terminal plant homeodomain (PHD) domain that is commonly
found in various chromatin remodeling proteins (Figure 3) 2.
Moreover, they contain nuclear localization sequence (NLS) and
nuclear conserved region (NCR), which can direct them to the
nucleus. However, certain motifs are specifically found in ING
members and in their isoforms*'®. These motifs render the ability
of the protein to interact with chromatin'¥. All the members have
distinct N-termini, which dictates the specific role of the ING
members and in certain instances their antagonistic regulatory
function'.

After cloning of ING1 ¢cDNA, our group characterized the
genomic structure of the human ING1 gene and found that the
gene consists of three exons, named la, 1b, and 2, and two
introns'®. Sizes of the coding region of the exons la, 1b, and 2
are 136, 565 and 701 bp, respectively. We also showed that ING1
gene produced at least 3 mRNA variants from 3 different promoters
(Figure 3). Two of these variants, p33ING1b consisting of exons
la and 2, and p24INGlc consisting of a truncated p47INGla
message including the first ATG codon in exon 2, are expressed
majorly, while p47ING1a consisting exon 1b and exon 2, was not
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Figure 3.The structure of the ING family proteins. Known domains are shown as follows: Common motifs
among all ING members include Plant Homeodomain (PHD), Nuclear Localization Sequence (NLS) and Novel
Conserved Region (NCR). The Other like PCNA-interacting protein motif (PIP), partial bromodomain (PB)

and leucine zipper-like (LZL) are specifically distinct.

detected in head and neck tissues '9. The N-terminus of p33ING1b
contains PCNA-interacting protein motif (PIP) and a partial
bromodomain (PB) that seems to regulate protein-protein
interactions during chromatin remodeling'”'®).

Soon after the cloning of ING1 gene, an ING1-like gene, named
INGIL at the time, was isolated from a human fetal brain cDNA
library by searching a human EST database for cDNA with
sequence similarity to ING1'?. The full-length INGIL ¢cDNA
contained an open reading frame of 840 bp, encoding a deduced
protein of 280 amino acids with a predicted molecular weight of
32.8 kDa. INGIL was mapped at 4q35 by radiation hybrid
mapping and FISH. ING1L showed about 60% homology with
INGI gene and expressed ubiquitously in human tissues. ING1L
mRNA was also detected to be significantly higher in colon tumors
than in the adjacent normal tissue. After the identification of new
members of ING family, INGIL was called as ING22*2D, ING2
was recently shown to negatively regulate cell growth and increase
survival in a p53-dependent manner through induction of G1-phase
cell-cycle arrest and apoptosis®®. ING2 was also induced by the
DNA-damaging agents etoposide and neocarzinostatin. Moreover
ING?2 strongly enhanced the transcriptional-transactivation activity
of p53. It has also been shown through a library expression
screening using phosphoinositide-affinity resins that ING2
(p33ING2) product is a phosphoinositide (PtdIns)-binding module.
p33ING2 has been demonstrated to interact with PtdIns(3)P and
PtdIns(5)P through its PHD finger motif, suggesting that
PtdIns(5)P recruits or stabilizes p33ING2 in the chromatin and/or
interaction with PtdIns(5)P might lead to allosteric activation of
p33ING22?. In addition to the above-mentioned domains,
p33ING?2 also contains leucine zipper-like (LZL) domain®.

Another ING family gene was identified by our group at
chromosome 7q31.3 with a protein product of estimated molecular
weight 0of 46.8 kDa (418 amino acids) and was named p47ING3?Y.
ING3 is composed of 12 exons spanning over 25 kb genomic

interval. cDNA cloning from human tissues disclosed an
alternatively spliced form of the ING3 message but this variant
form was devoid of exon 3.

Again by using homology search in genome database, ING4
gene located at chromosome 12p13.31, was identified. It consisted
of at least 8 exons spanning over 13 kb genomic interval>?Y. ING4
gene produces a mRNA of 1380 nucleotides encoding 249 amino
acids. Four different human ING4 mRNAs were generated from
juxtaposed splicing sites resulting to the incorporation of 12
nucleotide coding region within a NLS domain®-%. It has also
been shown that the small deletion in ING4 protein leads to
functional differences between the ING4 variants*. Moreover,
alternative splicing could modulate the activity of ING4 tumor
suppressor protein®®. ING4 also has an LZL domain.

