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ABSTRACT

P33ING2 is a candidate tumor suppressor, which shares 58.9% homology with
p33INGI1b, the founding member of the inhibitor of growth (ING) family, and has been
shown to be invqlved in the regulation of gene transcription, cell cycle arrest and
apoptosis in a p53-dépendent manner for maintaining the genomic stability. Previously,
we demonstrated that p33ING2 promoted UV-induced apoptosis via activation of both
the mitochondria/intrinsic and death-receptor/extrinsic apoptotic pathways upon high UV
irradiation. Recently, studies have shown that p33ING2 may complex with
acetyltransferase (FAT) or histone deacetylase (HDAC). To further reveal the role of
p33ING?2 in the cellular stress responsé to UV irradiation, we hypbthesized that p33ING2
may enhance the repair of UV-damaged DNA, similar to its homologue p33INGlb,
through facilitating histone acetylation and chromatin modiﬁcatioﬁ, which are believed to
be essential for gene transcription regulation. Using luciferase reporter assays,
overexpression of p33ING2 is shown to significantly enhance nucleotide excision repair
of UV-induced DNA damage in melanoma cells in a p53-dependent manner.
Furthermore, DNA repair is completely abolished in cells treated with p33ING2 siRNA,
sugge_sting that a physiological level of p33ING2 is required for nﬁcleotide excision
repair. In addition, p33ING2 is found to be an essential factor for UV-induced rapid
histone H4 acetylation, chromatin relaxation, and the recruitment: of damage recognition
~ protein XPA to the photolesions. These observations suggest that p33ING2 is required
for initial DNA damage sensing and chromatin remodeling in the nucleotide excision

repair process.

il




As a member of the ING family, p33ING2 contains a number of highly conserved
regions with other ING members, including the plant homeodomain (PHD), leucine
zipper-like domain (LZL), and potential chromatin regulatory domain (PCR). Previous
studies focused on PHD region of ING proteins since it complexes with histone
acetyltransferase (HAT) in its yeast homologue. However, the specific biological
functions of other motifs are poorly understood. In this study, using a panel of p33ING2
deletion mu;ants, we performed functional analyses of different domains of p33ING2.
We found that the LZL domain is critical for a functional p33fNG2 in both UV-induced
DNA repair and apoptosis.

In summary, the evidence presented in this thesis that p33ING2 plays an essential

role in DNA repair, apoptosis and chromatin remodeling strongly supports the notion that

p33ING?2 acts as a tumor suppressor.
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CHAPTER 1. INTRODUCTION

1.1 Skin Cancer

Skin cancer, which accountsfor about 45% of all human malignancies in North America
annually (Landis ef al., 1999), is a disease in which malignant cancer cells originate from
the epidermis of the skin. It is estimated that 1 out of 7 people in North America will
develop some form of this cancer during their lifetime. A serious sunburn can increase

the risk by as much as 50% (National Cancer Institute PDQ Statement, 1997). As the

most common type of cancer in fair-skinned populations around the world, the incidence
and mortality rates of skin cancers are significantly increasing and thus pose a threat to

public health (Saladi ez al., 2005).

1.1.1 Classification and Pathology of Skin Cancer

There are two major types of skin cancer. Non-melanom skin cancer, including basal cell
carcinoma (BCC) and squamous cell carcinoma (SCC), which derives from the
keratinocytes are the most common types of cancer that occur in the skin. Melanoma,
which derives from the melanocytes, is a more serious type of cancer than non-melanoma
skin cancer.

Basal cell carcinoma of the skin is the most common type of human cancer,
responsible for almost a third of all cancer diagnoses inNorth America. Although it has
been noted that most of the BCC cases is sporadic, there is a rare familial syndrome basal
cell nevus syndrome (BCNS) that predisposes to the development of BCC. The etiology

of BCC indicates UV exposure as a most essential risk factor for the cancer development



(Kenneth et al., 2004). Recently, studies have shown that mutations in components of

hedgehog pathway, TP53 or p53 family rﬁembers proteins, which can induce aberrant

activation of signaling, account for BCNS and sporadic BCC. For instance, inactivation

of the PTCHI1 gene on chromosome 9q22, a negative regulator of hedgehog signaling, is

known to be one of the reasons for BCNS (Hahn et dl., 1996; Johnson ef al., 1996). In

addition, mutations in TP53 occur with more than 50% freéluency in sporadic BCC, |
which is usually along with the UV signature CC—TT and C—T transitions upon

ultraviolet radiation B (UVB) exposure (Rady et al;, 1992; Moles et al., 1993; Ziegler et

al., 1993; Gailani et al., 1996a; D'Errico et al., 1997; Zhang et al., 2001). Besides,

biallelic mutations and loss of heterozygosity (LOH) in PTCH1 have been observed in

sporadic BCC (Gailani et al., 1996b; Aszterbaum et al., 1998; Evans et al., 2000).

Furthermore, the characteristic DNA lesions created by UV exposure occurs at

neighboriingpyrimidines and account for cyclobutane pyrimidine dimers or 6-4

| photoproducts. These damages can be removed by the DNA repair machinery, or

senescence and apoptosis if the damages are beyond repair (Mitchell et al., 2003). One of
the major DNA repair pathways is nucleotide excision repair (NER), which eliminates a
variety of DNA damage including UV-induce photolesions. The complete NER reaction
involves a sequential assembly of repair proteins to the damage sites to mediate damage
recognition, dual incision and gap-filling DNA synthesis (Petit et al., 1999). When these
photoproducts are inapprqpriately repaired, they will generate mutations (Mullenders ef
al., 1993),

SCC is another non-melanoma skin cancer. BCC is not usually derived from a

precursor lesion, while SCC mostly arises from actinic keratoses (Marks ef al., 1988).




Changes for the development of SCC are extremely influenced by the nature and dosage
-of UV radiation and genetic backgrounds that regulate that interaction. As to the genetic
disorder of SCC, like BCC, mutations in TP53 have also been described in actinic
keratoses, in situ SCC, and invasive SCC with UV signature leéions, and a reported
mutation rate is up to 45% (Brash et al., 1991; Campbell et al., 1993; Kubo et al., 1994;
T_aguchi et al., 1994; Ziegler et al., 1994; Rehman et al., 1996). In addition, a critical
association between the Arg/Arg polymorphism at p53 éodon 72 and non-melanoma skin
cancer in renal transplant recipients has been observed (McGregor et al., 2002). These
phenomena are further verified by experimental observations using p53 knockout mice,
in which UV irradiation gives rise to tumors in the skin resembling SCC (Ziegler et al.,
1994; Li et al., 1998; Jiang et al., 1999). In the absence of p53, there was a compromised
apoptotic response normally induced by. radiation indicating that p53 functions to-
eliminate incipient cancer cells in this situation (Ziegler ef al., 1994). Thus, these results
demonstrated that loss of p53 function may be critical in the actinic keratoses and
subsequent SCC formation. Furthermore, several studies showed that CDKN2A locus in
SCC and mutations in exon 2 or DNKN2A locus with hypermethylation, which are very

6™ and p14*%F, have been implicated in a significant

easy to be seen in both pl
proportion of SCCs (Kubo ef al., 1997, Soufir et al., 1999). In addition, UV-induced
mutations in H-RAS and K-RAS have also been characterized in both actinic keratoses

and SCC (Pierceall ef al., 1991; Spencer ef al., 1995). An important pathogenetic role for

RAS activation in SCC was identified by mouse models in which oncogenic H-RAS and

NF-xB inhibition, leads to lesions resembling invasive SCC (Dajee et al., 2003).




