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Human Tip60 (NuA4) Complex and Cancer
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University of Oklahoma Health Sciences Center (OUHSC),
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1. Introduction

Recent publications implicate human Tip60 (NuA4) complex in colorectal and other
cancers. Our lab and others discovered deregulations in the components of human Tip60
(NuA4) complex in advanced colon cancers, and the functional significance and the
potential as a therapeutic target, has been investigated. Human Tip60 (NuA4) complex
likely represents a fusion form of yeast NuA4 and SWR1 complexes, and the functions
seem to be evolutionarily preserved. This notion has greatly contributed in understanding
functions of human Tip60 (NuA4) complex. The Tip60 (NuA4) complex is a multiprotein
complex with at least 16 subunits. It is thought to function in at least two ways; (a) as a
chromatin remodeling factor, it controls chromatin structure and transcription through its
Histone Acetyl Transferase (HAT) activity, and (b) it controls activities of other non-
histone proteins, such as metabolic enzymes, through protein acetylation. Through the
enzymatic activity and other interactions, Tip60 (NuA4) complex is involved in wide
variety of cellular functions, including transcriptional activation, DNA repair, cell cycle
progression, chromosome stability, stem cell maintenance and differentiation, and cell
migration and invasion. This review will discuss functions of Tip60 (NuA4) complex,
consequences of the defect in the subunit, its connection to human cancer, and its
potential as a therapeutic target in clinic.

2. A chromatin remodeling factor with Histone Acetyl Transferase (HAT)
activity, Tip60 (NuA4) complex

Readout of genomic information is regulated through multiple mechanisms. A major part
of the regulatory role is played by chromatin remodeling factors; enzyme complexes that
modify DNA or chromatin proteins. The modifications change local chromatin structure,
thus change accessibility of transcription factors and availability of genomic information
(Kouzarides 2007). In the case of Histones and major chromatin proteins, protein
modifications occur in a variety of ways, including phosphorylation, acetylation,
methylation, ubiquitylation, and ADP-ribosylation. These different types of modifications
may functionally influence each other, creating possibilities of multiple layers of
regulations, which have been referred as the “Histone code”. Although the possibility has
been pointed out, the multiple layers of regulations (the “Histone code”) have not fully
been deciphered yet.

Among the modifications, acetylation has a defined role: To change surface charge
distribution of the target protein and change accessibility to DNA and/or to other proteins.
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218 Colorectal Cancer Biology — From Genes to Tumor

The histones are acetylated and deacetylated on lysine residues in the N-terminal tail. These
acetylation/deacetylation reactions are catalyzed by two groups of enzymes, Histone Acetyl
Transferase (HAT) and Histone DeACetylase (HDAC), respectively. Histones are not the
only target for these enzymes. HATs and HDACs can acetylate/deacetylate non-histone
proteins as well.

In this review, we will focus on a human multisubunit and multifunctional HAT complex,
Tip60 (NuA4) (Nucleosomal Acetyltransferase of H4) complex. We will describe the
complex and known functions from the standpoint of each subunit and discuss new insights
relevant to cancer, especially in colon cancer. We will also discuss the possibility of targeting
Tip60 (NuA4) subunits for therapeutic purposes.

3. Human Tip60 (NuA4) complex; Its components and functions

Human Tip60 (NuA4) complex is a multiprotein complex with at least 16 subunits, and it
has HAT activity (Cai et al., 2003, Doyon et al., 2004). The subunit composition suggests that
Human Tip60 (NuA4) complex is a fusion form of two yeast HAT complexes, NuA4 and
SWR (Allard et al, 1999) (Table 1). As seen in Tablel, these two yeast HAT complexes share
four components (Eaf2, Arp4, Actl and Yaf9), together they correspond to all human
subunits. Supporting the fusion theory, the expression of a chimeric Eafl-Swrl protein
provides a scaffold for the complex assembly and recreates a single human-like complex in
yeast cells (Auger et al, 2008).

Historically speaking, yeast has been a superior model system to investigate functions of
molecular and cellular machineries with its genetical tractability, its ease of experimental
manipulations, feasibility for biochemistry and its short life cycle and time span for
experiments. Several cellular functions of NuA4 and SWR complex were identified directly
with yeast studies and later confirmed in human cultured cells. The known acetylation
targets of yeast NuA4 in vivo are histone H4 (Mitchell et al., 2008) and the histone H2A
variant Htz1l (Babiarz et al., 2006, Keogh et al., 2006, Mizuguchi et al., 2004). Yeast NuA4
complex also targets non-histone proteins, which are equally important to evaluate cellular
functions of NuA4 complex. With yeast protein array, Lin et al. (2009) screened the target
proteins. Among 5800 proteins screened for in vitro acetylation with NuA4 complex, 91
candidates were identified, 20 were selected for validation, and 13 were validated. The
functions of validated proteins encompass metabolism, transcription, cell cycle, RNA
processing, and stress response. The authors focused on Pckl, a key metabolic enzyme that
regulates gluconeogenesis, and showed that Pck1 activity and glucose secretion is regulated
through NuA4-mediated acetylation in yeast and in human hepatocellular carcinoma cells
HepG2. Thus NuA4 is implicated in metabolism and energy generation through its non-
histone targets.

The human TIP60 complex has at least three interrelated enzymatic activities: histone
H4/H2A acetyltransferase, ATP-dependent H2AZ-H2B histone dimer exchange, and DNA
helicase (Auger et al., 2008). Only a limited number of non-histone targets, including human
Pck1, has been identified so far (Liu et al., 2009).

Knockdown and/or mutational studies have been performed to identify functions of the
subunits of human Tip60 (NuA4) complex. The studies implicate following biological events
to Tip60 (NuA4) complex, directly or indirectly.
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- DNA repair
- Transcriptional regulation
- Chromatin structure alteration
- Interaction and/or regulation with factors relevant to tumorigenesis (e.g. c-myc, E1A,
E2F1, p53, STAT3, NF-kappaB)
- Cell migration and invasion
- Mitosis
- Genomic instability
Stem cell maintenance and differentiation
In addition, RNAi-based screening with nematode C. elegans implicated Tip60 (NuA4)
complex in attenuation of ras-signaling involving development of vulva in the model. The C.
elegans MLL (Mixed Lineage Leukaemia (MLL)) complex-like complex cooperates with the
TIP60 (NuA4) complex to regulate the expression of a novel ras-signaling attenuator, AJM-1
(Fischer et al., 2010).

4. Functions of each subunit

In the following section we will discuss each of the subunits.

4.1 TRRAP/Tra1/*

(human protein/yeast protein in NuA4 complex/ yeast protein in Swr complex. Asterisk *
if not applicable)

Human TRRAP (transformation/transcription domain-associated protein) has a FATC
(FRAP, ATM, TRRAP C-terminal) domain and a kinase domain, and belongs to ATM/PI3K
family. However, TRRAP does not appear to possess kinase activity, because the kinase
domain in TRRAP lacks the conserved amino acids required for ATP binding and catalytic
activity for phosphate transfer. For that reason, it is speculated that TRRAP has evolved as a
specialized PIKK member to serve as an adaptor/scaffold for protein-protein interaction
and multiprotein assemblies or as a platform for recruitment of different regulatory factors
and complexes to chromatin (Murr et al 2007). The FATC domain in the C-terminus likely
affects the protein stability in an oxidation/redox-dependent manner (Dames et al., 2005).
TRRAP is a common component of many HAT complexes (e.g. SAGA, PCAF and Tip60
(NuA4) complex). As such, targeting TRRAP will influence a broader range of biological
events and pathways than targeting more specialized components in Tip60 (NuA4) complex.
TRRAP is one of the frequently mutated genes in melanoma. TRRAP harbored a recurrent
mutation that clustered in one position (p. Ser722Phe) in 6 out of 167 affected individuals
(~4%), although the effects of the mutation on the protein function is unclear (Wei et al.,
2011). Expression profiling revealed that TRRAP is frequently both amplified and
overexpressed in Pancreatic Ductal AdenoCarcinoma (PDAC), and the overexpression is
associated with poor prognosis (Bashyam et al., 2005, Loukopoulos et al,2007). In brain
tumor-initiating cell, knockdown of TRRAP significantly increased differentiation and
decreased cell cycle progression, leading to overall inhibition of tumor formation. The result
indicates a critical role for TRRAP in maintaining a tumorigenic, stem cell-like state
(Wurdak et al.,, 2010). TRRAP is shown to regulate a major player in colon cancer,
beta-catenin. TRRAP interacts with Skpl/SCF and mediates its recruitment to beta-catenin
target promoter in chromatin. TRRAP deletion leads to a reduced level of beta-catenin
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Human Tip60 (NuA4) complex Yeast NuAd Yeast SWR1 Protein domain(s) | Yeastnull Inhibition (e.g. Knockoutin mouse | Relationship to
subunits complex complex phenotype siRNA) in cancer (See text)
subunits subunits cultured cells
TRRAP Tral ATM/PI3K inviable Mitotic defect Embryonic lethal High expression in
(transformation/trans cription family kinase, with Madl and mouse leukemogenic
domain-associated protein) FATC domain Mad2 cell lines; co-factor
misregulation for c-myc¢ oncogenic
transformation
hDomino p400/EP400 Eafl Swrl SWI2/SNF2 Viable; decreased Embryonic lethal
(HAS/SANT) (HAS/SWI2) related, ATPase, growth, genome
Trico Peptide instability
Repeat (TPR)
domain
Brd8 (Bromodomain 8) Bdfl Bromodomain Viable; decreased | Enhanced ND Protein accumulated
growth, spindle poison in rat colon cancer
multidrug sensitivity and human colon
sensitivity, cancer cell lines
enhanced salt
sensitivity by
mitochondrial
dysfunction
EPC1/EPC-like (Enhancer of Epll inviable Locates in
Polycomb homolog) chromosomal
breaking pointin
ATLL
Tip60 (TAT interactive protein) Esal inviable Embryonic lethal Prostate cancer
promotion; tumor
suppressor candidate/
expression reduced in
cancers
DMAP1 (DNA methyltransferase | Eaf2/swcd Eaf2/swed aSWI3-ADA2-N- | Inviable; G2/M lethal during Binds to DNA
1-associated protein 1) CoR-TF I1IB arrest preimpl tion methyl 1
(SANT) domain (DNMT1), which is
progressively
upregulated in colon
adenoma-carcinoma
sequence
INGS3 (Inhibitor of Growth Yng2 PHD finger Viable Tumor suppressor
Protein 3) candidate;
Overexpression
inhibits cell growth
and promote
apoptosis; allelic loss
detected in head and
neck cancers
YL-1 (Vacuolar protein sorting- Vps72 Viable; decreased
associated protein 72 homolog) fitness
RuvBL1 Rvb1/Tip49A inviable Binds to beta-catenin
RuvBL2 Rvb2/Tip49B inviable
BAF53a Arp4 Arp4 Actin-related inviable
Actin Actl Actl actin inviable
MRG15 Eaf3 Viable; increased
lifespan
GAS41 Yaf9 Yaf9 Viable; Enhanced
spindle poison
sensitivity,
multidrug
sensitivity,
decreased
chromosome
maintenance
? Eaf5 Viable
MRGEBP Eaf7 Viable; decreased Overexpressed in
fitness human colon cancer
hEaf6 Eaf6 Viable