INGS5 gene is located at chromosome 2q37.3 and encodes a
protein of 240 amino acids corresponding to mRNA with 1068
nucleotides. Like ING4, INGS5 has also been identified and
characterized having high homology with p33ING1b cDNA%,
At least 4 different splicing isoforms of INGS have been also
observed (Cengiz B, Gunduz M. et al., under submission).
p28INGS likewise contains the domains PHD, NLS , NCR as
well as LZLY.

Regulatory Activity of ING Family Gene Products

The function of ING is based on its capability to regulate
transcription through modifying the chromatin structure by making
complexes with histone acetyltransferases (HAT) and histone
deacetylases (HDAC). Chromatin remodeling occurs when
chemical modification or activation of the ligand-binding system
and access to the DNA binding sites take place. With the ING’s
evolutionary conserved PHD and other domains, different cellular
processes brought about by cellular stresses can be regulated either
to sites of repair or apoptosis. ING proteins have the ability to
physically and functionally interact with integral components of
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HAT and HDAC complexes and bind to methylated histones
through their PHD domains>'*?". The association of ING proteins
to these complexes leads to acetylation and deacetylation processes
and eventually alters gene expression through chromatin
remodeling.

ING1 isoforms interact with other proteins in complexes
containing HAT activity such as CBP, PCAF, p300, and TRRAP?.
However, these isoforms have variations in affinities for the
complexes and exerted contradicting effects. Specifically,
p33ING1b directly interacts with SAP30 at the N terminus and
becomes a part of mammalian Sin3-HDAC complex*-%. These
associations have been implicated on ING1’s ability to function
as a TSG as shown in the consequences of subjecting the cells to
various forms of stress. Moreover, ectopic p33ING1b enhanced
the G2/M DNA damage checkpoint and reduced cell proliferation
emphasizing the essential role of INGI in cell progression®".
Although most functions of ING1 have been attributed to this
isoform, recently, LN229 cells were shown to differentially
activate p47ING1la in response to cisplatin representing a defense
to protect the DNA from damage. This effect was specific and
independent of the p53 status®?. Likewise, p33ING1 was shown
to suppress spontaneous lymphoma in mice by negatively
regulating cell proliferation and apoptosis independent of the p53
status®.

ING2 protein has also been found in mammalian Sin3-HDAC
complex®¥. The PHD finger of ING2 was implicated in the
negative regulation of cell proliferation through modulation of
P53 acetylation in response to DNA damage®”. Recently, the ING2
PHD domain has been identified as the first effector domain for
methylated H3K4, linking this modification to suppression of
transcription®-=. This mechanism may be efficient by switching
off proliferation genes as cellular response to acute stress. This
emphasized that the biological function depends on the recognition
of chromatin modification by the effector proteins rather than by
specific modification itself*>. Both p33ING1b and p33ING2 gene
products also elevated the levels of HSP70 mRNA independent
of p53 and down regulated the NF-kappaB pathway using a
common mechanism related to the N termini*”.

ING3 has been shown to be component of Tip60/NuA4 complex
that cooperates with p53 for activation of the p21/wafl gene. By
a member of this complex, ING3 showed strong growth inhibitory
activity®. Concurrently, ING3 expression significantly promoted
apoptosis by activating Fas/caspase-8 pathway and therefore
independent of p533.

Like all other ING family members, ING4 has been shown to
interact with p300 of the HAT complex affecting the transcription
of p21/wafl promoter®. ING4 and 5 associate with HBO1/HAT
complex but specifically ING5S also participates in the MOZ/
MORF HAT complex®¥. Unlike ING2, ING4 PHD doesn’t bind
to phosphoinositides but binds to H3K4me3 and is possibly

involved in transcription activation*?.

Deregulation of ING Family Genes in Tumors

First clinical studies on ING1 gene demonstrated rearrangement
in one neuroblastoma cell line and reduced expression in primary
cancers and cell lines”*). Though rearrangement and deletion of
chromosome 13q33-34 region was reported in head and neck
cancer, the responsible gene for this deletion ING1 gene was not
known at the time. Later in a comprehensive study, we showed
tumor specific missense mutations in ING1 gene and frequent
deletion at 13q33-34 region for the first time in the world in head
and neck squamous cell carcinomas'®. These mutations were found
in the PHD zinc finger domain and putative nuclear localization
signal, which may abrogate the normal function of ING1 protein.
In a separate study, one germline missense alteration and three
germline silent alterations of ING1 were detected in 377 primary
breast cancers while marked (2-10-fold) decreases in ING1 mRNA
expression were seen in 44% of primary breast cancers and in all
of ten breast cancer cell lines examined*". Moreover, the majority
of breast cancers showing decreased ING1 expression had
metastasized to regional lymph nodes whereas only a small subset
of cancers with elevated ING1 expression as compared to adjacent
normal tissues were metastatic.