Cutaneous melanoma, is 2-5% of total skin cancers, which is associated with one
of the highest mortality rates due to its rapid metastasis and S5-year survival rate of
patients with metastatic melanoma remains less than 10% (Roses ef al., 1991). As in
BCC and SCC, exposure to UV radiation is implicated in the melanoma development,
particularly intermittent intense exposure (Gilchrest er al., 1999). Recently, genetic
abnormalities associated with melanoma tumorigenesis have been well established, such

6FNKA

as germline mutations in CDKN2A, which encodes two different proteins (p1 and

4ARF), accounts for familial melanoma, which contributes to some 10% of all cases of

pl
melanoma. P16™%*" is an inhibitor of the cyclin-dependent kinases (CDK) 4 and 6 and
functions through pRB-mediated regulation of the G;-S transition of the cell cycle
(Serrano et al., 1993, 1995; Koh et al., 1995). P14*%" functions by stabilizing p53
through inhibition of MDM2 activity (Lowe ef al., 2003). Furthermore, p14**F can be
upregulated by oncogenes such as MYC and RAS (Lowe ef al., 2003). In addition, RAS
pathway has also been demonstrated to be involved in the formation of melanoma. It has
been known that activating RAS mutations, especially in N-RAS (van 't Veer et al., 1989;
Ball er al., 1994; Carr and Mackie, 1994; Platz et al., 1994; Jiveskog et al., 1998;
Demunter et al., 2001; Ombholt et al., 2002), are observed in melanoma. Recently, a
downstream effector BRAF of the RAS pathway is found to be strongly related in human
melanoma by identifying the dominant activating mutations in the BRAF in a majority of
both melanoma samples, melanoma cell lines, and nevi (Davies et al., 2002; Pollock et

al., 2003). Furthermore, through the genomic study of melanoma, RhoC overexpression

was implicated in the transition to progressively metastatic phenotypes (Clark et al.,

2000), indicating another potential RAS pathway effector. The antiapoptotic factor, Bcl-




2, was also identified as a target gene of the melanocyte-specific transcription factor,
microphthalmia (Mitf) (McGill et al., 2002). It has been noted that increased Bcl-2
expression could rescue melanocytes after introduction of dominant-negative Mitf
.(McGill et al., 2002). Finally, allelic loss and hypermethylation of the pro-apoptotic gene
APAF1 have been seen in metastatic melanoma biopsies and melanoma cell lines
(Soengas et al., 2001), providing another explanation for the characteristic

chemoresistance of this tumor type.

1.1.2 Etiology

1.1.2.1 UV and skin cancer

The incidence of melanoma has been rising during the past 40 years and understanding
the pathogenesis of skin cancer becomes a goal for public health system. Ultraviolet
radiation (UVR) is believed to be the main causative factor in melanoma development
with an acute intermittent exposure being more relevant than a chronic cumulative one.
Sunburns and excessive exposures cause cumulative damage, which induces
immunosuppression and skin cancers. Some treatment modalities, including radiation
therapy, phototherapy and psoralen and long-wave ultraviolet radiation (PUVA) can also
induce skin cancers (Saladi et al., 2005). UVB (280-320 nm) can directly cause DNA
damage (UVB fingerprint mutations) in the cells of the epidermis, while UVA (320-400
nm) induces damage indirectly by the formation of reactive oxygen species. Since UV-
associated mutations are rare in melanoma, it is speculated that UVR induces melanoma

development by indirect effects, for instance, immunosuppression or stimulation of

growth factors in the skin (Berking, 2005).




Other pathogenesis factor including viral infections such as the human papilloma
virus can cause squamous cell carcinomas. lonizing radiation, enviro-nmental‘pollutants,
chemical carcinogens and work-related exposures have been associated with skin
cancers. Exposure to artificial UV radiation (tanning beds and lamps), aging, skin color,
diet and smoking are attributable risks (Saladi et al., 2005).

Ultraviolet light can lead to the formation of several types of mutagenic DNA
lesions. The cis-syn cyclobutane pyrimidine dimers (CPDs), which are formed between
the 5,6 bonds of any two adjacent pyrimidine bases and the pyrimidine (6-4) pyrimidone
photoproducts [(6-4)PPs], which are formed by a stable bond between positions 6 and 4
of two neighboring pyrimidines are the most frequent lesions induced by UVB or UVC
radiation. Several minor photoproducts such as purine dimers and pyrimidine mono-
adducts are also formed (Pfeifer er al., 1997). They are formed at levels considerably
lower than those of CPDs (Mitchell et al., 1989; Yoon et al., 2000). UVA irradiation may
induce CPDs in DNA (Rochette et al., 2003; Douki et al., 2003) and also, through an
indirect mechanism, can promote the formation of oxidized DNA bases (Cadet et al.,
1997; Kielbassa et al., 1997; Kuluncsics et al., 1999; Kvam et al., 1997; Zhang et al.,
1997).

Mutations in cancer-relevant genes are produced by those UV photoproducts that
are not repaired before DNA replication. Thus, DNA excision repair systems play an
important role in preventing UV mutagenesis. Several human genetic disorders including
xeroderma pigmentosum (XP) and Cockayne syndrorﬁe (CS) are characterized by a

defect in DNA repair. Cells from patients suffering from XP or CS are hypersensitive to

UV light. XP is a genetically heterogeneous disease characterized by eight different




complementation groups (Friedberg ef al., 1993). The incidence of all types of skin
cancers is increased by several orders of magnitude in XP patients (Ananthaswamy et al.,
1990; Hanawalt et al., 1986). Although repair of (6-4)PPs in normél cells is generally
faster than that of CPDs (Mitchell et al., 1989), repair of both types of photoproducts is

absent in many of the skin cancer-prone XP patients (Pfeifer et al., 2005).

1.1.2;2 UV and melanoma

Epidemiological evidence suggests that a history of sunburn and intermittent exposure to
strong sunlight, particularly during childhood, may promote the development of
melanoma (Gilchrest ef al., 1999; Harrison et al., 1994). However, the specific molecular
targets in sunlight-induced melanoma remain unclear (Houghton et al., 2002). Germ line
mutatons ‘of the p16/INK4A gene, has frequently been found in melanoma kindreds
(Kamb et al., 1994). Sporadic melanomas also carry somatic missense mutations in the
pl6 gene (Pollock et al., 1996). Recently developed mouse models have shown a
connection between UV irradiation and melanoma induction (Jhappan et al., 2003). One
mouse model has’sh.own that a svingle neonatal dose of UV is sufficient to induce
cutaneous malignant melanoma in mice transgenic for ﬁepatocyte growth factor/scatter
factor (Noonan et al., 2001). In another melanoma model, inactivation of the
retinoblastoma/p16 pathway was identified as a critical event in UV mutagenesis
~ (Kannan er al., 2003).

Various epidemiological studies have addressed the relative contributions of UVB

wavelengths and UV A wavelengths to photocarcinogenesis (Setlow et al., 1974; Moan et

al., 1999; Langford et al., 1998; Woodhead et al., 1999; Wang et al., 2001). The main




conclusions. from these studies are that UVB is clearly linked to non-melanoma skin
cancers and that UVA is accounting for melanoma. UVB radiation induces squamous cell
carcinoma in mice (de Gruijl et al., 1993) aﬁd UVA radiation is also a complete rodent
skin carcinogen (de Gruijl et al., 2002). Although UVB is responsible for most of the
carcinogenic effect of sunlight, UVA is estimated to contribute 10-20% to the
carcinogenic dose (de Laat et al., 1997). UVA radiation is far more abundant in sunlight
than is UVB and can produce oxidative DNA damage that is potentially mutagenic
(Kielbassa et al., 1997;,Kvam et al., 1997; Ananthaswamy et al., 1990). In contrast to
UVB, UVA radiation is not significantly absorbed by DNA itself. Thus, the absorption by
other molecules (endogenous photosensitizers) becomes more relevant. Radicals,
especially reactive oxygen species, can be generated by UV A irradiation that can damage |
DNA. UVA radiation is also thought to contribute substantially to the
immunosuppression that prevents immuﬁological rejection of nascent UV-induced skin

cancers (Bestak et al., 1996).
1.2 Tumor Suppressor Genes

1.2.1 " P53

1.2.1.1 Gene structure

The p53 gene, first described in 1979, was the first tumour-suppressor gene to be
identified. It was originally believed to be an oncogene. However,’ genetic and functional

data obtained ten years after its discovery showed it to be a tumour suppressor. Moreover,