Table 1. Subunits of Human Tip60 (NuA4); (columns from left) subunits of the yeast
counterpart complexes NuA4 and SWR1; notable protein domains; yeast mutant
phenotypes that implicate functions; inhibition in cultured cells and mice; and information
relevant to cancer. ND: Not Determined. The order listed is following the size of the protein.
Larger subunit is shown on top.
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ubiquitination, lower degradation rate and accumulation of beta-catenin protein.
Furthermore, recruitment of Skpl to chromatin and ubiquitination of chromatin-bound
beta-catenin are abolished upon TRRAP knock-down, leading to an abnormal retention of
beta-catenin at the chromatin and concomitant hyperactivation of the canonical Wnt
pathway (Finkbeiner et al., 2008). TRRAP is also involved in DNA damage repair. TRRAP
depletion impairs both DNA-damage-induced histone H4 hyperacetylation and
accumulation of repair molecules at sites of Double Strand Breaks (DSBs), resulting in
defective homologous recombination (HR) repair, albeit with the presence of a functional
ATM-dependent DNA-damage signaling cascade (Murr et al.,, 2006). TRRAP regulates
expressions of many cancer-relevant genes, including mitotic checkpoint proteins Mad1 and
Mad2 (Li et al., 2004) and mdm?2 (Ard et al., 2002).

Consistent with the loss of mitotic checkpoint proteins essential for cellular survival, null
mutation of Trrap (mouse homolog of human TRRAP) results in peri-implantation lethality
due to a blocked proliferation of blastocysts. Loss of Trrap blocks cell proliferation because
of an aberrant mitotic exit accompanied by cytokinesis failure and endoreduplication. Trrap-
deficient cells failed to sustain mitotic arrest despite chromosome missegregation and
disrupted spindles, and display compromised cdkl activity. Thus, Trrap is essential for
early development and required for the mitotic checkpoint, presumably through expression
control of madl and mad2, and normal cell cycle progression (Herceg et al., 2001).

In yeast, deletion of TRRAP homolog Tral is also lethal. Tral is identified as a component of
multiple yeast transcription regulator complexes, Ada-Spt, SAGA and NuA4 (Saleh et al.,
1998; Grant et al., 1998; Allard et al, 1999). Tral directly interacts with the acidic
transcriptional activators Gen4, Hap4, and Gal4 (Brown et al., 2001). Tral is required for
both the acetylation of Histone H4 surrounding the promoters and the transcription of Gen4-
dependent genes, suggesting that Tral may mediate the recruitment of NuA4 to certain
promoters.

4.2 hDomino p400/Eaf1/Swr1

hDomino (also known as p400, EP400, E1A binding protein p400) is a DEXH-box class of
RNA-dependent ATPase subunit in Tip60 (NuA4) complex, and can destabilize histone-
DNA interactions in reconstituted nucleosomes in an ATP-dependent manner. hDomino
also contains a highly conserved SANT (SWI3-ADA2-NcoR-TFIIIB) domain, a histone tail-
binding module (Boyer etal. 2004). The protein is related to yeast Swi2/Snf2 (SWltch
2/Sucrose NonFermentable 2) and to Domino in fruit fly Drosophila. Drosophila Domino was
isolated in search of immune system mutants devoid of circulating larval hemocytes from P-
element insertion-based mutant library. Because of the very striking lymph gland
phenotype that results in mutant larvae with two black dots visible on the anterior half, the
authors named the mutation domino (Braun et al., 1997).

Through the Swi2/Snf2 domain, hDomino binds to adenovirus oncoprotein EI1A.
Mutational loss of E1A binding results in the loss of transformation, indicating that the
binding plays a critical role in cellular transformation. hDomino also binds to c-myc with
different protein components (Fuchs et al., 2001). In most human colorectal carcinoma, the
ratio between Tip60 and p400 mRNAs is affected. Reversing the p400/Tip60 imbalance by
Tip60 overexpression or the use of siRNAs resulted in increased apoptosis and decreased
proliferation of colon-cancer-derived cells, suggesting that this ratio defect is important for
cancer progression (Mattera et al., 2009).

www.intechopen.com



222 Colorectal Cancer Biology — From Genes to Tumor

In mice, p400 knockout results in embryonic lethality. Homozygous knockout mice died on
embryonic day 11.5 (E11.5), and displayed an anemic appearance and slight deformity of the
neural tube. Their results suggest that p400/mDomino plays a critical role in embryonic
hematopoiesis by regulating the expression of developmentally essential genes such as those
in the Hox gene cluster (Ueda et al., 2007). Tip60-p400 is necessary to maintain characteristic
features of Embryonic Stem Cells (ESCs) (Fazzio et al., 2008). Through an RNAi screen in
mouse ESCs of 1008 loci encoding chromatin protein, the authors identified 68 proteins that
exhibit diverse phenotypes upon knockdown, including seven subunits of the Tip60-p400
complex, Trrap, Tip60, p400, DMAP1, RuvBL1, RuvBL2 and GAS41. Phenotypic analyses
revealed that p400 localization to the promoters of both silent and active genes is dependent
upon histone H3 lysine 4 trimethylation (H3K4me3). The Tip60-p400 knockdown gene
expression profile is enriched for developmental regulators and significantly overlaps with
that of the transcription factor Nanog. Depletion of Nanog reduces p400 binding to target
promoters without affecting H3K4me3 levels. Together, these data indicate that Tip60-p400
integrates signals from Nanog and H3K4me3 to regulate gene expression in ESCs (Fazzio et
al., 2008).

Yeast p400 homolog Eafl (Esal-associated Factor 1, VID21) is the only subunit exclusively
found in the NuA4 complex in biochemical preparation. Eafl is the platform on which four
different functional modules of the other subunits are assembled into the native complex
(Auger et al., 2008). Although eafl deletion strain is viable, the cells show genome instability
and high incidences of sporulation defects and aneuploidy. The mutant is also highly
sensitive to DNA damage-inducing stress such as X-ray (Auger et al., 2008; Hughes et al,,
2000; Krogan et al., 2004).

4.3 Brd8/*/Bdf1

Human Brd8 was functionally identified as a Thyroid hormone receptor coactivator p120
(Monden et al., 1997; Yuan et al., 1998). Later, its role as a transcriptional coactivator with
RXR/PPAR-gamma was also reported, establishing the role as a nuclear receptor coactivator
(Monden et al., 1999). Human Brd8 has one or two Bromodomain(s), depending on the
isoform. The Bromodomain is a domain that can bind to acetylated lysine, typically
observed in histones, suggesting its role in regulating protein-protein interactions in
histone-directed chromatin remodeling and gene transcription. (Zeng and Zhou, 2002;
Mujtaba et al., 2007).

Brd8 was isolated through a HeLa cell-based expression cloning for genes that influence
sensitivity to a microtubule inhibitor (Yamada and Gorbsky, 2006). Ectopic expression of
Brd8 provides partial resistance to microtubule inhibitors and proteasome inhibitor, and
knockdown sensitized cells to the drugs, suggesting Brd8 influences sensitivity to
microtubule inhibitors and proteasome inhibitor (Yamada and Rao, 2008). Human Brd8
protein is overexpressed in human metastatic colorectal cancer cell lines. Brd8 is also
overexpressed in advanced colon adenocarcinoma in rats induced with Dextran sulfate and
azoxymethane (an inflammatory colon cancer model system). SiRNA-mediated Brd8
knockdown resulted in cell death in HCT116 and growth delay in DLD1, both are colorectal
cancer cells (Yamada and Rao, 2008). With shRNA, an independent lab showed that
inhibition of Brd8 resulted in growth inhibition (Yamaguchi et al.,, 2010), thus Brd8 is
suspected to provide survival fitness and growth advantage. In our lab, transcriptome
analysis showed little difference in the amount of Brd8 transcripts in colonic normal-looking
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epithelial and cancer cells, yet the protein accumulates in cancer cells. The protein
accumulation is enhanced with an addition of proteasome inhibitor in cultured human
colon cancer cells, suggesting that a post translational, proteasome-dependent pathway is
involved in the regulation (unpublished results).

Yeast homolog Bdflp (Bromo Domain Factor 1) contains two bromodomains and is thought
to correspond to a missing piece of TFIID (Matangkasombut et al., 2000). Bdf1l deletion in
yeast is viable, but affects general transcription including small nuclear RNA, sporulation,
mitochondprial function and stress-induced cell death (Lygerou et al., 1994; Liu et al, 2009).
Overexpression of Bdfl can suppress phenotypes and defects of yaf9 (human GAS41
homolog) deletion, indicating functional overlap between Bdfl and Yaf9 (Bianchi et al,,
2004).

4.4 Epc1/Epl1/*

In Drosophila, EPC1 (Enhancer of PolyComb 1) mutation was isolated as a mutation that
enhances the effect of homeotic proteins Polycomb. Although homozygotic mutations of
Epcl in Drosophila are lethal in the embryo, heterozygous mutations do not by themselves
result in a zygotic homeotic phenotype (Stankunas et al, 1998). Epcl protein is a chromatin
protein with no known enzymatic activity by itself.

EPC1 deregulation is observed in Adult T-cell leukemia/lymphoma (ATLL), a malignant
tumor caused by latent human T-lymphotropic virus 1 (HTLV-1) infection. In acute-type
ATLL, there is a common breakpoint cluster region at 10p11.2. The chromosomal
breakpoints are localized within the enhancer of polycomb 1 (EPC1) gene locus (Nakahata et
al., 2009).