Rare missense mutations in ING1 have been detected in
esophageal carcinomas*, melanoma*?, adenocarcinomas of the
esophagogastric junction*”, non-small cell lung cancer*?,
pancreatic carcinoma*®, colon cancer cell line*”, hepatocellular
carcinoma*¥, and meningioma*”, while no mutations were detected
in leukemia’”, Indian oral cancer’", astrocytoma’? and lymphoid
malignancies™. On the other hand, decreased expression of ING1
mRNA has been shown in breast cancers**, gastric cancers*”,
lymphoid malignancies®, brain tumors®?, non-small cell lung
cancer® and adenocarcinomas of the esophagogastric junction*”.
Most of these studies used primers for mRNA expression analysis
in the common exon 2 of ING1 gene since alternative splicing
variants of ING1 gene were not intensively investigated in that
time. Since the products of different splicing variants of ING1
gene were shown to have different functions and relationship with
p53 gene both in mouse and human, recent researches focused on
the expression of the each variant in human cancer. Such a study,
which examined the p24INGlc and p33ING1b expressions
specifically, demonstrated that the p33ING1b is the major variant
and exceeds the combined expression of p24INGlc and p47INGla
in hematological malignancies. In our analysis, we could not detect
the p47INGl1a splicing variant, while p24ING1c and p33ING1b
expressions were equally detected in head and neck tissues'®.
Specific mRNA expression analysis of p24ING1c and p33ING1b
demonstrated various patterns, mostly a decrease of p24INGlc
and an increase of p33ING1b in head and neck cancer samples as
compared to their normal counterparts (Gunduz M, unpublished
data). Since INGI has 3 different promoters, the difference in
expression pattern may be related with carcinogenesis of head

and neck cancer through methylation of different promoters or
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Figure 4. Various roles of ING family genes in apoptosis, angiogenesis, transcriptional and cell cycle

regulation, and chromatin remodeling.

abnormalities of upstream or downstream genes.

An interesting finding is that one group showed the down-
regulation of nuclear expression of the p33ING1b protein in
invasive carcinoma of the breast, acute lymphoblastic leukemia,
and melanocytic lesions®***”. Reduced nuclear expression of
p33INGI1b both in intensity and in the proportion of cells stained
was associated with enhanced cytoplasmic p33ING1b expression
in a subset of cases. Most tumor suppressors contain nuclear
transport signals that facilitate their shuttling between the nucleus
and the cytoplasm®®. This type of dynamic intracellular movement
not only regulates protein localization, but also often impacts on
function. Therefore, it is possible that nucleo-cytoplasmic
modifications of the ING family proteins could occur during
carcinogenic process.

Recent studies also showed similar findings of decreased mRNA
expression of other ING family members. ING2 was found to be
downregulated both at transcriptional and posttranslational level
in hepatocellular carcinoma. Moreover the patients with decreased
ING2 expression had a poor survival rate in this cancer type™.
We also recently reported that downregulation of ING3 can be
used an independent prognostic factor for poor overall survival®®.
At 5 years follow up, approximately 60% of the patients with
normal to high ING3 expression survived, whereas this was 35%
in the patients with low ING3 expression in head and neck
cancers®. On the other hand, a decrease in nuclear ING3
expression was linked to a poor prognosis in cutaneous
melanoma®?. Similarly, we and other groups reported
chromosomal deletion and/or decrease of ING4 expression in head
and neck cancers®", glioma® and breast cancer®. Regarding with
INGS5, we detected allelic loss®, tumor-specific mutation and
decreased expression of it (Cengiz B, Gunduz M et al. under
submission).

ING family of proteins having NLS can direct themselves into
the nucleus and associate with a spectrum of HAT and HDAC