it was found that the p53 protein does not function correctly in most human cancers. In




about half of these tumours, p53 is inactivated directly as a result of mutations in the p53
gene, more than any other single gene. In many other tumours, it is inactivated indirectly
through binding to viral proteins, or as a result of alterations in genes whose products
interact with p53 or transmit information to or from p53 (Vogelstein et al., 2000).
Inactivation of the p53 pathway occurs by defects in “upstream” activation of p53 or in
its “downsteam” effector proteins, broadening p53’s relevance to nearly all human
cancers. The p53 protein acts as a transcription factor to induce target genes involved in
cell cycle checkpoints, DNA fepair, cell death, and cell senescenée, particularly in
response to DNA damage. As “guardian of the genome”, p53 is responsiblg for ensuring
that DNA repair proteins have the time and opportunity to repair damaged- DNA
sequence in cells under stress. In the skin these stresses include sunlight damage, drugs
applied topically or systemically, even wounding or other physiological inducers of cell
division and DNA conformational changes.
The mouse p53 gene contains only one promoter and transcribes only two mRNA
)
variants with an alternative splicing of the intron 10 (Wolf et al. 1985). The human p53
gene contains only one promoter, and transcribes three mRNA splice variants encoding, |
respectively, full-length p53, p53i§ (Flaman ef al. 1996), and A40p53 (Courtois et al.
2002; Yin ef al. 2002; Ghosh et al. 2004). p5319 encoded by alternative splicing of the
intron 9 was reported as a p53 protein isoform truﬁcated of the last 60 amino acids of p53,
defective in transcriptional activity and devoid of DNA-binding activity. There is no
evidence to indicate that the endogenous p53i9 isoform is expressed at the protein level.

A40p53 (also named p47 or ANp53), is an N-terminally truncated p53 isoform deleted of

the first 40 amino acids. A40p53 protein can be generated either by an alternative splicing




of intron 2 or by alternative initiation of translation. The A40p53 protein still contains a
part> of the p53 transactivation domain, and it can activate gene expression after
trénsfection through a second transactivation domain located between amino acids 43 and
63 (Zhu et al. 1998, 2000, Harms and Chen 2005). A40p53 can also act, after
transfection, in a dominant-negative manner toward Wild-type p53, inhibiting both p53
transcriptional activity and p53-mediated apoptosis (Courtois et al. 2002; Ghosh er al.
2004). A40p53 can modify p53 cell localization and inhibits p53 degradation by MDM2

(Ghoshet al. 2004).

1.2.1.2 P53 signaling pathway and protein functions
The p53 signaling pathway is normally inactivated. It is activated only when cells are
under stress or damage. For example, these cells contain mutations and exhibit abnormal
cell-cycle control, and present a high possibility of becoming cancerous. The p53 protein
shuts down the multiplication of stressed cells by inhibiting progress through the cell
cycle or inducing programmed death (apoptosis) of the cells to obtain genomic
stability. The p53 protein therefore plays a gatekeeper role on tumour development,
explaining why it is so often mutated or inactivated in cancers. There are at least three
independent pathways by which the p53 network can be activated.

The first pathway is triggered by DNA damage, such as that caused by ionizing
radiation. Moreover, the activation of the signaling pathway is dependent on two protein
kinases that add phosphate groups to other proteins. Two of the major kinases in question

are called ATM (for ataxiatelangiectasia mutated, named by a disease in which this
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enzyme is mutated) and Chk2 (Carr, 2000). ATM is stimulated by double-strand breaks,
and Chk2 is in turn stimulated by ATM (Vogelstein et al., 2000).

The second pathway is triggered by aberrant growth signals, such as those
resulting from the expression of the oncogenes Ras or Myc. In this case, activation of the
p53 network in humans depends on a protein called p14**" (Sherr ét al., 2000; Lowe et
al., 2000).

The third pathway is initiated by a wide range of chemotherapeutic drugs,
ultraviolet light, and protein-kinase inhibitors. This pathway is distinguished from the

ARF

others because it is not dependent on intact ATM, CHK2 or pl4 genes, and may

instead involve kinases ATR (ataxia telangiectasia related) and casein kinase II (Meek,
1999)

Taken together, all three pathways inhibit the degradation of p53 protein, thus
stabilizing p53. The increased concentration of p53 allows the protein to carry out its
major function: to bind to particular DNA sequences and activate the expression
(transcription) of adjacent genes. These genes, directly or indirectly, lead ultimately to
cell death or the inhibition of cell division (Vogelstein ef al., 2000).

Activated pS53 has many biochemical functions, but the best established is its
ability to bind to specific sequences in DNA and activate the transcription of adjacent
genes (El-Deiry et al.', 1998). The binding regions of i)53 to specific sequences and
activating transcription have been well-studied in recent years. In fact, as a tumor
usppressor, all naturally occurring mutations in the p53 gené have defects in

transcriptional activation.
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Genes that are controlled directly by p53 have been identified (El-Deify et al.,
1998), and have been categorized into four groups. The first group is the genes that
regulate cell-cycle inhibition. One of thé first effects of pS3 expression, in nearly all
" mammalian cell types, is cell cycle arrest to provide the time and opportunity for
genomic repair. The p53 protejn directly induces the expression of p21VAFVCP! an
inhibitor of cyclin-dependent kinases (CDKs), which are key regulators of the cell cycle,
working together with their partners — cyclins— to ensure S phase DNA replication
follows properly from the cellular G1 resting phase.

Another effect of p21WAF”C'P1 in cell cycle arrest is that it inhibits both the G1-S
and the G2-M transitions. Other genes, such as the Reprimo, can also arrest cells in G2
phase (Ohki er al., 2000). In epithelial cells, p53 also stimulates the expression of protein
14-3-30, which blocks cyclin B1-CDK1 complexes outside the nucleus and thereby helps
to maintain a G2 arrest (Chan et al., 1999; Lardnga et al., 2000).

The second group of genes that are controlled directly by p53 is knowm to have a
function in apoptosis demonstrated by some cells in which p53 is activated undergoing
programmed death (Gottlieb er al., 1998). P53 trigger apoptosis through several down
stream targets (El-Deiry ef al., 1998). The Bax protein, for example, is an apoptosis-
inducing protéin of the Bcl-2 protein family. Transcription of the Bax gene in some
human cells is directly activated by p53-binding sites in the regulatory region of the gene
(Reed, 1999). However, in the mouse, there is no analogous p53-binding site in the
regulatory region of the murine Bax gene (Schmidt et al., 1999). Furthermore, the NOXA
and pS3AIP1 genes have also been discovered to be directly activated by p53 (Oda et al,

2000). When overexpressed in the cells, NOXA and P53AIP1 can lead to apoptosis.
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Other potential mediators of p53-induced apoptosis include proteins with similarities to
the classic 'death-signal' receptors, such as the TNF (tumour necrosis factor) receptor and
Fas. One of the most recently discovered of these proteins is PIDD (Lin et al., 2000).

In addition, the third group of genes that are regulated by p53 play a role in
genetic stability. It has been known that these genés are involved in the balance of cell
death or survival. For instance, defects in repair genes can lead to tumour development .
Thus, the p53 protein may be important in maintaining genetic stability (Tlsty, 1997)
(Wabhl et al., 1997) through the induction of genes that regulate nucleotide-excision repair
(NER) of DNA, chromosomal recombination and chromosome segregation (Tlsty, 1997;
Wahl er al., 19'97). Further evidence for p53’s role in DNA repair comes from the
induction of the ribonucleotide reductase gene by p53 after DNA damage (Tanaka et al.,
2000). This gene is essential for cellular responses to DNA errors in a wide range of
organisms (Lozano, 2000).

The last group of p53 regulating genes are noted to be involved in the inhibition
of blood-vessel formation. To enlarge beyond microscopic proportions tumours must
establishnew blood vessels to supply the necessary nutrients. The normal p53 protein.
stimulates the expression of genes that prevent this process (Hendrix, 2000). Cells in
which p53 is inactivated by mutation would therefore be‘more likely to form new blood
vessels, providing a critical growth advantage at a late point and assists in tumour
development and formation. This stage is the time when most natural p53 mutations
occur. Studies of other tumour suppressors support the idea that preventing the formation
of new blood vessels can be an important component of the activity of a tumour

suppressor (Schwarte-Waldhoff et al., 2000).