In mice development, Epcl is involved in skeletal muscle differentiation. The expression of
Epcl mRNA is gradually decreased with aging from embryonic day 11.5 to postnatal week
8. Epcl is highly expressed in skeletal muscles and heart ventricle in week 8 mice (Kee et al.,
2007). Epcl knockdown caused a decrease in the acetylation of histones associated with
serum response element (SRE) of the skeletal alpha-actin promoter. The Epc1.SRF (Serum
Response Factor) complex bound to the SRE, and the knockdown of Epcl resulted in a
decrease in SRF binding to the skeletal alpha-actin promoter. Epcl recruited histone
acetyltransferase activity, which was potentiated by cotransfection with p300 but abolished
by siRNA-mediated p300 inhibition. Epcl directly bound to p300 in myoblast cells. Epcl
heterozygous mice showed distortion of skeletal alpha-actin, and the isolated myoblasts
from the mice had impaired muscle differentiation. These results suggest that Epcl is
required for skeletal muscle differentiation by recruiting both SRF and p300 to the SRE of
muscle-specific gene promoters (Kim et al., 2009).

Deletion of Yeast homolog Epll (Enhancer of Polycomb Like 1) is inviable, causes cells to
accumulate in G2/M and global loss of acetylated histones H4 and H2A (Boudreault et al.,
2003).

4.5 Tip60/Esa1/*

TIP60 in humans and Esal in yeast are the catalytic (acetyltransferase) subunit of the NuA4
complex (Ikura et al., 2000; Smith et al., 1998) and play a central role in Tip60 (NuA4)
complex function. MYC associates with TIP60 and recruits it to chromatin in vivo with four
other components of the TIP60 complex: TRRAP, p400, RuvBL1 and RuvBL2 (Frank et al.,
2003)
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The Tip60 histone acetyltransferase has been recently shown to be underexpressed in many
human cancers from various origins (Lleonart et al., 2006; Gorrini et al., 2007). Moreover, in
a model of tumor induction mice, it has been shown to function as a haploinsufficient tumor
suppressor, providing a causal link between Tip60 underexpression and tumorigenesis
(Gorrini et al., 2007).

A down-regulation of the TIP60 gene was observed in 28 out of 46 (61%) specimens of
primary gastric cancer (Sakuraba et al, 2011). As mentioned in p400, in colon cancer
expression ratio of Tip60-p400 is altered, and it may be involved in tumor growth (Mattera
et al., 2009).

In yeast the catalytic subunit Esal is the only HAT protein essential for viability and is
responsible for the bulk of histone H4 and H2A acetylation in vivo (Doyon and Cote, 2004).
esal temperature sensitive (ts) mutants provoke a RAD9-dependent G2/M delay (Megee et
al., 1995; Clarke et al., 1999). Yeast Esal mutation is inviable, and esal conditional mutation
serve to dissolve whole complex (Allard et al., 1999).

4.6 DMAP1/Eaf2/Eaf2

Human DMAP1 and its yeast homolog Eaf2 contain a highly conserved SANT (SWI3-
ADA2-NcoR-TFIIIB) domain, a histone tail-binding module (Boyer etal. 2004). DMAP1
(DNA methyltransferase (DNMT)-1 associated protein 1) is a subunit of the TIP60-p400
complex that maintains embryonic stem (ES) cell pluripotency (Fazzio et al., 2008) and also a
subunit of a complex containing the somatic form of DNA methyltransferase 1 (DNMTT1s).
The lack of DNMTT1 in the purified TIP60-p400 complex indicates that DMAP1 interacts with
DNMT1 in a distinct complex, thus DMAP1 functions in two distinct manner, as a Tip60
(NuA4) complex and with DNMT1 (Cai et al. 2003, Doyon et al., 2004). The non-catalytic
amino terminus of DNMT1 binds to HDAC2 and can mediate transcriptional repression
(Rountree et al, 2000). DNMT1 is essential for epidermal progenitor cell function and
replenishing the tissue (Sen et al., 2010).

DMAP1 associated proteins (DNMT1,3A and 3B) were progressively upregulated in
colorectal adenoma-carcinoma sequence (Schmidt et al., 2007). Since counteracting
demethylase MBD2 amount remained unchanged, the authors suggested that epigenetic
regulation in the adenoma-carcinoma sequence may be driven by increased methylating
activity by DNMTs rather than suppressed demethylation.

In mice, DMAP1 homozygous knockout resulted in lethality during preimplantation
(Mohan et al., 2010). Reduction of the expression of DMAP1 caused a loss of characteristic
ES cell morphology and activation of genes associated with cell differentiation (Fazzio et al.,
2008), and it is a likely cause of the embryonic lethal phenotype. Dmapl knockdown in
mouse embryonic fibroblasts (MEFs) lead to spontaneous double-strand breaks (DSBs),
resulting in growth arrest because of p53-dependent cell cycle checkpoint activation
(Negishi et al., 2009).

Yeast homolog Eaf2 (also known as SWC4) is a shared component of NuA4 and SWR1
complexes. Mutant yeasts are highly sensitive to DNA breaks induced by DNA-damaging
agents, suggesting an essential role for these two proteins in DNA repair (Auger et al., 2008).

4.7 Ing3/Yng2/*
Human ING1 (Inhibitor of Growth 1) was identified as a tumor suppressor candidate, and
subsequently the “Ing family” proteins (ING1-ING5) were investigated. Human Ing3 is a
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47kd protein with a C-terminal plant homeodomain (PHD)-finger motif, common in
proteins involved in chromatin remodeling and is a sequence-specific histone recognition
protein module (Gunduz et al., 2002; Nagashima et al., 2003; Sanchez and Zhou, 2011).
p47INGS3 activates p53-transactivated promoters, including promoters of p21/wafl and bax.
Thus p47ING3 modulates p53-mediated transcription, cell cycle control, and apoptosis.
Later, ING family proteins are identified as components of chromatin remodeling
complexes; ING1 in mSin3A HDAC, ING2 in an HDAC complex similar to ING1, ING3 in
Tip60 (NuA4) HAT complex, ING4 in HBO1 HAT, and INGS5 fractionates with two distinct
complexes containing HBO1 or nucleosomal H3-specific MOZ/MORF HATs. (Doyon et al.,
2006).

Consistent with the proposed function as a tumor suppressor, a decrease of ING3 expression
or LOH are observed in tumors. Decreased or no expression of ING3 mRNA was observed
in 50% of primary head and neck squamous cell carcinomas (HNSCC) as compared with
that of matched normal samples. About 63% of tongue and larynx tumors showed the
decrease, and a tendency of higher mortality was observed in cases with decreased ING3
expression. It suggests that the ING3 gene functions as a tumor suppressor in a subset of
HNSCC (Gunduz et al., 2002). Expression of ING3 is correlated with poor prognosis in
HNSCC (Gunduz et al., 2008). Distorted ING3 expression has been found in several
lymphoma-derived cell lines (Fadlelmola et al.,, 2008). Nuclear ING3 expression was
reduced in melanomas in a Skp2-ubiquitin/ proteasome pathway-dependent manner (Chen
et al., 2010). This reduction was correlated with a poorer patient survival (Wang et al., 2007).
Decreased ING3 expression is associated with melanoma progression and poor prognosis.
The yeast Saccharomyces cerevisiae has three homologs of ING family proteins. Homolog of
human ING3 is Yng2 (Loewith et al., 2000). Yng2 is a plant homeodomain (PHD)-finger
protein and a NuA4 complex subunit. Deletion of YNG2 results in several phenotypes,
including an abnormal multibudded morphology, an inability to utilize nonfermentable
carbon sources, heat shock sensitivity, slow growth, temperature sensitivity, and sensitivity
to caffeine (Loeweth et al., 2000). Also notable was its requirement for normal progression
through mitosis and meiosis. Some of the phenotypes were suppressed by HDAC inhibitor
Tricostatin A, demonstrating that the phenotypes are based on defects in acetylation cycle
(Choy et al., 2001). Yng2p is stabilized by the proteasome inhibitor MG-132, and is likely
regulated through an ubiquitin-proteasome pathway (Lin et al., 2008).

4.8 YL-1/*/Vps72

Human YL-1 is a nuclear protein with an acidic region and a proline-rich region (Horikawa
et al., 1995), and was identified as a component of Tip60 (NuA4) complex with biochemical
purification and mass spectrometry. YL-1 is also a part of human counterpart of yeast SWR1
complex (Cai et al., 2005). Notably, mammalian SRCAP and Drosophila Tip60 complexes are
associated with histone H2AZ or its fly counterpart H2AvD. These similarities suggest that
YL-1 may serve as a binding module for histone H2AZ in metazoans, as does Swc2 in yeast
(Wu et al., 2005).

In the Kirsten sarcoma virus-transformed NIH3T3 cells highly expressing the exogenous
human YL-1 protein, the anchorage-independent growth (colony-forming ability in soft agar
medium) was markedly suppressed. However, in contrast to the suppression of anchorage-
independent growth, the forced expression of YL-1 did not affect the transformed
phenotypes in adherent culture and tumorigenicity in nude mice. The data suggest that YL-
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1 is involved in the transformation process, and once cells are transformed, additional YL-1
expression does not play additional role in tumor growth (Horikawa et al., 1995).

Yeast homolog VPS72 (Vascular Protein Sorting 72, also known as SWC2) is a histone
variant H2AZ (Htz1p)-binding component of the SWR1 complex, which exchanges Htzlp
for chromatin-bound histone H2A (Wu et al., 2005).

4.9 RuvBL1/*/Rvb1(Tip49A) and

4.10 RuvBL2/*/Rvb2(Tip49B)

RuvBL1 and RuvBL2 belong to the family of AAA+ ATPases (ATPases Associated with
various cellular Activities). Ruvbl1 is also called Pontin, NMP238, ECP54, TAP54a, TIH1 or
Tip49, while Ruvbl2 is also called Reptin, ECP51, TAP54a, TIH2 or Tip48. RuvBL1 and
RuvBL2 bind each other and function as a hexameric helicase (Ikura et al., 2000; Shen et al.,
2000). The names come from their homology with the bacterial RuvB helicase, which is
involved in DNA recombination and repair. In bacteria, the ruvA-ruvB complex in the
presence of ATP renatures cruciform structure in supercoiled DNA with palindromic
sequence, indicating that it may promote strand exchange reactions in homologous
recombination. RuvAB is a helicase that mediates the Holliday junction migration by
localized denaturation and reannealing.