complexes for the maintenance of genomic integrity*!%*%5. Loss
of nuclear ING expression has been observed in various tumors
and implicated with tumorigenesis, suggesting that ING is
indispensable in controlling cellular regulatory mechanisms. For
instance significant reduction of nuclear ING3 was observed in
human melanoma indicating the status of ING3 as a prognostic
marker and therapeutic target for melanoma®”. The loss of nuclear
expression or translocation from nucleus to cytoplasm would
probably result to the loss of its tumor suppressor activity®. And
in events such as p53-dependent pathway, the loss of ING function
will compromise the expression of p53. Class II tumor suppressor
genes offer great therapeutic possibilities because they are present
as non-mutated wild-type alleles in cancer cells. Also endogenous
p33ING1b was capable of weakly inducing apoptosis even in the
absence of DNA damage, protecting the cell following UV
exposure®®. The sequences responsible for the translocation of
p33ING1b into the nucleolus were located in a region common to
all splicing isoforms of the ING1 gene indicating that the other
two isoforms of the ING1 gene also contain the nucleolar targeting
sequences (NTS). This translocation of ING1 protein into the
nucleolus upon UV exposure resulted in apoptosis®®.
Researches have linked ING family to inhibit cell cycle, to
promote apoptosis and senescence and to provide aids in reparative
process after DNA damage. In addition, ING4 has a specific
function in the tumorigenic event that is not directly coupled with
regulation of cell cycle®”. ING4 might be involved in maintaining
the contact-inhibited state, fending off a tumorigenic event that
leads to loss of contact inhibition. ING4 may achieve this function
by affecting the chromatin structure and controlling transcription
of genes important in maintenance of contact inhibition®”. ING4
could also maintain the growth-inhibitory mechanism from
extracellular signals or work together with these extracellular
signals to implement growth inhibitory function. In both
mechanisms, ING4 is indispensable for the extracellular signal
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for growth inhibition®”. Previous studies have likewise implicated
ING4 in the inhibition of HIF. Multiple myeloma patients with
high IL-8 and microvascular density have considerable reduction
in ING4 expression, indicating that ING4 exerted an inhibitory
effect on pro-angiogenic molecules (IL-8) and angiogenesis®®.

Mutations are very rare in ING family genes. Nevertheless, it
has now been known that the inactivation of ING family genes at
genetic and epigenetic levels plays a major role in tumorigenesis
of various tumors. Considering ING genes in the molecular therapy
may be of value for the management of various tumors.

Conclusions

Various studies contributed leading to the mutual recognition
of ING family as type II TSG with a role in different cellular
functions, including apoptosis, angiogenesis, transcriptional and
cell cycle regulation, and chromatin remodeling (Figure 4). The
structure of the ING gene products having the high-conserved
PHD motif is the basis of all its regulatory mechanism through
the recruitment of HAT and HDAC complexes. Foreknowingly,
HAT and HDAC associations can also recruit other proteins
creating more perplexing complexes. Likewise, downstream and
upstream molecules involved in the activation or inactivation of
ING family are somewhat paradoxical. Notwithstanding, the
suppression of ING family in distinct tumors augmented by the
formidable existence of ING in pathways related to cell cycle,
apoptosis and senescence assert the ING family members in the
molecular therapy of distinct tumors. Progress on the knowledge
of functions of ING family genes as well as relationship with p53
and other unknown binding molecules will facilitate our
understanding of the biochemical mechanisms by which the ING
proteins regulate growth, proliferation, senescence and stress
response and will help to clarify the functional significance of
altered ING family functions in tumorigenesis and cancer
progression. This will also enforce efficiency of molecular therapy
using each of single ING family genes or combined with other
tumor suppressors such as p53. And targeting the complexes in
which any of ING family members exists could possibly be used
in cancer therapy in near future.

Acknowledgements
This work was partially supported by grants-in-aid for scientific
researches from the Ministry of Education, Culture, Sports,
Science and Technology [19592109 (to HN), 17406027 (to NN),
20791337 (to RT)], Seed Innovation Research from Japan Science
and Technology Agency (to MG), from Sumitomo Trust Haraguchi
Memorial Cancer Research Promotion (to MG) and Astrazeneca

Research Grant (to MG).

References

1. Hinds PW and Weinberg RA. Tumor suppressor genes. Curr

10.

11.

12.

13.

14.

15.

Opin Genet Dev 4: 135-141, 1994

Knudson AG Jr. Mutation and cancer: statistical study of
retinoblastoma. Proc Natl Acad Sci USA 68: 820-823, 191
Tang B, Bottinger EP, Jakowlew SB, Bagnall KM, Mariano
J, Anver MR, Letterio JJ and Wakefield LM. Transforming
growth factor-bl is a new form of tumor suppressor with
true haploid insufficiency. Nat Med 4: 802-807, 1998

Bai F, Pei XH, Godfrey VL and Xiong Y. Haploinsufficiency
of p18 (INK4c) sensitizes mice to carcinogen-induced
tumorigenesis. Mol Cell Biol 23: 1269-1277, 2003

Russell M, Berardi P, Gong W and Riabowol K. Grow-ING,
Age-ING and Die-ING: ING proteins link cancer, senescence
and apoptosis. Exp Cell Res 312: 951-961, 2006