13




1.2.1.3 P53 modification and stabilization

The p53 is degraded by ubiquitin-mediated proteolysis. This ubiquitin chain acts as a
'flag', enabling p53 to be detected by the protein-degrading machinery. Through a
feedback loop, the MDM?2 protein is one of the enzymes involved in labelling p53 with
ubiquitin (Momand, et al., 2000).

However, the transcriptional activation of downstream targets by p53 requires
conformational changes in the protein, resulting from modifications such as the addition
or rerﬁoval of phosphate, acetyl, glycosyl, ribose, ubiquitin or 'sumo' chemical groups
('sumo' is a ubiquitin-like polypei)tide that can reversibly modify proteins) (Prives ef al.,
1999; Giaccia et al., 1998; Meék, 1999). Since the C terminus of p53 normally folds back
and inhibits the DNA-binding domain located in the central part of the p53 protein the
acetylation of lysine residues or phosphorylation of serine residues near the carboxy
terminus of p53 can enhance the binding of p53 to DNA by interfering with this folding.

Phosphorylation of the amino terminus of p53 does not affect its DNA-binding
abilities, but does affect its affinity for MDM2 and subsequent degradation. Other
changes to the p53 protein and its MDM2 partner are also important in the p53 netwofk.
For instance, sumolation of MDM2 can reduce its; ubiquit‘ination and degradation
(Buschmann et él., 2000). This will lead to the accumulation of MDM2 to ubiquitinate

p53 and promote p53 degradation.
1.2.2 The Inhibitor of Growth (ING) Family

1.2.2.1 ING family characterization
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1.2.2.1.1 Gene structure and expreSsion profile

Five different ING genes (ING1 to ING5) encoding proteins with highly conserved plant
homeodomain (PHD) motifs and several splicing isoforms of the ING1 and ING2 gene
have been identified after the discovery of INGI tumof suppressors in 1996. ING
sequences have been 'reported in human, mouse, rat, frog, fission and budding yeast, -
Drosophila, and C. elegans, as well as in other species; howevef, most of these homologs |
remain unrecognized and uncharacterized. Studies revealed that the ING family functions
in DNA repair and apoptosis under UV stress through binding to proliferating cell
nuclear antigen (PCNA); chromatin remodeling and regulation of gene expreséion
through regulating and/or targeting histone acetyltransferase/deacetylase (HAT/HDAC)
activities; binding targets of rare phosphatidylinositol phosphates (PtdInsPs) that function
in DNA damage-initiated stress signaling; and regulating brain tumor angiogenesis
through transcriptional repression of NF-xB responsive genes (Gordon ef al., 2005).

As the founding member of the ING family, ING1 was identified by the
subsequent selection for sense or antisense cDNA fragments capable of promoting
neoplastic transformation through subtractive hybridization between ¢cDNAs from a
normal mammary cell line and several transformed breast cancer epithelial cell lines
(Garkavtsev ef al., 1996). The human ING1 gene has three exons that can be alternatively
spliced onto a common 3' exon, thereby generating p27INGld, p33ING1b, and p47™°"* and
an internal initiation at an ATG within the common exon generates p24™°'¢ (Garkavtsev
et al., 1999; Jager et al., 1999; Gunduz et al., 2000; Saito et al., 2000). Expression level
of INGlis significantly repressed in more than 42% of human primary Breast cancers,

100% of established breast cancer cell lines (Toyama et al., 1999), and many other forms
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of blood and solid tumors (Ohmori et al., 1999; Oki et al., 1999; Shinoura et al., 1999;
Tokunaga et al., 2000; Chen et al., 2001; Krishnamurthy et al., 2001; Bromidge, 2002;
Gunduz et al., 2002; Ito et al., 2002; Noumann ef al., 2002; Chen et al., 2003; Hara et al.,
2003; Garkavtsev et al., 2004; Tallen et al., 2004).

All ING genes share strongest homology in several highly conserved regions. The
plant homeodomain (PHD) motif has been implicated in the regulation of ubiquitination
(Coscoy et al., 2003; Aravind et al., 2003; Scheel et al., 2003) and as a binding target of
phosphatidylinositol phosphates (PtdInsPs) that function in DNA damage—initiated stress
signaling (Gozani et al., 2003). There are two intrinsic nucleolar translocation sequences
(NTS) within the nuclear localization signal (NLS) in all ING family members, which
target the proteins to nuclear (Séott et al., 20015). The PIP domain is a PCNA-interacting
protein domain, through which p33ING1b binds to the proliferating cell nuclear antigen
(PCNA) (Warbrick, 1998). PIP has also been found in proteins involved in growth
inhibition, growth arrest after DNA damage and DNA replication and repair (Feng et al.,
2002). The leucine zipper-like (LZL) motif exists in ING2 consists of leucine residues
spanning every seven amino acids, forming a hydrophobic patch. Sequence-based
analysis has shown a similar leucine distribution at the N-terminus of ING3 to INGS
suggesting similar potential functions. The conserved LZL region from ING2-INGS,
shows the potential ability of ING proteins to bind other leucine zipper—containing
proteins, such as transcription factors. Initial results suggest that this is the case, making
the association of particular HAT and HDAC complexes to chromatin considerably more
dynamic (Gong et al., personal communication). A potential chromatin regulatory (PCR)

domain may also link ING proteins to HAT and HDAC complexes. In addition, The
}
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peptide-interacting motif (PIM) at the C-terminus of ING1 and ING2 has been recently
identified, which is believed to stabilize proteins with particular posttransl-ational
modification (Feng et al., 2004). In addition, interaction of ING with other proteins may
be mediated through the candidate phosphorylation-dependent interacting motif (PDIM),
which is relatively similar to the canonical RSXpSXP 14-3-3 binding motif. This implies
that phosphorylation of this region could recruit proteins important in the modulation of
such cellular processes as apoptosis, signal transduction, and cell cycle regulation
(Hermeking, 2003). Most recently, the ability of ING proteins to bind to and alter the
activity of histone acetyltransferases (HATSs), histone deacetylases (HDACs), and factor
acetyltransferases (FATs) has also been shown (Loewith et al., 2000; Skowyra et al.
2001; Nagashima ef al., 2001; Vieyra et al., 2002; Kuzmichev et al., 2002; Feng et al.,
2002).

Although ING1 mutations are very rare, most of the mutations identified so far
are either in the NLS or the PHD domains. More and more evidence is emerging that
naturally occurring mutations in the PHD domains of different proteins lead to a variety
of diseases including cancer (Gibbons ef al., 1997; Pascual ef al., 2000).

Furthermore, mislocalization of ING1 proteins has been observed in brain tumors
by different groups (Tallen et al., 2004; Vieyra et al., 2003). In contrast, melanoma,
papillary thyroid carcinoma and ductal breast carcinoma, increased levels of cytoplasmic
p33INGI1b were noted, concomitant with loss of nuclear localization (Nouman et al.,
2002). In ING3, loss and transcriptional repression are also seen for both the gene and
protein level (Nagashima et al., 2003). RNA levels of ING4 are also lower in low-grade

gliomas (two to three times) and glioblastomas (six times) than in normal brain tissue
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(Garkavtsev et al., 2004) suggesting that expression of ING4 is progressively suppressed

in brain tumors with increasing tumor grade and degree of malignancy.