Human RuvBL1 and RuvBL2 are components of multiple multiprotein complexes, INOS80,
SRCAP, URI-1, R2TP and Tip60 (NuA4) complex. RuvBL1 and RuvBL2 were co-
immunoprecipitated or affinity-purified with at least 48 proteins (Grigoletto et al., 2011).
Human RuvBL1 and RuvBL2 are overexpressed in a variety of cancers inculding colorectal
(Carlson et al., 2003). Regulation of COX-2 transcription in a colon cancer cell line by
Pontin52/TIP49a, (Lauscher et al.; 2007; Ki et al., 2007), gastric (Li et al., 2010), bladder
(Sanchez-Carbayo et al., 2006), mesothelioma (Zhan et al., 2007), non-small cell lung cancer
(Dehan et al., 2007), as well as in several types of acute (Andersson et al., 2007) or chronic
leukemias (Haslinger et al., 2004), in multiple myeloma (Zhan et al., 2007) and high-grade
lymphoma (Nishiu et al., 2002). In ovarian cancer cell lines, microcell-mediated chromosome
transfer and expression microarray analysis identified nine genes associated with functional
suppression of tumorogenicity; AIFM2, AKTIP, AXIN2, CASP5, FILIP1L, RBBP8, RGC32,
RUVBL1 and STAG3. Two SNPs in RUVBL1 were associated with increased risk of serous
ovarian cancer (Notaridou et al., 2011). The expression of an ATPase-deficient mutant form
of RuvBL1/TIP49 substantially inhibited [-catenin-mediated neoplastic transformation of
immortalized rat epithelial cells and anchorage-independent growth of human colon cancer
cells with deregulated pB-catenin (Feng et al., 2003).

Disruption of the yeast RuvBL1 (Kanemaki et al., 1999; Lim et al., 2000) or RuvBL2 genes
(Lim et al., 2000) is lethal.

4.11 BAF53a (ACTL6a)/Arp4/Arp4

Human BAF53a (BRG1-associated factor 53a) is also known as ACTL6a (Actin-like 6a). As
the name implies, the protein has a 36% identity and 50% similarity with the human beta-
actin. BAF53 is a part of Tip60 (NuA4) complex (Cai et al., 2003, Doyon et al., 2004, 2006). In
addition, BAF53a is also a part of other multiple multiprotein complexes, including INOSO0,
SWI/SNF, and myc-containing nuclear cofactor complex (Park et al., 2002; Sung et al., 2001).
For SWI/SNF-like protein complex, beta-actin and BAF53 are required for maximal ATPase
activity of BRG1 and are also required with BRG1 for association of the complex with
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chromatin/matrix (Zhao et al., 1998). Baf53 protein was also identified as a major binding
target for HIV Tat protein through affinity chromatography coupled with mass
spectrometry. The result suggests that Baf53 and Tip60 (NuA4) complex is a major target for
HIV-1 proviral gene silencing and activation (Gautier et al., 2009).

In yeast, Arp4/Act3 was identified as a component of NuA4 complex with affinity-
purification followed by mass spectrometry (Galarneau et al., 2000). ARP4 gene is essential
for growth in yeast (Harata et al., 1994). In temperature-sensitive arp4 mutants, NuA4
complex disintegrated and lost its activity in restrictive temperature, demonstrating the
critical role of Arp4 in the NuA4 complex (Galarneau et al., 2000). Upon DNA damage, Arp4
recognizes and interacts with histone H2A phosphorylated at serine 129. This action recruits
NuA4 to regions of DNA double-strand breaks where histone H4 acetylation is required for
DNA double-strand break repair (Bird et al., 2002; Downs et al., 2004).

4.12 Actin/Act1/Act1

A major cytoskeletal protein beta-actin is also a subunit of Tip60 (NuA4) complex (Cai et al.,
2003; Doyon et al., 2004, 2006). As in BAF53a, Actin is also a subunit of other multiprotein
complex. Inhibition of Actin with the Actin monomer sequestering natural product
Latrunculin B blocks chromatin-dependent ATPase activation of the BAF complex,
indicating that Actin is a functionally critical component of SWI/SNF complex (Zhao et al.,
1998). As a major cytoskeletal component, beta-actin (Actb) gene is an essential gene, and its
hypomorph is embryonic lethal in mice (Tondeleir et al., 2009).

In yeast, in addition to cytoskeletal roles, Actl is shown to be a component of distinctive
chromatin remodeling complexes including INO80, SWR and NuA4 (Shen et al., 2000;
Krogan et al., 2003; Galarneau et al., 2000). Actl deletion is lethal.

4.13 MRG15/Eaf3/*

MRG 15 (Morf-related genes (Mrg) on chromosomes 15 (Mrgl5)) belongs to Morf family
proteins. From cellular senescent study to identify single chromosomes from normal human
cells that can inhibit growth of immortal human cells, an intronless transcription factor-like
protein, mortality factor on chromosome 4 (MORF4) was identified. From structural
homology, other family proteins including MRG15 and MRGX were identified and
investigated. MRG15 has helix-loop-helix and leucine zipper domains, which are typically
found in transcriptional regulators, and a chromodomain thought to be involved in protein-
protein interaction in chromatin remodeling factors. MRG15 and -MRGX are expressed
ubiquitously in all cells and tissues. Currently, MRG proteins, which have pro-growth
activity, are hypothesized to antagonize growth inhibition activity by Morf4.

Mrgl15 knockout mice are embryonic lethal, and mouse embryonic fibroblasts derived from
Mrg15 null embryos proliferate poorly, enter senescence rapidly, and have impaired DNA repair
compared to wild type mice (Tominaga et al., 2005). Mrgl5 null embryonic neural stem and
progenitor cells also have a decreased capacity for proliferation and differentiation (Garcia et al.,
2007). Expression of the cyclin-dependent kinase inhibitor p21 is specifically up-regulated in
Mrgl5 deficient neural stem/progenitor cells (NSCs). Mrgl5 deficient NSCs exhibit severe
defects in DNA damage response following ionizing radiation (Chen et al., 2011).

So far, cancer association of Mrgl5 has been poorly shown. No alterations or mutations were
identified for MRG15/MORF4L1 in unclassified FA patients and Breast Cancer (BrCa)
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familial cases. No significant associations between common MORF4L1 variants and BrCa
risk for BRCA1 or BRCA2 mutation carriers were identified (Martrat et al., 2011).

Yeast Eaf3 is a shared component of the NuA4 complex and Rpd3 histone deacetylase
complex. The loss of Eaf3 greatly alters the genomic profile of histone acetylation (Reid et
al., 2004).

4.14 GAS41/Yaf9/Yaf9

GAS41 (Glioma Amplified Sequence 41) is a nuclear protein containing a C-terminal alpha-
acidic activation domain and an N-terminal YEATS domain (Fischer et al.,, 1997). The
YEATS domain family of proteins is well conserved from yeast to human, and functions as
transcriptional regulators as a part of multiprotein complexes. GAS41 is associated with
TFIIF via its YEATS domain. GAS41 is also a subunit of the human TIP60 and SCRAP
complexes (Doyon et al., 2004; Cai et al., 2005). In addition, GAS41 physically interacts with
transforming acidic coiled-coil 1(TACC1) protein, microtubule-associated colonic and
hepatic tumor overexpressed (ch-TOG) protein and nuclear matrix (NuMA) protein
(Lauffart et al., 2002; Harborth et al., 2000).

Yeast homolog Yaf9 encodes a protein of 226 residues, containing an N-terminal YEATS
domain and a C-terminal predicted coiled-coil sequence (Le Masson et al., 2003). Deletion of
Yaf9 shows pleiotropic effect, including sensitivity to a variety of drugs such as cadmium,
cecium chrolide, cycloheximide, and microtubule inhibitor benomyl. The phenotype is
associated with a change in transcriptome. The transcriptomic change can be suppressed by
Bdfl multicopy expression, suggesting functional overlapping between these two
components (Bianchi et al., 2004). Since human Brd8 (Bdfl) was isolated from a screen that
influenced sensitivity to microtubule inhibitors, it is tempting to speculate that Brd8-GAS41
(Bdfl-yaf9) may be an interface module to genes involved in sensitivity to microtubule
inhibitors.

4.15 */Eaf5/*

Yeast Eaf5 (Esalp-associated factor 5) is a component of yeast NuA4 complex (Nourani et
al., 2001). Its direct human counterpart is unclear. Eaf5 protein forms subcomplex with Eaf7,
and Eaf5 interacts with NuA4 complex (Mitchell et al., 2008). Eaf5 deletion strain is viable,
and shows resistance to chemicals such as acetic acid and lactic acid (Kawahata et al., 2006).
Deletion strains of eaf5 and eaf7 display similarity in microarray transcriptional profiles
(Krogan et al., 2006).

4.16 MRGBP/Eaf7/*

MRGBP (MRG Binding Protein) was identified as a NuA4 component with biochemical
purification (Cai et al., 2003). MRGBP is also a component of the human INO80 complex (Jin
et al., 2005). Crystal structure determination of the MRG domain indicated that MRGBP has
structural similarity to DNA binding domains of the tyrosine site-specific recombinases
XerD, lambda integrase, and Cre (Bowman et al., 2006).

In human colon cancer, MRGBP was upregulated in the majority of the cancers. Inhibition of
MRGBP with shRNA in vitro resulted in an inhibition of cell growth (Yamaguchi et al.,
2010). High levels of MRGBP expression were observed more frequently in human colonic
carcinomas (45%) than adenomas (5%), linking its role to malignant properties of colorectal
tumors (Yamaguchi et al., 2011).
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Fig. 1. Tip60 (NuA4) complex is assembled by combining subcomplexes and subunits. Each
subunit of Tip60 (NuA4) complex is linked to different biological events, presumably
because each subunit represents an interface to the proteins involved in the particular
events. Inhibition of a subunit results in different phenotypes, which may provide
intervention opportunities for cancer prevention and/or therapeutic purpose.
Abbreviations: PDAC (Pancreatic Ductal Adeno Carcinoma); ES cell (Embryonic Stem cell);
NSCLC (Non Small Cell Lung Cancer); HNSCC (Head and Neck Small Cell Carcinoma).

4.17 hEaf6/Eaf6/*

Human Eaf6 was isolated as a component of Tip60 (NuA4) complex (Doyon et al., 2004).
hEaf6 is also a component of HBO and/or MOZ/MORF HAT complex (Ullah et al., 2008;
Saksouk et al., 2009).

5. Relevance to colon cancer

Among multiple subunits, Brd8, MRGBP, RuvBL1 and RuvBL2 show particularly strong
connections to colon cancer. These subunits are overexpressed in colon cancer (Yamada and
Rao, 2009; Yamaguchi et al.,2010, 2011; Carlson et al., 2003; Lauscher et al., 2007; Graudens et
al., 2006; Ki et al., 2007). Brd8 plays a role in survival and/or drug resistance of cultured
colon cancer cells. MRGBP also plays a role in survival of cultured colon cancer cells.
RuvBL1 is an important cofactor in beta-catenin/ TCF gene regulation, and expression of its
dominant-negative form inhibited [-catenin-mediated neoplastic transformation of
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immortalized rat epithelial cells and anchorage-independent growth of human colon cancer
cells with deregulated pB-catenin (Feng et al., 2003).