Nouman GS, Anderson JJ, Lunec J and Angus B. The role of
the tumour suppressor p33 ING1b in human neoplasia. J Clin
Pathol 56: 491-496, 2003

Garkavtsev I, Kazarov A, Gudkov A and Riabowol K.
Suppression of the novel growth inhibitor p33ING1 promotes
neoplastic transformation. Nat Genet 14: 415-420, 1996
Helbing CC, Veilette C, Riabowol K, Johnston RN and
Garkavtsev 1. A novel candidate tumor suppressor gene,
ING1, is involved in the regulation of apoptosis. Cancer Res
57: 1255-1258, 1997

Zeremski M, Horrigan SK, Grigorian IA, Westbrook CA and
Gudkov AV. Localization of the candidate tumor suppressor
gene ING1 to human chromosome 13q34. Somatic Cell Mol
Genet 23: 233-236, 1997

Feng X, Hara Y and Riabowol K. Different HATS of the
INGI gene family. Trends Cell Biol 12: 532-538, 2002
Aasland R, Gibson TJ and Stewart AF. The PHD finger:
implications for chromatin-mediated transcriptional
regulation. Trends Biochem Sci 20: 56-59, 1995

Zeremski M, Hill JE, Kwek SS, Grigorian IA, Gurova KV,
Garkavtsev 1V, Diatchenko L, Koonin EV and Gudkov AV.
Structure and regulation of the mouse ingl gene. Three
alternative transcripts encode two phd finger proteins that
have opposite effects on pS3 function. J Biol Chem 274:
32172-32181, 1999

Ha S, Park S, Yun CH and Choi Y. Characterization of nuclear
localization signal in mouse ING1 homolog protein. Biochem
Biophys Res Commun 293: 163-166, 2002

Ragvin A, Valvatne H, Erdal S, Arskog V, Tufteland KR,
Breen K, Oyan AM, Eberharter A, Gibson TJ, Becker P and
Aasland R. Nucleosome binding by the bromodomain and
PHD finger of the transcriptional cofactor p300. J Mol Biol
337: 773-788, 2004

Kataoka H, Bonnefin P, Vieyra D, Feng X, Hara Y, Miura Y,
Joh T, Nakabayashi H, Vaziri H, Harris C and Riabowol K.
INGI1 represses transcription by direct DNA binding and
through effects on p53, Cancer Res 63: 5785-5792, 2003



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Esra Gunduz et.al.: ING Tumor Supressor Family

Gunduz M, Ouchida M, Fukushima K, Hanafusa H, Etani T,
Nishioka S, Nishizaki K and Shimizu K. Genomic structure
of the human ING1 gene and tumor-specific mutations
detected in head and neck squamous cell carcinomas. Cancer
Res 60: 3143-3146, 2000

Scott M, Bonnefin P, Vieyra D, Boisvert FM, Young D,
Bazett-Jones DP and Riabowol K. UV-induced binding of
ING1 to PCNA regulates the induction of apoptosis. J Cell
Sci 114, 3455-3462, 2001
Berardi P, Russell M, El-Osta A and Riabowol K. Functional
links between transcription, DNA repair and apoptosis. Cell
Mol Life Sci 61: 2173-2180, 2004

Shimada Y, Saito A, Suzuki M, Takahashi E and Horie M.
Cloning of a novel gene (INGL) homologous to ING1, a
candidate tumor suppressor. Cytogenet Cell Genet 83: 232-
235, 1998

Nagashima M, Shiseki M, Miura K, Hagiwara K, Linke SP,
Pedeux R, Wang XW, Yokota J, Riabowol K and Harris CC.
DNA damage-inducible gene p33ING2 negatively regulates
cell proliferation through acetylation of p53. Proc Natl Acad
Sci USA 98: 9671-9676, 2001

Gunduz M, Ouchida M, Fukushima K, Ito S, Jitsumori Y,
Nakashima T, Nagai N, Nishizaki K and Shimizu K. Allelic
loss and reduced expression of the ING3, a candidate tumor
suppressor gene at 7q31, in human head and neck cancers.
Oncogene 21: 4462-4470, 2002
Gozani O, Karuman P, Jones DR, Ivanov D, Cha J Lugovskoy
AA, Baird CL, Zhu H, Field SJ, Lessnick SL, Villasenor J,
Mehrotra B, Chen J, Rao VR, Brugge JS, Ferguson CG,
Payrastre B, Myszka DG, Cantley LC, Wagner G, Divecha
N, Prestwich GD, Yuan J. The PHD finger of the cromatin-
associated protein ING2 functions as a nuclear
phosphoinositide receptor. Cell 114: 99-111, 2003