1.2.2.1.2 Biological functions

The biochemical functions of ING proteins as histone acetyltransferases and histone
deacetylase co-factors related this new tumor suppressor family to the regulation of
transcription regulation, DNA repair and apoptosis. For instance, senescent human
fibroblasts were shown to express 10-fold more ING1 mRNA éompared to early passage
fibroblasts, while antisense expression of INGI1 resulted in prolonged proliferative life
span of these cells (Garkavtsev et al., 1997). In addition, further evidence emerged
supporting the involvement of ING1 in the p53-mediated intrinsic apoptotic pathway by
demonstrating that p33ING1b enhances transactivation of the proapoptotic Bcl-2 family
protein Bax upon ultraviolet (UV) irradiation and consequently promotes change in
mitochondrial membrane potential (Cheung et al., 2002) Other ING members are also
shown to be actively, but differentially involved in apoptosis. The expression of p33ING2
~ was found to be speciﬁc‘ally induced by etoposide or neocarzinostatin, but not by gamma
irradiation, doxorubicin, cis-platinum, or bleomycin in a normal lymphoblastoid cell line
(Nagashima et al., 2001). ING3 plays an important role mn cellular response to UV
irradiation by enhancing UV-induced apoptosis through the activation of Fas/caspase-8
pathway (Wang et al., 2006). The interrelation between p53 and different ING members
is apt to influence the apoptotic response. However, the interaction of ING proteins with
the proliferating cell nuclear antigen (PCNA) and histone-modifying factors may also

- play a large part.
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Most ING members function through p53 dependent manner. Two main
mechanisms may help explain how ING proteins enhance the p53 response: association
of ING members with p53 and ING-mediated acetylation of p53. P33ING1b, p29ING4
and p28INGS5 are now known to co-precipitate with p53, while p33ING2 and p47ING3
do not (Nagashima ei al., 2003; Shiseki et al., 2003; Nagashima et al., 2001). Although
certain ING proteins do not physically associate with p53, they may modulate p53
activity by enhancing protein stability. Overexpression of p33ING2 was found to induce
increased acetylation of p53 at Lys;382 in the colorectal carcinoma cell line RKO
(Nagashima et al., 2003; Nagashima ef al., 2001). Posttranslational modifications such as
acetylation and phosphorylation within the C-terminal region of p53 are believed to
facilitate activation and stimulate p53 sequence-specific DNA binding activity (Gu et al.,

1997; Sakagushi ef al., 1998).

PCNA is an essential processivity factor for DNA polymerases, funétioning in
both DNA replication and nuéleotide excision repair. It forms a sliding homotrimeric
clamp encircling DNA as part of a large multiprotein complex and interacts with proteins
through different faces of the homotrimer, but has no known enzymatic activity. It binds
to and orientates other proteins in DNA feplication aﬁd repair complexes, including the
FEN1 nuclease, the CAF-1 chromatin assembly and/or remodelling factor, DNA ligase,
the BASC super-complex of proteins, which includes the BRCA1 tumour suppressor, the
MyD118, CR6 and GADDA45 proteins, and p21VAFL Following exposure to UV, the
p33INGlb isoform of INGI rapidly binds to PCNA, and mutations within the PIP motif |
strongly inhibit binding. Co-localization of PCNA and p33ING1b increasés several fold

in the nucleus, and the PCNA-p33ING1b interaction can be inhibited by p21VAF! but not
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by the p16 CDK inhibitorv (Scott et al., 2001). Furthermore, our group demonstrated that
. overexpression of the p33ING1b protein enhanced nucleotide excision repair (NER) of
UVC-damaged exogenous plasmid DNA and UVB-damaged genomic DNA. These
observations support the idea that ING1 binds to PCNA after DNA damage aﬁd
contributes to the induction of apoptosis by altering PCNA function through the‘
displacement of specific proteins.

ING proteins are also proposed to be involved in the repair of double-strand
breaks. The chemotherapeutic agent adriamycin is a topoisomerase II inhibitor that
generates double-strand DNA breaks (Tewey ef al., 1984). In a study by Tsang and
colleagues (Tsang et al., 2003), a prbminent G2/M phase arrest was observed upon
exposure to adriamycin when p33INGlb was expressed in pS53-null H1299 cells.
Interestingly, this G2/M arrest was not observed upon treatment with cisplatin and UV
exposure, both of which generate intrastrand cross-links (Fichtinger-Schepman et al.,
1985; Cadet er al., 1992). Reintroduction of p53 restored the Gl arrest after UV
irradiation, suggesting that in the absence of p53, p33ING1b can respond to double-stand
breaks but not to intrastrand cross-links. Further investigation should be conducted to
verify whether ING proteins are involved in homologous repair or non-homologous end
joining (NHEJ) repair pathways (Campos et al., 2004).

Regarding to the gene transcription regulation, although how p33ING1b is able to
regulate gene expression is less clear, it might bind to and activate p53 (Nagashima vet al.,
2001; Garkavtsev et al., 1998). Evidence showed that ING1 can block the entry of cells
into S phase of the cell cycle (Garkavtsev et al., 1996), but is less effective in blocking

the growth of cells in which the activity of the p53 tumour suppressor is inhibited by



SV40 T-antigen (Garkavtsev et al, 1997). These findings suggestec.l. that ING1 might
operate together with p53 providing a growth inhibitory effect (Gari<avtsev et al., 1998;
Shinoura ef al., 1999; Garkavtsev et al., 1998; Shimada et al.,2002). Overexpression
studies conﬁrme_:d that p33ING1b can activate endogenous genes, such as the p21VAF
CDK inhibitor and reporter constructs linked to the p21™"' or Bax promoters. In

addition to the p21 VA

and Bax genes, several additional genes have been identified that

are regulated By altered levels of p33INGI1b. One of the genes examined, cyclin Bl,
which activates CDK1 in late G2 and M phase of the cell cycle, was induced by antisense
ING1 and inhibited by ectopic overexpression of p33INGl1b. The effects of ING1 on
cyclin B1 expression wére enhanced by, while not dependent on, p53. Furthermore, the
cyclin B1 gene lacks p53 binding sites, suggesting that p53 and p33ING1b contribute to
the regulation of cyclin Bl by a mechanism different from sequence-specific DNA-
binding and its subsequent transcriptional activation. These observations suggest that
ING proteins affect gene expression through more general mechanisms such as regulation
of histone acetylation levels (Feng, et al., 2002)

Besides ING1, ING2 (Nagashima et al.,' 2001) and ING3 (Nagashima et al. in
press) can also regulate gene transcription. The most probable mechanism by which
- ING2 regulates gene expression. is through inducing acetylation of p53 on lysine 382
(Nagashima et al., 2001), presumably by activating a FAT (factor acetyltransferase).
While in the other hand, Sir2, which also targets the same residue of p53, can induce pS3

deacetylation (Vaziri et al., 2001). Although it is unknown whether ING proteins interact

directly with p53, they do constitute components of larger protein complexes that affect
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more general ‘gene-regulatory mechanisms, such as chromatin structure, through residing
in co-represser and co-activator complexes.

A few lines of evidence indicate that ING proteins can lead to transcriptional
activation. For instance, UV treatment of HS68 cells, a stress event leading to the
transcription of appropriate response genes, resulted in a clear translocation of p33ING1b
protein into the nucleolus of cells where immunofluorescent imaging of high levels of
transcription was evidenced by using anti-BrdU antibodies (Scott et al., 2001). ING-
mediated transcriptional response may also help modulate responses to endocrine factors.
TH was shown to differentially affect the expression of different ING members in
Xenopus laevis and correlate with apoptosis during development (Wagner et al., 2001).
Such observations suggest the possibility that ING family members may be involved in
transducing signals initiated by certain endocrine factors such as TH. More recently,
studies using an estrogen response elementlluciferase construct found that p33ING1b is
able to increase estrogen receptor a expression in a dose-dependent manner via the AF2
domain (Toyama et al., 2003; Toyama et al., 2004). The modes of action of ING family
members and the different stressed cellular pathways which cooperate with p53 might
attribute to the variations in the effectiveness of facilitating p53 transcriptional activities.