In addition, DMAP1 associated proteins (DNMT1,3A and 3B) were progressively
upregulated in colorectal adenoma-carcinoma sequence (Schmidt et al., 2007). DNMT1 may
play a role in colon cancer progression directly or indirectly.

6. Subunit-specific targeting strategy

As in above, deregulations in subunits of human Tip60 (NuA4) complex are common in
various cancers, and the complex is gaining attention as a potential target for cancer
therapy. However, concerns for targeting whole Tip60 (NuA4) complex are raised because
the complex plays essential roles for cellular survival and targeting the core components of
the complex would impair the essential functions, which may lead to general toxicity to both
normal and cancer cells. Although many successful drugs in existence do target essential
and ubiquitous cellular components (e.g. Taxol for microtubule, Velcade for proteasome),
the concern needs to be addressed.

As a rebuttal, targeting of each component has been proposed. Although the Tip60 (NuA4)
complex is thought to function as a complex, targeting each subunit does not necessarily
show the same biological effect and phenotype empirically, suggesting unique roles of each
subunit. This fact may be exploited for developing therapeutic strategy. Further
investigation of the unique roles of each subunit would allow us to develop subunit-specific
targeting strategies for therapeutic purpose.

Extrapolating from yeast and mice results, the following subunits of Tip60 (NuA4) complex
are essential for cellular survival, TRRAP, p400, EPC1, Tip60, DMAP1, RuvBL1, RuvBL2,
BAF53a and Actin. Inhibiting these subunits may require caution. Components whose
inhibition may not directly or immediately kill cells are; Brd8, ING3, YL-1, MRG15, GAS41,
MRGBP and hEaf6. Inhibition of these components may prove valuable as an adjuvant
approach to improve other therapies such as chemo- and radio-therapies.

In some subunits and associating factors (Brd8, MRGBP, DNMT1), overexpression is
correlated to stage advancement of colon cancer, thus drug-mediated inhibition seems
intuitively appropriate. GAS41 and Brd8 may have a more prominent effect on cellular
sensitivity to anti-microtubule drugs. It is possible that chemoresistance of colon cancer is at
least in part provided by deregulation of these subunits, and drug-mediated inhibition of
these subunits results in enhancement of the effect of these drugs.

7. Conclusion

Accumulating evidence supports that the Tip60 (NuA4) complex plays a role in various
cancers including that in colon, and possibly in drug sensitivity/resistance of cells. Targeting
the components may prove successful in preventing cancer and/or in killing or
chemosensitizing cancer cells. Since the major hindrance to a colon cancer cure is its
chemoresistance, chemosensitizing through modulation of the Tip60 (NuA4) complex
component seems to be a novel and attractive strategy. However, thus far validation of Tip60
(NuA4) complex, or the subunit(s), as a therapeutic target is yet to be performed. Continuing
investigation is required to translate current knowledge to clinical or translational studies.
Strategies for targeting (e.g. siRNA, small molecule) should be explored.

www.intechopen.com



Human Tip60 (NuA4) Complex and Cancer 231

8. Acknowledgements

Dr. Chinthalapally V. Rao (OUHSC) for support. Dr. Kiyoshi Yamaguchi for sharing
manuscript prior to publication. A part of this work is supported by Kerley-Cade chair
Research endowment (OUHSC).

9. References

Allard, S.; Utley, R.T.; Savard, J.; Clarke, A.; Grant, P.; Brandl, C. J; Pillus, L.; Workman, J.L.;
Coté, J. (1999). NuA4, an essential transcription adaptor/histone H4
acetyltransferase complex containing Esalp and the ATM-related cofactor Tralp.
EMBO ] Vol. 18(18), pp. 5108-51109.

Andersson, A.; Ritz, C; Lindgren, D.; Eden, P.; Lassen, C.; Heldrup, J.; et al. (2007).
Microarray-based classification of a consecutive series of 121 childhood acute
leukemias: prediction of leukemic and genetic subtype as well as of minimal
residual disease status. Leukemia Vol. 21, pp. 1198-1203.

Ard, P.G,; Chatterjee, C.; Kunjibettu, S.; Adside, L.R.; Gralinski, L.E.; McMahon, S.B. (2002).
Transcriptional regulation of the mdm?2 oncogene by p53 requires TRRAP
acetyltransferase complexes. Mol Cell Biol Vol. 22(16), pp.5650-5661.

Auger, A.; Galarneau, L.; Altaf, M.; Nourani, A.; Doyon, Y.; Utley, R. T.; Cronier, D.; Allard,
S, Coté, J.(2008). Eafl is the platform for NuA4 molecular assembly that
evolutionarily links chromatin acetylation to ATP-dependent exchange of histone
H2A variants. Mol Cell Biol Vol. 28 (7), pp.2257-2270.

Babiarz, J. E.; Halley, J. E. ; Rine, J. (2006). Telomeric heterochromatin boundaries require
NuA4-dependent acetylation of histone variant H2A.Z in Saccharomyces
cerevisiae. Genes Dev Vol. 20, pp. 700-710.

Basso, K.; Margolin, A.A.; Stolovitzky, G.; Klein, U.; Dalla-Favera, R.; Califano, A. (2005).
Reverse engineering of regulatory networks in human B cells. Nat. Genet Vol. 37,
pp. 382-390.

Bianchi, M.M.; Costanzo, G.; Chelstowska, A.; Grabowska, D.; Mazzoni, C.; Piccinni, E;
Cavalli, A.; Ciceroni, F.; Rytka, J.; Slonimski, P.P.; Frontali, L.; Negri, R. (2004). The
bromodomain-containing protein Bdflp acts as a phenotypic and transcriptional
multicopy suppressor of YAF9 deletion in yeast. Mol Microbiol Vol. 53(3), pp. 953-
968.

Bird, A. W.; Yu, D. Y,; Pray-Grant, M. G.; Qiu, Q.; Harmon, K. E.; Megee, P. C.; Grant, P. A.;
Smith, M. M.; Christman, M. F. (2002). Acetylation of histone H4 by Esal is
required for DNA double-strand break repair. Nature Vol. 419, pp. 411-415

Boudreault, A.A.; Cronier, D.; Selleck, W.; Lacoste, N.; Utley, R.T.; Allard, S.; Savard, J.;
Lane, W.S,; Tan, S.; Coté, J. (2003). Yeast enhancer of polycomb defines global Esal-
dependent acetylation of chromatin. Genes Dev Vol. 17(11), pp. 1415-1428.

Bowman, B.R.; Moure, C.M,; Kirtane, B.M.; Welschhans, R.L.; Tominaga, K.; Pereira-Smith,
O.M.; Quiocho, F.A. (2006). Multipurpose MRG domain involved in cell senescence
and proliferation exhibits structural homology to a DNA-interacting domain.
Structure Vol.14(1), pp.151-158.

www.intechopen.com



232 Colorectal Cancer Biology — From Genes to Tumor

Boyer, L.A,; Latek, R.R.; Peterson, C.L. (2004) The SANT domain: a unique histone-tail-
binding module? Nat. Rev. Mol Cell Biol Vol. 5, pp. 158-163.

Braun, A.; Lemaitre, B.; Lanot, R.; Zachary, D.; Meister, M. (1997) Drosophila immunity:
analysis of larval hemocytes by P-element-mediated enhancer trap. Genetics Vol.
147 (2), pp. 623-634.

Brown, C. E,; L. Howe; K. Sousa, S. C.; Alley, M. ].; Carrozza, S.; Tan, and J. L. Workman.
(2001). Recruitment of HAT complexes by direct activator interactions with the
ATM-related Tral subunit. Scienice Vol. 292, pp. 2333-2337.

Cai, Y,; Jin, J.; Tomomori-Sato, C.; Sato, S.; Sorokina, I.; Parmely, T. J.; Conaway, R. C,;
Conaway, J. W. (2003) Identification of new subunits of the multiprotein
mammalian TRRAP/TIP60-containing histone acetyltransferase complex. | Biol
Chem Vol. 278 (44), pp. 42733-42736.

Cai, Y,; Jin, J.; Florens, L.; Swanson, S.K.; Kusch, T.; Li, B.;, Workman, ]J.L.; Washburn, M.P.;
Conaway, R.C.; Conaway, J.W. (2005). The mammalian YL1 protein is a shared
subunit of the TRRAP/TIP60 histone acetyltransferase and SRCAP complexes. |
Biol Chem Vol. 280(14), pp. 13665-13670.

Carlson, M.L.; Wilson, E.T.; Prescott, S.M. (2003). Regulation of COX-2 transcription in a
colon cancer cell line by Pontin52/TIP49a. Mol Cancer Vol. 2, pp. 42.

Chen, M.; Pereira-Smith, O.M.; Tominaga, K. (2011). Loss of the chromatin regulator MRG15
limits neural stem/progenitor cell proliferation via increased expression of the p21
Cdk inhibitor. Stem Cell Res Vol. 7(1), pp. 75-88.

Choy, J.S.; Tobe, B.T.; Huh, J.H.; Kron, S.J. (2001). Yng2p-dependent NuA4 histone H4
acetylation activity is required for mitotic and meiotic progression. | Biol Chem Vol.
276(47), pp. 43653-43662.

Chua, P.; Roeder, G.S. (1995). Bdfl, a yeast chromosomal protein required for sporulation.
Mol Cell Biol Vol. 15(7), pp. 3685-3696.

Couture, J.F.; Trievel, R.C. (2006). Histone-modifying enzymes: encrypting an enigmatic
epigenetic code. Curr Opin Struct Biol Vol. 16(6), pp.753-760.

Dames, S.A.; Mulet, ].M.; Rathgeb-Szabo, K.; Hall, M.N.; Grzesiek, S. (2005).The solution
structure of the FATC domain of the protein kinase target of rapamycin suggests a
role for redox-dependent structural and cellular stability. | Biol Chem Vol. 280 (21),
pp. 20558-20564.

Dehan, E.; Ben-Dor, A, Liao, W.; Lipson, D.; Frimer, H.; Rienstein, S.; Simansky, D.;
Krupsky, M.; Yaron, P.; Friedman, E.; Rechavi, G.; Perlman, M, et al. (2007).
Chromosomal aberrations and gene expression profiles in non-small cell lung
cancer. Lung Cancer Vol. 56, pp. 175-184.