Shiseki M, Nagashima M, Pedeux RM, Kitahama-Shiseki M,
Miura K, Okamura S, Onogi H, Higashimoto Y, Appella E,
Yokota J, Harris CC. p29ING4 and p28INGS5 bind to p53
and p300, and enhance p53 activity. Cancer Res 63: 2373—
2378, 2003
Gunduz M, Nagatsuka H, Demircan K, Gunduz E, Cengiz B,
Ouchida M, Tsujigiwa, H, Yamachika E, Fukushima K, Beder
L, Hirohata S, Ninomiya Y, Nishizaki K, Shimizu K and
Nagai N. Frequent deletion and down-regulation of ING4, a
candidate tumor suppressor gene at 12p13, in head and neck
squamous cell carcinomas. Gene 356: 109-117, 2005
Unoki M, Shen JC, Zheng ZM and Harris CC. Novel splice
variants of ING4 and their possible roles in the regulation of
cell growth and motility. J Biol Chem 281: 34677-34686,
2006

Raho G, Miranda C, Tamborini E, Pierotti MA and Greco A.
Detection of novel mRNA splice variants of human ING4

tumor suppressor gene. Oncogene 26: 5247-5257, 2007

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Vieyra D, Loewith R, Scott M, Bonnefin P, Boisvert FM,
Cheema P, Pastyryeva S, Meijer M, Johnston RN, Bazett-
Jones DP, McMahon S, Cole MD, Young D and Riabowol
K. Human ING1 proteins differentially regulate histone
acetylation. J Biol Chem 277: 29832-29839, 2002
Kuzmichev A, Zhang Y, Erdjument-Bromage H, Tempst P,
Reinberg D. Role of the Sin3-histone deacetylase complex
in growth regulation by the candidate tumor suppressor p33
(ING1). Mol Cell Biol 22: 835-848, 2002

Skowyra D, Zeremski M, Neznanov N, Li M, Choi Y, Uesugi
M, Hauser CA, Gu W, Gudkov AV and Qin J. Differential
association of products of alternative transcripts of the
candidate tumor suppressor ING1 with the mSin3/HDACI1
transcriptional corepressor complex. J Biol Chem 276: 8§734—
8739, 2001

Campos EI, Chin MY, Kuo WH, Li G. Biological functions
of the ING family tumor suppressors. Cell Mol Life Sci 61:
2597-2613, 2004

Garate M, Campos EI, Bush JA, Xiao H and Li G
Phosphorylation of the tumor suppressor p33 (ING1b) at Ser-
126 influences its protein stability and proliferation of
melanoma cells. FASEB J 21: 3705-3716, 2007

Tallen UG, Truss M, Kunitz F, Wellmann S, Unryn B, Sinn
B, Lass U, Krabbe S, Holtkamp N, Hagemeier C, Wurm R,
Henze G, Riabowol KT and von Deimling A. Down-
regulation of the inhibitor of growth 1 (ING1) tumor
suppressor sensitizes p53-deficient glioblastoma cells to
cisplatin-induced cell death. J Neurooncol 86: 23-30, 2008
Coles AH, Liang H, Zhu Z, Marfella CG, Kang J, Imbalzano
AN and Jones SN. Deletion of p37Ingl in mice reveals a
p53-independent role for Ingl in the suppression of cell
proliferation, apoptosis, and tumorigenesis. Cancer Res 67:
2054-2061, 2007

Doyon Y, Cayrou C, Ullah M, Landry AJ, Cote V, Selleck W,
Lane WS, Tan S, Yang XJ and Cote J. ING tumor suppressor
proteins are critical regulators of chromatin acetylation
required for genome expression and perpetuation. Mol Cell
21: 51-64, 2006

Shi X, Hong T, Walter KL, Ewalt M, Michishita E, Hung T,
Carney D, Pena P, Lan F, Kaadige MR, Lacoste N, Cayrou
C, Davrazou F, Saha A, Cairns BR, Ayer DE, Kutateladze
TG, ShiY, Cote J, Chua KF and Gozani O. ING2 PHD domain
links histone H3 lysine 4 methylation to active gene
repression. Nature 442: 96-99, 2006

Pena PV, Davrazou F, Shi X, Walter KL, Verkhusha VYV,
Gozani O, Zhao R, Kutateladze TG. Molecular mechanism
of histone H3K4me3 recognition by plant homeodomain of
ING2. Nature 442: 100-103, 2006