In eukaryotes, DNA metabolism is strongly influenced by the packaging of DNA
into higher order chromatin. Nucleosomes, as the fundamental repeat unit of chromatin,
cbntain 147 bases of DNA wound around an octamer of four basic core histones, H2A,
H2B, H3 and H4. It has been known that histones can be modified in several ways that
can have major effects on gene transcription. Nucleosome remodeling, though

acetylation, as well as other modifications including phosphorylation and methylation of
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the N-terminal “tails” of core histones, affects accessibility of gen‘eral transcription
factors and DNA binding activators to the promoter sites, which facilitates or blocks the
expression of downstream genes. Similar modifications of lysine residues in the histone
tails neutralize their positive charge, thus reducing ionic interactions between DNA and
the core histone of the ﬁucleosomes. Consequently, the equilibrium between free histones
and histones bound in nucleosomes shifts to favour free histones, and chromatin enters a
relatively more “relaxed” state facilitating the activation of transcription. On the other
hand, deacetylation of lysine residues in histone tails usually induces nucleosome
formation and represses transcription. Therefore, histone acetylases and deacetylases are
believed to serve as relatively general activators or repressors of gene expression with
specific combinations of transcription factors providing a higher degree of gene
specificity. It is clear that inappropriate regulation of gene expression is a common
molecular chénge found in the development of cancer and subsequent disruption of
regulatory pathways contributing to the malignant phenotype (Jacobson er al., 1999).
HATs and HDACs were initially isolated as transcriptional regulators; most HATSs have
been proven to be transcriptional adapters or co-activators while HDACs generally act as
co-repressors. The state of histone acetylation is now known to affect gene expression
significantly, and therefore has major roles in DNA repair, apoptosis, DNA
recombination and cell cycle progression (Roth ef al., 2001).

Evidence have shown that INGI1 proteins both physically and functionally
associate with several factors possessing intrinsic HAT and HDAC activities, linking
INGI tumor suppressor function to chromatin remodeling. The link bétween ING1 and

histone modification was first established in yeast (Loewith et al., 2000). A yeast two-
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hybrid screen implicated that all three budding yeast ING proteins, Yngl, Yng2 and
Pho23, are able to associate with HAT activity. Further evidence indicated that the Yng2-
associated HAT is Esal, suggesting that Yng2 is a component of the NuA4 HAT
complex (Loewith er al., 2000). Human INGI1 proteins also differentially associate with
different HATs and HDACs. p33ING1b binds SAP30, a component of the Sin3-HDAC
complex that associates with the Swi/Snf chromatin remodeling complex (Kuzmichev et
al., 2002) and suppression of cell growth by p33INGI1b is dependent on an intact
Sin3/HDAC interacting domain. Immunoprecipitation studies have shown that two major
INGI1 isoforms, p47INGla and p33INGIlb, can associate with both HAT and HDAC
complexes in mammalian cells (VieyraI et al., 2002) and different isoforms have
differential affinities fof HATs and HDACs. The fact that p33ING1b associates with
HAT complexes containing TRRAP, CBP, p300, and PCAF and increases the level of
acetylation of histones H3 and H4, whereas p47ING1a exerts the opposite effect, suggest
that these two major ING1 isoforms might act in a reciprocal manner in altering

chromatin structure.

1.2.2.2  P33ING2

1.2.2.2.1 Gene structure

p33ING2 (formally known as INGIL) was cloned through a homology search of
p33ING1b cDNA sequence with the Otsuka cDNA database containing randomly
selected cDNA from human placental, aortal, and fetal brain cDNA libraries. It is found
to be located on chromosome 4q35.1 (Shimada, er al., 1998). Full-length ING2 cDNA

contains an open reading frame of 840 bp, encoding for a 280-amino acid polypeptide
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with a molecular weight of 32.8 kDa. P33ING?2 shares 58.9 % homology with p33INGlb,
while the nucleotide sequences between these two genes show 60% identity (Shimada et
al., 1998). The .C-terminus of both p33ING2 (amino acid residues 213-260) and
p33ING1b (amino acid residues 213-279) contains a highly conserved PHD zinc-finger
motif, suggesting their roles as transcription regulators (Shimada et al., 1998). In
addition, p33ING2 contains a unique leucine zipper-like domain that is thought to
mediate hydrophobic protein—protein interaction or DNA binding (Feng er al., 2002).
ING?2 proteins were mainly localized in the nucleus (74% in chromatin-enriched/nuclear
matrix and 9% in nucleoplasmic), with a diffuse distribution in the cytosol (17%) (Gozani
et al., 2003). P33ING2 expression levels were found to be ubiquitous in norfnal human
tissues, with varying expression levels in different tissue types. For example, the mRNA
expression level of ING2 is high in testis but low in lung and undetectable in kidney
(Shimada et al., 1998). Also ING2 expression .le;vel in spleen is undetectable, but less

expressed in lung and brain (Nagashima et al., 2003).

1.2.2.2.2 Protein functions

P33ING2 has been shown to negatively regulate cell growth in a p53-dependent manner
through induction of G;-phase cell cycle- arrest and apoptosis, by enhancing the promoter
activities. of p21"*"! and Bax in wild-type p53 colorectal carcinoma RKO célls, but not in
p53-deactivafed, RKO-E6 cells (Nagashima et al., 2001). In contrast to upregulation of
‘p21W"lfl promoter, p33ING2 strongly repressed the promoter activity of human a-

fetoprotein AFP (a gene often found to be aberrantly expressed in hepatocellular
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carcinoma) through both p53-dependent and p53-independent pathways (Kataoka et al.,
20-03).

Gozani and colleagues reported that p33ING2 interacted with Ptdlns(3)P and
Ptdlns(5)P through its PHD finger motif, which alone is sufficient for this binding (O.
Gozani et al., 2003). Interaction with Ptdins(5)Ps can modulate the subcellular
localizétion of p33ING2 and is cﬁtical for the ability of p33ING2 to enhance p53
acetylation and p53-dependent apoptosis (O. Gozani et al., 2003). Thus, it proposed that
PHD finger motif is a general PtdlnsPs binding domain that Ptdlns(5)P recruits or
stabilizes p33ING2 in the chromatin and interaction with Ptdlns(5)P might lead to
allosteric activation of p33ING2.

Furthermbre, ING?2 protein was demonstrated to be associated with a very similar
set of polypeptides classically found with mammalian Sin3 HDAC comi)lexes, including
the chromodomain-containing RBP1 and its paralog. RBP1 allows recruitment of mSin3
HDAC complex by retinoblastoma tumor suppressor family pocket proteins to induce
cell cycle arrest by repressing E2F-dependent transcription and DNA replication origins
(Lai et al., 2001). Several peptides identified by mass spectrometry also corresponded to
breast cancer metastasis suppressor-1 (BRMS1) and its paralog. BRMS1 suppresses
metastasis of multiple human and murine cancer cells and has been found with RBP1 in
mSin3 HDAC complexes (Meehan et al., 2004). In addition, studies found not only the
PHD finger region of ING2, but also the BRMS1 was implicated in phosphomosmde
signaling (Gozani et al., 2003 Campos ef al., 2004; DeWald et al., 2005).

Most recently, studies have been done in the functional role of ING2 inreplicative

senescence by showing that ING2 and serine 15-phosphorylated p53 (termed phospho-
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p53 [Serl5]) protein expression is upregulated during replicative senescence in human
" fibroblasts. Under these conditions, ING2 and phospho-p53 (Serl5) colocalize and
physically interact with p300. This complex is located outside PML nuclear bodies.
Mechanistically, ING2 physically interacts with p300 in vitro and in vivo and enhances
p300-mediated p53 acetylation in vitro. ING2 also regulates the onset of replicative
senescence: the overexpression of ING2 in young fibroblasts induces premature
senescence in a p53-dependent manner, and downregulation of ING2 decreases pS3
acetylation and delays the onset of replicative senescence. Thus, it is proposed that ING2
plays a major role in regulating the p53-dependent senescence checkpoint (Pedeux, ef al.,

2005).