Downs, J. A.; Allard, S.; Jobin-Robitaille, A.; Javaheri, A.; Auger, N.; Bouchard, S.; Kron,
S.J.; Jackson, S. P.; Cote, J. (2004). Binding of chromatin-modifying activities to
phosphorylated histone H2A at DNA damage sites. Mol Cell Vol. 16, pp.979-
990.

Doyon, Y.; Selleck, W.; Lane, W. S; Tan, S.; Coté, J. (2004) Structural and functional
conservation of the NuA4 histone acetyltransferase complex from yeast to humans.
Mol cell biol Vol. 5, pp.1884-1896.

www.intechopen.com



Human Tip60 (NuA4) Complex and Cancer 233

Doyon, Y.; Cayrou, C,; Ullah, M.; Landry, A.J.; Coté, V.; Selleck, W.; Lane, W.S,; Tan, S.;
Yang, X.J.; Coté, J. (2006). ING tumor suppressor proteins are critical regulators of
chromatin acetylation required for genome expression and perpetuation. Mol Cell
Vol. 21(1), pp. 51-64.

Fadlelmola, F.M.; Zhou, M.; de Leeuw, R.J.; Dosanjh, N. S.; Harmer, K.; Huntsman, D. et al.
(2008). Sub-megabase resolution tiling (SMRT) array-based comparative genomic
hybridization profiling reveals novel gains and losses of chromosomal regions in
Hodgkin lymphoma and anaplastic large cell lymphoma cell lines. Mol Cancer Vol.
7, pp- 2.

Fazzio, T.G.; Huff, ].T.; Panning, B. (2008). An RNAi screen of chromatin proteins identifies
Tip60-p400 as a regulator of embryonic stem cell identity. Cell Vol. 134(1), pp. 162-
174.

Feng, Y.; Lee, N.; Fearon, E.R. (2003) .TIP49 regulates beta-catenin-mediated neoplastic
transformation and T-cell factor target gene induction via effects on chromatin
remodeling. Cancer Res Vol. 63(24), pp.8726-8734.

Fischer, U.; Heckel, D.; Michel, A.; Janka, M.; Hulsebos, T.; Meese, E. (1997). Cloning of a
novel transcription factor-like gene amplified in human glioma including
astrocytoma grade I. Hum Mol Genet Vol. 6, pp. 1817-1822.

Fuchs, M.; Gerber, ].; Drapkin, R.; Sif, S.; Ikura, T.; Ogryzko, V.; Lane, W.S.; Nakatani, Y.;
Livingston, D.M. (2001). The p400 complex is an essential E1A transformation
target. Cell Vol. 106(3), pp. 297-307.

Galarneau, L.; Nourani, A.; Boudreault, A.A.; Zhang, Y.; Héliot, L.; Allard, S.; Savard, J.;
Lane, W.S,; Stillman ,D.J.; Coté, J. (2000). Multiple links between the NuA4 histone
acetyltransferase complex and epigenetic control of transcription. Mol Cell Vol. 5(6),
pp- 927-937.

Garcia, S.N.; Kirtane, B.M.; Podlutsky, A.].; Pereira-Smith, O.M.; Tominaga, K. (2007).
Mrgl15 null and heterozygous mouse embryonic fibroblasts exhibit DNA-repair
defects post exposure to gamma ionizing radiation. FEBS Lett Vol. 581(27), pp.
5275-5281.

Gautier, VW.; Gu, L.; O'Donoghue, N.; Pennington, S.; Sheehy, N.; Hall, W.W. (2009). In
vitro nuclear interactome of the HIV-1 Tat protein. Retrovirology Vol. 6, pp. 47.

Grant, P.A.; Schieltz, D.; Pray-Grant, M.G.; Yates, J.R. 3rd.; Workman, J.L.(1998). The ATM-
related cofactor Tral is a component of the purified SAGA complex. Mol Cell Vol.
2(6), pp. 863-867.

Grigoletto, A.; Lestienne, P.; Rosenbaum, J. (2011). The multifaceted proteins Reptin and
Pontin as major players in cancer. Biochim Biophys Acta Vol. 1815(2), pp. 147-
157.

Gunduz, M.; Ouchida, M.; Fukushima, K,; Ito, S.; Jitsumori, Y.; Nakashima, T.; Nagai, N.;
Nishizaki, K.; Shimizu, K. (2002). Allelic loss and reduced expression of the ING3, a
candidate tumor suppressor gene at 7q31, in human head and neck cancers.
Oncogene Vol. 21(28), pp. 4462-4470.

Gunduz, M.; Beder, L.B.; Gunduz, E.; Nagatsuka, H.; Fukushima, K.; Pehlivan, D.; Cetin, E.;
Yamanaka, N.; Nishizaki, K.; Shimizu K.; Nagai, N. (2008). Downregulation of

www.intechopen.com



234 Colorectal Cancer Biology — From Genes to Tumor

ING3 mRNA expression predicts poor prognosis in head and neck cancer. Cancer
Sci Vol. 99(3), pp. 531-538.

Harata, M.; Karwan, A.; Wintersberger, U. (1994). An essential gene of Saccharomyces
cerevisiae coding for an actin-related protein. Proc. Natl. Acad. Sci. USA Vol. 91, pp.
8258-8262.

Harborth, J.; Weber, K.; Osborn, M. (2000). GAS41, a highly conserved protein in eukaryotic
nuclei, binds to NuMA. ] Biol Chem Vol. 275(41), pp.31979-31985.

Haslinger, C.; Schweifer, N.; Stilgenbauer, S.; Dohner, H.; Lichter, P.; Kraut, N.; Stratowa, C.;
Abseher, R. (2004). Microarray gene expression profiling of B-cell chronic
lymphocytic leukemia subgroups defined by genomic aberrations and VH
mutation status. | Clin Oncol Vol. 22, pp. 3937-3949.

Herceg, Z.; Hulla, W.; Gell, D.; Cuenin, C.; Lleonart, M.; Jackson, S.; Wang, Z. Q. (2001).
Disruption of Trrap causes early embryonic lethality and defects in cell cycle
progression. Nat Genet Vol. 29(2), pp. 206-211.

Horikawa, I.; Tanaka, H.; Yuasa, Y.; Suzuki, M.; Oshimura, M. (1995a). Molecular cloning of
a novel human cDNA on chromosome 1g21 and its mouse homolog encoding a
nuclear protein with DNA-binding ability. Biochem Biophys Res Commun Vol. 208(3),
pp. 999-1007.

Horikawa, I.; Tanaka, H.; Yuasa, Y.; Suzuki, M.; Shimizu, M.; Oshimura, M. (1995b).
Forced expression of YL-1 protein suppresses the anchorage-independent growth
of Kirsten sarcoma virus-transformed NIH3T3 cells. Exp Cell Res Vol. 220(1), pp.
11-17.

Hughes, T. R.; C. J. Roberts, H.; Dai, A. R.; Jones, M. R.; Meyer, D.; Slade, J.; Burchard, S.;
Dow, T. R,; Ward, M. J; Kidd, et al. (2000). Widespread aneuploidy revealed by
DNA microarray expression profiling. Nat Genet Vol. 25, pp. 333-337.

Ikura, T.; Ogryzko, V.V.; Grigoriev, M.; Groisman, R.; Wang, J.; Horikoshi, M.; Scully, R.;
Qin, J.; Nakatani Y. (2000). Involvement of the TIP60 histone acetylase complex in
DNA repair and apoptosis. Cell Vol.102(4), pp.463-473.

Imbeaud, S. (2006). Deciphering cellular states of innate tumor drug responses. Genome Biol
Vol. 7, pp. R19.

Jin, J.; Cai, Y.; Yao, T.; Gottschalk, A.]J.; Florens, L.; Swanson, S.K.; Gutiérrez, J.L.; Coleman,
M.K.; Workman, J.L.; Mushegian, A.; Washburn, M.P.; Conaway, R.C.; Conaway,
J.W. (2005) A mammalian chromatin remodeling complex with similarities to the
yeast INO80 complex. ] Biol Chem Vol. 280(50), pp. 41207-41212.

Kanemaki, M.; Kurokawa, Y.; Matsu-ura, T.; Makino, Y. Masani, A.; Okazaki, K.; Morishita,
T.; Tamura, T.A. (1999). TIP49b, a new RuvB-like DNA helicase, is included in a
complex together with another RuvB-like DNA helicase, TIP49a, | Biol Chem Vol,
274 , pp. 22437-22444.

Kawahata, M. Masaki, K.; Fujii, T.; lefuji, H. (2006). Yeast genes involved in response to
lactic acid and acetic acid: acidic conditions caused by the organic acids in
Saccharomyces cerevisiae cultures induce expression of intracellular metal
metabolism genes regulated by Aftlp. FEMS Yeast Res Vol. 6(6), pp. 924-936.

Keogh, M. C,; Mennella, T. A.; Sawa, C.; Berthelet, S.; Krogan, N. J.; Wolek, A.; Podolny, V.;
Carpenter, L. R.; Greenblatt, J. F.; Baetz, K. Buratowski, S. (2006). The

www.intechopen.com



Human Tip60 (NuA4) Complex and Cancer 235

Saccharomyces cerevisiae histone H2A variant Htz1 is acetylated by NuA4. Genes
Dev Vol. 20, pp. 660-665.

Ki, D.H,; Jeung, H.C.; Park, C.H.; Kang, S.H.; Lee, G.Y.; Lee, W.S,; Kim, N.K,; Chung, H.C.;
Rha, S.Y. (2007). Whole genome analysis for liver metastasis gene signatures in
colorectal cancer. Int | Cancer Vol. 121, pp. 2005-2012.

Kim, J.R;; Kee, H.J.; Kim, J.Y.; Joung, H.; Nam, K.I.; Eom, G.H.; Choe, N.; Kim, H.S.; Kim,
J.C.; Kook, H.; Seo, S.B.; Kook, H. (2009). Enhancer of polycombl acts on serum
response factor to regulate skeletal muscle differentiation. | Biol Chem Vol. 284(24),
pp. 16308-16316.

Kouzarides, T. (2007). Chromatin modifications and their function. Cell Vol. 128, pp. 693~
705.

Krogan, N.J.; Keogh, M.C.; Datta, N.; Sawa, C.; Ryan, O.W.; Ding, H.; et al. (2003) A Snf2
family ATPase complex required for recruitment of the histone H2A variant Htz1.
Mol Cell Vol. 12(6), pp. 1565-1576.