Feng X, Bonni S and Riabowol K. HSP70 induction by ING
proteins sensitizes cells to tumor necrosis factor alpha
receptor-mediated apoptosis. Mol Cell Biol 26: 9244-9255,



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

J.Hard Tissue Biology Vol. 17(1):1-10,2008

2006

Doyon Y, Selleck W, Lane WS, Tan S and Cote J. Structural
and functional conservation of the NuA4 histone
acetyltransferase complex from yeast to humans. Mol Cell
Biol 24: 1884-1896, 2004

Wang Y and Li G. ING3 promotes UV-induced apoptosis via
Fas/caspase-8 pathway in melanoma cells. J Biol Chem 281:
11887-11893, 2006

Palacios A, Garcia P, Padro D, Lopez-Hernandez E, Martin
I'and Blanco FJ. Solution structure and NMR characterization
of the binding to methylated histone tails of the plant
homeodomain finger of the tumour suppressor ING4. FEBS
Lett 580: 6903-6908, 2006

Toyama T, Iwase H, Watson P, Muzik H, Saettler E, Magliocco
A, DiFrancesco L, Forsyth P, Garkavtsev I, Kobayashi S and
Riabowol K. Suppression of ING1 expression in sporadic
breast cancer. Oncogene 18: 5187-5193, 1999

Chen L, Matsubara N, Yoshino T, Nagasaka T, Hoshizima N,
Shirakawa Y, Naomoto Y, Isozaki H, Riabowol K and Tanaka
N. Genetic alterations of candidate tumor suppressor ING1
in human esophageal squamous cell cancer. Cancer Res 61:
4345-4349, 2001

Campos EI, Martinka M, Mitchell DL, Dai DL and Li G.
Mutations of the ING1 tumor suppressor gene detected in
human melanoma abrogate nucleotide excision repair. Int J
Oncol 25: 73-80, 2004

Hara Y, Zheng Z, Evans SC, Malatjalian D, Riddell DC,
Guernsey DL, Wang LD, Riabowol K and Casson AG. ING1
and p53 tumor suppressor gene alterations in
adenocarcinomas of the esophagogastric junction. Cancer
Lett 192: 109-116, 2003

Kameyama K, Huang CL, Liu D, Masuya D, Nakashima T,
Sumitomo S, Takami Y, Kinoshita M and Yokomise H.
Reduced ING1b gene expression plays an important role in
carcinogenesis of non-small cell lung cancer patients. Clin
Cancer Res 9: 4926-4934, 2003

Yu GZ, Zhu MH, Zhu Z, Ni CR, Zheng JM and Li FM. Genetic
alterations and reduced expression of tumor suppressor p33
(ING1b) in human exocrine pancreatic carcinoma. World J
Gastroenterol 10: 3597-3601, 2004

Oki E, Maehara Y, Tokunaga E, Kakeji Y and Sugimachi K.
Reduced expression of p33™¢! and the relationship with p53
expression in human gastric cancer. Cancer Lett 147: 157-
162, 1999

Zhu Z, Lin J, Qu JH, Feitelson MA, Ni CR, Li FM and Zhu
MH. Inhibitory effect of tumor suppressor p33 (ING1b) and
its synergy with p53 gene in hepatocellular carcinoma. World
J Gastroenterol 11: 1903-1909, 2005

Vieyra D, Senger DL, Toyama T, Muzik H, Brasher PM,
Johnston RN, Riabowol K and Forsyth PA. Altered
subcellular localization and low frequency of mutations of

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

ING]1 in human brain tumors. Clin Cancer Res 9: 5952-5961,
2004

Lynas C and Bromidge T. Relative levels of alternative
transcripts of the ING1 gene and lack of mutations of p33/
ING1 in haematological malignancies. Leuk Res 26: 631-
635, 2002

Krishnamurthy J, Kannan K, Feng J, Mohanprasad BKC,
Tsuchida N and Shanmugam G. Mutational analysis of the
candidate tumor suppressor gene ING1 in Indian oral
squamous cell carcinoma. Oral Oncol 37: 222-224, 2001
Tallen G, Kaiser I, Krabbe S, Lass U, Hartmann C, Henze G,
Riabowol K and von Deimling A. No ING1 mutations in
human brain tumours but reduced expreesion in high
malignancy grades of astrocytoma. Int J Cancer 109: 476-
479, 2004