1.3 Objectivés

Previously, we showed that overexpressed p33ING2 promoted UV-induced apoptosis and
DNA repair in human melanoma cells. To further reveal the mechanisms of p33ING?2 as
cellular stress response to UV irradiation in a physiological condition, we investigated the
both functional studies (Chapter 3) and a domain truncation study (Chapter 4) regarding
the role of p33ING?2 in linking the histone acetylation, chromatin relaxation to facilitating
the UV-induced DNA damage recognition using MMRU melanoma cell lines as an
experimental model system. Wé hypothesize that p33ING2 would be required for
- efficient repair of UV induced DNA damage via its effects on damaging sensing,

chromatin remodeling and repair enzyme recruitment.
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Figure 1.1 A diagrammatic representation of the major structural features of the
ING proteins. Amino acid sequence alignment of the ING protein members, including
ING1b, ING2, ING3, ING4 and INGS. Different conserved domains are indicated,
including a proliferating cell nuclear antigen (PCNA)-interacting protein (PIP) domain on
ING1b; a leucine zipper—like motif (LZL) on ING2, ING3, ING4, and INGS; the nuclear
localization sequence (NLS) and a plant homeodomain (PHD) conserved in all members;
a phosphorylation-dependent interacting motif (PDIM), and a peptide-interacting motif
(PIM) only found on ING1 and ING2. A potential chromatin regulatory (PCR) domain is
also shown that may link ING proteins to HAT and HDAC complexes.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Cell Lines and Cell Culture

Wild-type p53 MMRU melanoma cells were cultured in Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum (Invitrogen, Burlington, Ontario,
Canada), 100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C in a humidified

atmosphere of 5% CO,.

2.2 Plasmids

pRL-CMYV Luciferase plasmid was from Promega (Nepean Ontario, Canada). pcDNA3-
p33ING2 was a kind gift from Dr. O. Gozani and Dr. J. Yuan (Harvard Medical School,
Boston, MA ). pcDNA3 vector (Fig. 2.1) was from Invitrogen (Burlington, Ontario,
Canada). PGFP-N2 was from Clontech (Windsor, ON, Canada). 3xFLAG vector (Fig.
_2.1) was from Sigma (Oakville, Ontario, Canada). 3xFLAG-p33ING2, 3xFLAG-APHD,
3xFLAG-ALZL and 3xFLAG-AL+P are generated by polymerase chain reaction from a
pcDNA3-p33AING2 vector (Invitrogen) and subcloned into a 3xFLLAG vector (Sigma,
Oakville, Ontario, Canada) using site-specific primers. All of the constructs were
sequenced across the newly created junctions to confirm there are no extra nﬁcleotides

induced by polymerase chain reaction.

2.3 Antibodies

Antibodies used for Western bldtting were rat anti-p33ING2 monoclonal antibody (a kind

gift from Dr. O. Gozani and Dr. J. Yuan, Department of Cell Biology, Harvard Medical




School, Boston, MA 02115, USA), anti-acetylated histone H3 and H4 polyclonal
antibodies (Upstate, Charlottesville, VA). anti-CPD and anti-6-4PP primary polyclonal
antibodies (kind gift from Dr. T. Matsunaga from Kanazawa University, Japan) (Mori et
al., 1991), anti-B-actin goat monoclonal antibody, anti-p53 (DO-1) mouse monoclonal,
anti-XPA rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA),
secondary IgG (Santa Cruz), Cy2-conjugated goat anti-rabbit and Cy3-conjugated donkey
anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratory, West Grove,
PA), anti-p53 DO-1, anti-B-actin, (Santa Cruz), anti-acetylated Lys382 p53 (Cell

Signaling, Beverly, MA).

2.4 Methods

2.4.1 Transfection
Cells were seeded at 40-50% confluency the day before transfection. 24 hours later the
cells were transfected with Effectene reagent (Qiagen, Mississauga, ON, Canada) at a -

ratio of 1 pg DNA to 25 ul Effectene.

2.4.1.1 Determination of Transfection Efficiency

Transfection efficiency of a particular cell line was determined by transfecting the cells
with GFP-containing palsmid, pGFP-N2 with Effectene. 24 hours after transfection, the
number of green fluorescence-emitting cells was assessed under a fluorescent

microscope. Transfection efficiency was calculated by the equation number of green
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fluorescence-emitting cells/ the total number of cells (fluorescent and non-fluorescent) x

100%. The transfection efficiency of MMRU cells is 60-70%.

2.4.1.2 siRNA Transfection

MMRU cells were transfected at 50-70% confluency with siRNA (10 nM) using
SiLentFect (Bio-Rad). The sense sequence of the ING2 siRNA (Qiagen, Mississauga,
ON, Canada) is (GGGUAAAUGCAUAAGACUA)dITAT, and the antisense sequence is
r(UAGUCUUAUGCAUUUACCC)dTdA. The p53 siRNA (Qiagen) sense sequence is |
GCAUGAACCGGAGGCCCAUdeT and antisénse; sequence Jis

AUGGGCCUCCGGUUCAUGCATJT.

2.4.2 Ultraviolef Irradiation

For apoptosis experiments, 400J/m”> UVB irradiation was used. 24 hours before flow
cytometry, medium was removed and the cells (at 70% confluency) were exposed to
UVB (280-320nm) using a bank of four unfiltered FS40 sunlamps (Westinghouse,
Bloomfield, NJ). Medium was replaced and cells were incubated in a 5% CO, incubator
at 37°C for desired time periods after UVB irradiation. For the plasmids irradiation in
DNA repair assay and histone acetylation detection experiments, 200 J/m* UVC was used
through a UVC cross-linker (Ultralum, Claremont, CA). The intensity of the UV light
was measured by the IL 700 radiometer fitted with a WN 320 Vﬁlter and an A 127 quartz

diffuser (International Light, Newburyport, MA).

2.4.3 Light Microscopy
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The morphology of MMRU cells transfected with empty 3xFLAG vector, 3xFLAG-
p33ING2, 3xFLAG-APHD, 3xFLAG-ALZL ‘and 3xFLAG-AL+P were subjected to
microscopic assessment 24 hours. after UVB irradiation at 400 J/m?, using an inverted
microscope (Zeiss, Chester, VA). Images were taken using a cooled mono 12-bit Ex

camera (Q-imaging, Buméby, BC, Canada).

2.4.4 Hoechst 33258 Staining

Cells grown on coverslips in 6-well plates were transfected with WT or mutaﬁt p33ING2
for 24 hours and then irradiated with UVB at 400 J/m?. Twenty-four hours latef, cells
were fixed with fixation buffer (2%. formaldehyde, 0.5% Triton X-100 in PBS, pH 7.2)
and incubated for 45 min at room temperature. The fixed cells were washed with 0.1%.
Triton X-100/PBS for 5 min and then stained with the mixture of 2.5 pg/ml Hoechst
33258, PBS/0.1% Triton X-100 at room temperature for 5 min. Coverslips were washed
twice with PBS before mounted onto slides with mounting media (Fisher Scientific,
Nepean, ON, Canada). The slides were visualized under a fluorescent microscope (Zeiss,
Chester, VA) for apoptotic bodies. Images were taken with a cooled mono 12-bit Retiga-

Ex camera.

2.4.5 Flow Cytometry

Cells were grown in 6-well plates, transfected with wt or mutant p33ING2 at 50%
confluency, and irradiated with UVB at 400 J/m” 24 h after transfection. Twenty-four
hours later, cel.ls were collected by trypsinization and pelleted by centrifugation at 2000x

g for 2 min. Next, cell pellets were resuspended in 1 ml of hypotonic fluorochrome buffer
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[0.1% Triton X-100, 0.1% sodium citrate, 25 pg/ml RNase A, 50 pg/ml PI]. After
incubation at 4°C overﬁight, the samples were then analyzed by flow cytometry to
determine thé percentage of subdiploid DNA. Samples were run on a Coulter EPICS XL-
MCL flow cytometér (Beckman Coulter, Mississauga, ON, Canadaj and analyzed with

EXPO32 ADC analysis software.