Krogan, N. J.; Baetz, K.; Keogh, M.C,; Datta, N.; Sawa, C.; Kwok, T. C.; Thompson, N. J.;
Davey, M. G.; Pootoolal, J.; Hughes, T. R.; Emili, A.; Buratowski, S.; Hieter, P.;
Greenblatt, J. F. (2004). Regulation of chromosome stability by the histone H2A
variant Htzl, the Swrl chromatin remodeling complex, and the histone
acetyltransferase NuA4. Proc Natl Acad Sci U S A Vol. 101(37), pp.13513-13518.

Krogan, N.J.; Cagney, G.; Yu, H.; Zhong, G.; Guo, X.; Ignatchenko, A.; et al. (2006). Global
landscape of protein complexes in the yeast Saccharomyces cerevisiae. Nature Vol.
440(7084), pp. 637-43.

Lauffart, B, Howell, S.J.; Tasch, J.E; Cowell, J.K.; Still, I.H. (2002). Interaction of the
transforming acidic coiled-coil 1 (TACC1) protein with ch-TOG and GAS41/NuBI1
suggests multiple TACC1-containing protein complexes in human cells. Biochem |
Vol. 363(Pt 1), pp.195-200.

Lauscher, J.C; Loddenkemper, C.; Kosel, L; Grone, J.; Buhr, H]J.; Huber, O. (2007).
Increased pontin expression in human colorectal cancer tissue. Hum Pathol Vol. 38,
pp. 978-985.

Le Masson, L; Yu, D.Y.; Jensen, K.; Chevalier, A.; Courbeyrette, R.; Boulard, Y.; Smith, M.M.;
Mann, C. (2003). Yaf9, a novel NuA4 histone acetyltransferase subunit, is required
for the cellular response to spindle stress in yeast. Mol Cell Biol Vol. 23(17), pp.
6086-6102.

Li, H.; Cuenin, C.; Murr, R, Wang, Z.Q.; Herceg, Z. (2004). HAT cofactor Trrap regulates the
mitotic checkpoint by modulation of Madl and Mad2 expression. EMBO | Vol.
23(24), pp. 4824-4834.

Li, W.; Zeng, J.; Li, Q.; Zhao, L.; Liu, T.; Bjorkholm, M.; Jia, J.; Xu, D. (2010). Reptin is
required for the transcription of telomerase reverse transcriptase and over-
expressed in gastric cancer. Mol Cancer Vol. 9, pp. 132

Lim, C.R.; Kimata, Y.; Ohdate, H.; Kokubo, T.; Kikuchi, N.; Horigome, T.; Kohno K. (2000).
The Saccharomyces cerevisiae RuvB-like protein, Tih2p, is required for cell cycle
progression and RNA polymerase IlI-directed transcription, | Biol Chem Vol. 275
(2000), pp. 22409-22417.

www.intechopen.com



236 Colorectal Cancer Biology — From Genes to Tumor

Lin, Y.Y.; Lu, J.Y.; Zhang, J.; Walter, W.; Dang, W.; Wan, J.; Tao, S. C.; Qian, J.; Zhao, Y.;
Boeke, ].D.; Berger, S.L.; Zhu, H. (2009). Protein acetylation microarray reveals that
NuA4 controls key metabolic target regulating gluconeogenesis. Cell Vol. 136 (6),
pp-1073-1084.

Lin, Y.Y.,; Qi, Y.; Lu, J.Y,; Pan, X;; Yuan, D.S,; Zhao, Y.; Bader, ].S.; Boeke, J.D. (2008). A
comprehensive synthetic genetic interaction network governing yeast histone
acetylation and deacetylation. Genes Dev Vol. 22(15), pp.2062-2074.

Liu, X,; Yang, H.; Zhang, X; Liu, L.; Lei, M.; Zhang, Z.; Bao, X. (2009). Bdflp deletion affects
mitochondrial function and causes apoptotic cell death under salt stress. FEMS
Yeast Res Vol. 9(2), pp. 240-246.

Loewith, R.; Meijer, M.; Lees-Miller, S.P.; Riabowol, K.; Young, D. (2000). Three yeast
proteins related to the human candidate tumor suppressor p33(ING1) are
associated with histone acetyltransferase activities. Mol Cell Biol 20(11), pp. 3807-
3816.

Loukopoulos, P.; Shibata, T.; Katoh, H.; Kokubu, A.; Sakamoto, M.; Yamazaki, K.; Kosuge, T,
Kanai, Y.; Hosoda, F.; Imoto, I.; Ohki, M.; Inazawa, J.; Hirohashi, S. (2007). Genome-
wide array-based comparative genomic hybridization analysis of pancreatic
adenocarcinoma: identification of genetic indicators that predict patient outcome.
Cancer Sci Vol.; 98(3), pp- 392-400.

Lygerou, Z.; Conesa, C.; Lesage, P.; Swanson, R.N.; Ruet, A.; Carlson, M.; Sentenac, A.;
Séraphin, B. (1994). The yeast BDF1 gene encodes a transcription factor involved in
the expression of a broad class of genes including snRNAs. Nucleic Acids Res Vol.
22(24), pp. 5332-5340.

Martrat, G.; Maxwell, C.A.; Tominaga, E.; Porta-de-la-Riva, M.; Bonifaci, N.; Gémez-Baldo,
L.; et al. (2011). Exploring the link between MORF4L1 and risk of breast
cancer.Breast Cancer Res Vol. 13(2), pp.R40.

Matangkasombut, O.; Buratowski, R.M.; Swilling, N.W.; Buratowski, S. (2000).
Bromodomain factor 1 corresponds to a missing piece of yeast TFIID. Genes Dev
Vol. 14(8), pp.951-962.

Mattera, L.; Escaffit, F.; Pillaire, M.].; Selves, ]J.; Tyteca, S, Hoffmann, ].S.; Gourraud, P.A;
Chevillard-Briet, M.; Cazaux, C.; Trouche, D. (2009). The p400/ Tip60 ratio is critical
for colorectal cancer cell proliferation through DNA damage response pathways.
Oncogene Vol. 28(12), pp. 1506-1517.

Mitchell, L.; Lambert, J.P.; Gerdes, M.; Al-Madhoun, A.S.; Skerjanc, 1.S.; Figeys, D.; Baetz, K.
(2008). Functional dissection of the NuA4 histone acetyltransferase reveals its role
as a genetic hub and that Eafl is essential for complex integrity. Mol Cell Biol Vol.
28(7), pp. 2244-2256.

Mizuguchi, G.; Shen, X.; Landry, J.; Wu, W. H. ; Sen, S.; Wu, C.. (2004). ATP-driven exchange
of histone H2AZ variant catalyzed by SWR1 chromatin remodeling complex.
Science Vol. 303, pp. 343-348.

Mohan, K.N.; Ding, F.; Chaillet, J.R. (2011). Distinct Roles of DMAP1 in Mouse
Development. Mol Cell Biol Vol. 31(9), pp. 1861-1869.

www.intechopen.com



Human Tip60 (NuA4) Complex and Cancer 237

Monden, T.; Wondisford, F.E.; Hollenberg, A. N. (1997). Isolation and characterization of a
novel ligand-dependent thyroid hormone receptor-coactivating protein. | Biol Chem
Vol. 272(47), pp. 29834-29841.

Monden, T.; Kishi, M.; Hosoya, T.; Satoh, T.; Wondisford, F.E.; Hollenberg, A.N.; Yamada,
M.; Mori, M. (1999). p120 acts as a specific coactivator for 9-cis-retinoic acid
receptor (RXR) on peroxisome proliferator-activated receptor-gamma/RXR
heterodimers. Mol Endocrinol Vol. 13(10), pp. 1695-1703.

Mujtaba, S.; Zeng, L.; Zhou, M.M. (2007). Structure and acetyl-lysine recognition of the
bromodomain. Oncogene Vol.;26(37), pp. 5521-5527.

Murr, R; Loizou, J.I; Yang, Y.G.; Cuenin, C; Li, H.; Wang, Z.Q.; Herceg, Z. (2006). Histone
acetylation by Trrap-Tip60 modulates loading of repair proteins and repair of DNA
double-strand breaks. Nat Cell Biol Vol. 8(1), pp. 91-99.

Murr, R; Vaissiere, T.; Sawan, C.; Shukla, V.; Herceg, Z. (2007) Orchestration of chromatin-
based processes: mind the TRRAP. Oncogene Vol. 26(37), pp. 5358-5372.

Nagashima, M.; Shiseki, M.; Pedeux, R.M.; Okamura, S.; Kitahama-Shiseki, M.; Miura, K.;
Yokota, J.; Harris, C.C. (2003). A novel PHD-finger motif protein, p47INGS3,
modulates p53-mediated transcription, cell cycle control, and apoptosis. Oncogene
Vol. 22(3), pp. 343-350.

Nakahata, S.; Saito, Y.; Hamasaki, M.; Hidaka, T.; Arai, Y.; Taki, T.; Taniwaki, M.; Morishita,
K. (2009). Alteration of enhancer of polycomb 1 at 10p11.2 is one of the genetic
events leading to development of adult T-cell leukemia/lymphoma. Genes
Chromosomes Cancer Vol. 48(9), pp. 768-776.

Negishi, M.; Chiba, T.; Saraya, A.; Miyagi, S.; Iwama, A. (2009). Dmap1 plays an essential
role in the maintenance of genome integrity through the DNA repair process. Genes
Cells Vol. 14(11), pp.1347-1357.

Nishiu, M.; Yanagawa, R.; Nakatsuka, S.; Yao, M.; Tsunoda, T.; Nakamura, Y. Aozasa, K.
(2002). Microarray analysis of gene-expression profiles in diffuse large B-cell
lymphoma: identification of genes related to disease progression, Jpn ]J. Cancer Res
Vol. 93, pp. 894-901.

Notaridou, M.; Quaye, L.; Dafou, D.; Jones, C.; Song, H.; Hogdall, E.; Kjaer, S.K,;
Christensen, L.; Hegdall, C.; Blaakaer, J.; McGuire, V.; Wu, A.H.; et al. (2011).
Common alleles in candidate susceptibility genes associated with risk and
development of epithelial ovarian cancer. Int | Cancer Vol. 128(9), pp. 2063-
2074.

Park, J.; Wood, M.A.; Cole, M.D. (2002). BAF53 forms distinct nuclear complexes and
functions as a critical c-Myc-interacting nuclear cofactor for oncogenic
transformation. Mol Cell Biol Vol. 22(5), pp.1307-1316.

Reid, J.L.; Moqtaderi, Z.; Struhl, K. (2004). Eaf3 regulates the global pattern of histone
acetylation in Saccharomyces cerevisiae. Mol Cell Biol Vol. 24(2), pp.757-764.
Rountree, M.R.; Bachman, K.E.; Baylin, S.B. (2000). DNMT1 binds HDAC2 and a new co-
repressor, DMAP1, to form a complex at replication foci. Nat Genet Vol. 25(3), pp.