Ohmori M, Nagai M, Tasaka T, Koeffler HP, Riabowol K
and Takahara J. Decreased expression of p33ING1 mRNA
in lymphoid malignancies. Am J Hematol 62: 118-119, 1999
Tokunaga E, Maehara Y, Oki E, Kitamura K, Kakeji Y, Ohno
S and Sugimachi K. Diminished expression of ING1 mRNA
and the correlation with pS3 expression in breast cancers.
Cancer Lett 152: 15-22, 2000
Nouman GS, Anderson JJ, Crosier S, Shrimankar J, Lunec J
and Angus B. Downregulation of nuclear expression of the
p33 (ING1b) inhibitor growth protein in invasive carcinoma
of the breast. J Clin Pathol 56: 507-511, 2003

Nouman GS, Anderson JJ, Wood KM, Lunec J, Hall AG,
Reid MM and Angus B. Loss of nuclear expression of the
p33 (ING1D) inhibitor of growth protein in childhood acute
lymphoblastic leukaemia. J Clin Pathol 55: 596-601, 2002
Nouman GS, Anderson JJ, Mathers ME, Leonard N, Crosier
S, Lunec J and Angus B. Nuclear to cytoplasmic compartment
shift of the p33ING1b tumor suppressor protein is associated
with malignancy in melanocytic lesion. Histopathology 40:
360-366, 2002

Fabbro M and Henderson BR. Regulation of tumor suppressors
by nuclear-cytoplasmic shuttling. Exp Cell Res 282: 59-69,
2003

Zhang HK, Pan K, Wang H, Weng DS, Song HF, Zhou J,
Huang W, Li JJ, Chen MS and Xia JC. Decreased expression
of ING2 gene and its clinicopathological significance in
hepatocellular carcinoma. Cancer Lett 261:183-192, 2008
Gunduz M, Beder LB, Gunduz E, Nagatsuka H, Fukushima
K, Pehlivan D, Cetin E, Yamanaka N, Nishizaki K, Shimizu
K and Nagai N. Downregulation of ING3 mRNA expression
predicts poor prognosis in head and neck cancer. Cancer Sci
99:531-538, 2008

Wang Y, Dai DL, Martinka M and Li G. Prognostic significance
of nuclear ING3 expression in human cutaneous melanoma.
Clin Cancer Res 13: 4111-4116, 2007

Garkavtsev I, Kozin SV, Chernova O, Xu L, Winkler F, Brown



63.

64.

65.

66.

Esra Gunduz et.al.: ING Tumor Supressor Family

E, Barnett GH and Jain RK. The candidate tumour suppressor
protein ING4 regulates brain tumour growth and
angiogenesis. Nature 428: 328-332, 2004

Kim S, Chin K, Gray JW and Bishop JM. A screen for genes
that suppress loss of contact inhibition: identification of ING4
as a candidate tumor suppressor gene in human cancer. Proc
Natl Acad Sci USA 101: 16251-16256, 2004

Cengiz B, Gunduz M, Nagatsuka H, Beder L, Gunduz E,
Tamamura R, Mahmut N, Fukushima K, Ali MA, Naomoto
Y, Shimizu K and Nagai N. Fine deletion mapping of
chromosome 2q21-37 shows three preferentially deleted
regions in oral cancer. Oral Oncol 43: 241-247, 2007
Gunduz M. Functions of the tumor suppressor ING family
genes. J Oral Biosci 47: 211-220, 2005

Scott M, Boisvert FM, Vieyra D, Johnston RN, Bazett-Jones

67.

68.

DP and Riabowol K. UV induces nucleolar translocation of
INGI1 through two distinct nucleolar targeting sequences.
Nucleic Acids Res 29: 2052-2058, 2001

Kim S. HuntING4 new tumor suppressors. Cell Cycle 4: 516-
517, 2005

Colla S, Tagliaferri S, Morandi F, Lunghi P, Donofrio G,
Martorana D, Mancini C, Lazzaretti M, Mazzera L, Ravanetti
L, Bonomini S, Ferrari L, Miranda C, Ladetto M, Neri TM,
Neri A, Greco A, Mangoni M, Bonati A, Rizzoli V and
Giuliani N. The new tumor suppressor gene inhibitor of
growth family member 4 (ING4) regulates the production of
pro-angiogenic molecules by myeloma cells and suppresses
hypoxia inducible factor (HIF)-1a activity being involved in
myeloma-induced angiogenesis. Blood 110: 4464-4475,2007



J.Hard Tissue Biology Vol. 17(1):1-10,2008

10




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