269-277.

Saksouk, N.; Avvakumov, N.; Champagne, K.S.; Hung, T.; Doyon, Y.; Cayrou, C.; Paquet, E.;

Ullah, M.; Landry, A.J.; Coté, V.; Yang, X.J.; Gozani, O.; Kutateladze, T.G.; Coté, J.

www.intechopen.com



238 Colorectal Cancer Biology — From Genes to Tumor

(2009). HBO HAT complexes target chromatin throughout gene coding regions via
multiple PHD finger interactions with histone H3 tail. Mol Cell Vol. 33(2), pp. 257-
265.

Saleh, A.; Schieltz, D.; Ting, N.; McMahon, S.B.; Litchfield, D.W.; Yates, J.R. 3rd; Lees-
Miller, S.P.; Cole, M.D.; Brandl, C. J.(1998). Tralp is a component of the yeast
Ada.Spt transcriptional regulatory complexes. | Biol Chem Vol. 273(41), pp. 26559-
26565.

Sanchez, R.; Zhou, M.M. (2011). The PHD finger: a versatile epigenome reader. Trends
Biochem Sci [Epub ahead of print]

Sanchez-Carbayo, M.; Socci, N.D.; Lozano, J.; Saint, F. Cordon-Cardo, C. (2006). Defining
molecular profiles of poor outcome in patients with invasive bladder cancer using
oligonucleotide microarrays. | Clin Oncol Vol. 24, pp. 778-789.

Sardiu, M.E.; Cai, Y.; Jin, J.; Swanson, S.K.; Conaway, R.C.; Conaway, J.W.; Florens, L.;
Washburn, M.P. (2008). Probabilistic assembly of human protein interaction
networks from label-free quantitative proteomics. Proc Natl Acad Sci U S A
Vol.105(5), pp.1454-1459.

Sen, G.L.; Reuter, J.A.;, Webster, D.E.; Zhu, L.; Khavari, P.A. (2010). DNMT1 maintains
progenitor function in self-renewing somatic tissue. Nature 2010 Vol.; 463(7280), pp.
563-567.

Shen, X. Mizuguchi, G.; Hamiche, A.; Wu, C. (2000). A chromatin remodelling complex
involved in transcription and DNA processing. Nature Vol. 406(6795), pp. 541-
544

Stankunas, K.; Berger, J.; Ruse, C.; Sinclair, D.A.; Randazzo, F.; Brock, HW. (1998). The
enhancer of polycomb gene of Drosophila encodes a chromatin protein conserved
in yeast and mammals. Development Vol. 125(20), pp. 4055-4066.

Sung, Y.H.; Choi, E.Y,; Kwon, H. (2001). Identification of a nuclear protein ArpN as a
component of human SWI/SNF complex and its selective association with a subset
of active genes. Mol Cells Vol. 11(1), pp. 75-81.

Tominaga, K.; Kirtane, B.; Jackson, J.G.; Ikeno, Y.; Ikeda, T.; Hawks, C.; Smith, ].R.; Matzuk,
M.M.; Pereira-Smith, O.M. (2005). MRG15 regulates embryonic development and
cell proliferation. Mol Cell Biol Vol. 25(8), pp. 2924-2937.

Tondeleir, D.; Vandamme, D.; Vandekerckhove, J.; Ampe, C.; Lambrechts, A. (2009).
Actin isoform expression patterns during mammalian development and in
pathology: insights from mouse models. Cell Motil Cytoskeleton Vol. 66(10),
pp.798-815

Ueda, T.; Watanabe-Fukunaga, R.; Ogawa, H.; Fukuyama, H.; Higashi, Y.; Nagata, S.;
Fukunaga, R. (2007). Critical role of the p400/mDomino chromatin-remodeling
ATPase in embryonic hematopoiesis. Genes Cells Vol. 12(5), pp. 581-592.

Ullah, M.; Pelletier, N.; Xiao, L.; Zhao, S.P.; Wang, K.; Degerny, C.; Tahmasebi, S.; Cayrou,
C.; Doyon, Y.; Goh, S.L.; Champagne, N.; Coté, J.; Yang, X.J. (2008). Molecular
architecture of quartet MOZ/MORF histone acetyltransferase complexes. Mol Cell
Biol Vol. 28(22), pp.6828-6843.

www.intechopen.com



Human Tip60 (NuA4) Complex and Cancer 239

Wang, Y.; Dai, D.L.; Martinka, M.; Li, G. (2007). Prognostic significance of nuclear ING3
expression in human cutaneous melanoma. Clin Cancer Res Vol. 13(14), pp. 4111-
4116.

Wei, X.; Walia, V.; Lin, J.C,; Teer, J.K., Prickett, T.D.; Gartner, J.; Davis, S.; NISC
Comparative Sequencing Program; Stemke-Hale, K.; Davies, M.A.; Gershenwald,
J. E;; Robinson, W.; Robinson, S.; Rosenberg, S.A.; Samuels, Y. (2011). Exome
sequencing identifies GRIN2A as frequently mutated in melanoma. Nat Genet
Vol. 43(5), pp. 442-446.

Wu, W.H.; Alami, S.; Luk, E.; Wu, C.H,; Sen, S.; Mizuguchi, G.; Wei, D.; Wu, C. (2005). Swc2
is a widely conserved H2AZ-binding module essential for ATP-dependent histone
exchange. Nat Struct Mol Biol Vol. 12(12), pp. 1064-1071.

Wurdak, H.; Zhu, S.; Romero, A.; Lorger, M.; Watson, ].; Chiang, C.Y.; Zhang, J.; Natu, V.S.;
Lairson, L.L.; Walker, J.R; Trussell, C.M.; Harsh, G.R.; Vogel, H.; Felding-
Habermann, B.; Orth, A.P.; Miraglia, L.J.; Rines, D.R.; Skirboll, S.L.; Schultz, P.G.
(2010). An RNAI screen identifies TRRAP as a regulator of brain tumor-initiating
cell differentiation. Cell Stem Cell Vol. 6(1), pp. 37-47.

Yamada, H.Y.; Gorbsky, G.J. (2006) Cell-based expression cloning for identification of
polypeptides that hypersensitize mammalian cells to mitotic arrest. Biol Proced
Online. Vol. 8, pp.36-43.

Yamada, H.Y.; Rao, C.V. (2009). BRDS is a potential chemosensitizing target for spindle
poisons in colorectal cancer therapy. Int | Oncol Vol. 35(5), pp.1101-1109.

Yamaguchi, K.; Sakai, M.; Shimokawa, T.; Yamada, Y.; Nakamura, Y.; Furukawa, Y. (2010).
C200rf20 (MRG-binding protein) as a potential therapeutic target for colorectal
cancer.Br | Cancer Vol. 102(2), pp.325-31.

Yamaguchi, K.; Sakai, M.; Kim, J.; Tsunesumi, S.; Fujii, T.; Ikenoue, T.; Yamada, Y.; Akiyama,
Y.; Muto, Y.; Yamaguchi, R.; Miyano, S.; Nakamura, Y.; Furukawa, Y. (2011). MRG-
binding protein contributes to colorectal cancer development. Cancer Sci Vol.
102(8), pp.1486-1492.

Yuan, C.X,; Ito, M.; Fondell, ].D.; Fu, Z.Y.; Roeder, R.G. (1998). The TRAP220 component of a
thyroid hormone receptor- associated protein (TRAP) coactivator complex interacts
directly with nuclear receptors in a ligand-dependent fashion. Proc Natl Acad Sci U
S A Vol. 95(14), pp. 7939-7944

Zeng L.; Zhou, M.M. (2002). Bromodomain: an acetyl-lysine binding domain. FEBS Lett Vol.
513(1), pp. 124-128.

Zhan, F.; Barlogie, B.; Arzoumanian, V.; Huang, Y.; Williams, D.R.; Hollmig, K.; Pineda-
Roman, M.; Tricot, G.; van Rhee, F.; Zangari, M.; Dhodapkar, M. Shaughnessy Jr.,
J.D. (2007). Gene-expression signature of benign monoclonal gammopathy
evident in multiple myeloma is linked to good prognosis. Blood Vol. 109, pp.
1692-1700.

Zhang, H.; Richardson, D.O.; Roberts, D.N.; Utley, R.; Erdjument-Bromage, H.; Tempst, P.;
Coté, ], Cairns, B.R. (2004). The Yaf9 component of the SWR1 and NuA4 complexes
is required for proper gene expression, histone H4 acetylation, and Htzl
replacement near telomeres. Mol Cell Biol Vol. 24(21), pp. 9424-9436.

www.intechopen.com



240 Colorectal Cancer Biology — From Genes to Tumor

Zhao, K.; Wang, W.; Rando, O.].; Xue, Y.; Swiderek, K.; Kuo, A.; Crabtree, G.R. (1998).
Rapid and phosphoinositol-dependent binding of the SWI/SNF-like BAF
complex to chromatin after T lymphocyte receptor signaling. Cell Vol. 95(5), pp.
625-636.

www.intechopen.com



Colorectal Cancer Biology - From Genes to Tumor

COLORECTAL Edited by Dr. Rajunor Ettarh
CANCER BIOLOGY

FROM GENES TO TUMOR

Edvted by Rajunas Eviarh

ISBN 978-953-51-0062-1

Hard cover, 446 pages

Publisher InTech

Published online 10, February, 2012
Published in print edition February, 2012

Colorectal cancer is a common disease, affecting millions worldwide and represents a global health problem.
Effective therapeutic solutions and control measures for the disease will come from the collective research
efforts of clinicians and scientists worldwide. This book presents the current status of the strides being made to
understand the fundamental scientific basis of colorectal cancer. It provides contributions from scientists,
clinicians and investigators from 20 different countries. The four sections of this volume examine the evidence
and data in relation to genes and various polymorphisms, tumor microenvironment and infections associated
with colorectal cancer. An increasingly better appreciation of the complex inter-connected basic biology of
colorectal cancer will translate into effective measures for management and treatment of the disease.
Research scientists and investigators as well as clinicians searching for a good understanding of the disease
will find this book useful.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Hiroshi Y. Yamada (2012). Human Tip60 (NuA4) Complex and Cancer, Colorectal Cancer Biology - From
Genes to Tumor, Dr. Rajunor Ettarh (Ed.), ISBN: 978-953-51-0062-1, InTech, Available from:
http://www.intechopen.com/books/colorectal-cancer-biology-from-genes-to-tumor/human-tip60-nua4-complex-
and-cancer

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