2.4.6 Western Blot Analysis

Cells were grown in 60-mm or 6-well plates, transfected with empty 3xFLAG vector,
3xFLAG-p33ING2, 3xFLAG—APHD, 3xFLAG-ALZL, 3xFLAG-AL+P expression véctor
or p33ING2 siRNA at 50% confluency and irradiated with UVC at 20 J/m?, 200 J/m? 24
h after transfection. 24 h after UV irradiation , cells were washed with PBS, harvested by
scraping on ice.and pelleted by centrifugation at 2,000 g for 2 min. Cells pellets were
lysed in 80 pl of triple detergent buffer (S0OmM Tris-Cl, (PH 8.0), 150 mM NaCl, 0.02%
NaN3s, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate) containing freshly added
protease inhibitors (100 Qg/ml phenylmethylsulfonyl fluoride, 1 pg/ml aprotinin, 1 pg/ml
leupeptin, 1 pg/ml pepstatin A).‘The samples were then sonicated, incubated on ice for 20
min, and centrifuged at 12,000 g for 10 min at 4°C. The supernatants were collected and
a Bradford assay was performed to determine the protein concentration. Proteins (50
pg/lane) were separated on 12% SDS-polyacrylamide gels and blotted onto
polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Mississauga, ON, Canada). The
PVDF was blocked with 5% skim milk for 1 h ét room temperature before incubating

with primary antisera prepared in 5% bovine serum albumin for 1 hat room temperature.

Blots were washed three times in PBST (PBS containing 0.04% Tween-20) for 5 min




e

each and then incubated with horseradish peroxidase (HRP)-conjugated secondary
antisera for 1 h at room temperature. The signals were detected with enhanced
chemiluminescence detection kit (Amersham Bioscience, Baie d’Urfe, Quebec, Canada).
Protein expressions on Western blots were quantified by densitometry using the Quantity
One software (Bio-Rad). The fold-induction or reduction was corrected for defferences in

the actin loading control.

2.4.7 Renilla Luciferase Assay

pRL-CMYV plasmid DNA was irradiated with UVC at 200 J/mz‘ and co-transfected with
gene of interest using Lipofectamine™ 2000 (Invitrogen). Forty hours after transfection,
Luciferase assay was performed with a luciferase assay kit (Promega). The growth
medium was removed from the cultured cells in the 24-wells, and a sufficient volume of
PBS was gently added to wash the surface of the culture vessel. The vessel was swirled
briefly to remove detached cells and residual grpwth medium. The rinse solution was
completely removed before adding RenillaLuciferase Assay Lysis Buffer. To each
culture well 100 pl of 1X RenillaLuciferase Assay Lysis Buffer was added. The culture
plate was placed on a rocking platform or orbital shaker with gentle rocking/shaking to
ensure complete and even coverage of the cell monolayer with 1x RenillaLuciferase
Assay Lysis Buffer. The culture plates rocked at room temperature for 15 min. The lysate
was transferred to a tube or vial for further handling and storage. The lysate samples were

then cleared the by centrifugation for 30 seconds at top speed in a refrigerated

- microcentrifuge. The cleared lysates were transferred to a fresh tube prior to reporter

enzyme analyses. Then the tubes were placed in luminometer for measurement.
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2.4.8 Immunofluorescent Staining

MMRU cells were seeded on coverslips. After 24 h, the medium was removed, and an
isopore polycarbonate filter with 5-um pores (Millipore) was placed on top of the cell
monolayer, and irradiated with UVC at 200 J/m. The filter was gently removed and cells
were fixed with 2 ml of fixation solution (2% paraformaldehyde, 0.5% Triton X-100 in
PBS) for 30 min at 4°C. After washing with PBS, the cells were incubated with 2 M HCl
for 10 min to denature DNA. Then the cells were incubated with normal goat serum for 1
h, followed by incubation with anti-CPD or anti-6-4PP primary antibodies (1:30 dilution)
for 1 h in a humid chamber. After washing with PBS, the cells were incubated with 1:150
dilution of Cy3-conjugated donkey anti-mouse secondary antibody (Jackson
ImmunoResearch) for 1 h and then stained with 1:30 dilution of anti-FLAG rabbit‘
polyclonal antibody (Sigma), followed by staining with 1:150 dilution of Cy2-conjugated
goat anti-rabbit secondary antibody (Jackson ImmunoResearch). Finally, the coverslips
were incubated with 1:3000 dilution of stock Hoechst 33258 (20 mM) for 10 min, and

visualized under a fluorescent microscope (Zeiss).

2.4.9 Micrococcal Nuclease (MNase) Digestion

MMRU cells were irradiated with UVC (200 J/m?) and the cells were harvested by
scraping in 12 ml lysis solution (10 mM Tris/HCI [pH 8], 10 mM MgCl,, 1 mM DTT) 30
min after UV irradiation. Then 0.3 ml of 2% NP-40 detergent was added to the cells.
After centrifugation at 1,200x g for 10 min, the supernatant was removed and the nuclei
pellet was resuspended in 200 pl MNase buffer (10 mM Tris/HCI [pH 8], 50 mM NaCl;

300 mM sucrose, 3 mM MgCly). MNase (Sigma) was added to the nuclei samples to
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digest the DNA for 5 min at 37°C. The reaction was terminated by adding the stop
solution (1% SDS, 20 mM EDTA) and vortexed briefly. After centrifugation at 14,000x g
for 10 min, the aqueous phase was transferred to a new tube and the DNA extracted twice

with phenol:chloroform.

2.4.10 Generation of Deletion Mutants

3xFLAG-p33ING2, 3xFLAG-APHD, 3xFLAG-ALZL and 3xFLAG-AL+P plasmids are
generated by polymerase chain reaction from a pcDNA3.1-p33ING2 vector (Invitrogen)
and subcloned between EcoRI and Xbal multiple cloning region in a p3xFLAG-CMV-
7.1 vector (Sigma) using site-specific primers. All of the constructs were sequenced
across the newly created junctions to confirm there are no extra nucleotides induced by
polymerase chain reaction. The primer pairs for 3xFLAG-p33ING2 are
GGAATTCCATGTTAGGGCAGCAGCA (forward) and
GCTCTAGAGCAGAATTCTACTACCTCGA (reverse). The primer pairs for 3xFLAG-
APHD are GGAATTCCGTACCGAGCTCGGATCCA (forward) and
GCTCTAGAGCCTACACTTGGTTGCATAAGCA (reverse). The primer pairs for
3xFLAG-ALZL | are GGAATTCCAATTGATGATGTCTACGA  (forward) and
GCTCTAGAGCAGAATTCTACTACCTCGA (reverse). The primer pairs for the
3xFLAG-AL+P are GGAATTCCGATAAAGCAAAGATGGA  (forward) and

GCTCTAGAGCAGAATTCTACTACCTCGA (reverse).
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Figure 2.1 pcDNA3.1 (+/-) and p3xFLAG-CMV-7.1 Map
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CHAPTER 3. P33ING2 IS REQUIRED FOR NUCLEOTIDE EXCISION
REPAIR THROUGH HISTONE H4 ACETYLATION AND CHROMATIN

RELAXATION

3.1 Rationale and Hypothesis
Cutaneous malignant melanoma (CMM) is one of the fastest increasing cancers
worldwide and is associated with sun-exposure of susceptible populations (De Fabo er
al., 2004). The UVB component of sunlight (Veierod et al., 2003) which causes
suppression of immune functions is an' important environmental factor contributing
significantly to the growth of cutaneous malignancies. (Hanneman et al., 2006). The
incidence and mortality rates of melanoma have increased at annual rates of 2-3% for the
last 30 years. Disseminated disease is largely refractory to cytotoxic chemotherapy and is
almost universally fatal (Perlis et al., 2004).

In melanomas, p53 gene mutations are late events that occuf during progression to
a higher grade of malignancy (Hussein er al., 2003). They were found in up to
approximately 25% of the melanomas. Most of these mutations are both rare events and
UVR related. They occur primarily in two forms: (a) C>T or CC>TT transition-type
mutations and (b) TGT to TGG transversion mutations. These mutations, generally
present in exons 4-7 are either silent or result in single amino acid substitutions without
profound functional changes in gene products. These mutational changes were associated
with p53 protein overexpression, which was occasionally related to the site of the lesions.
For instance, when compared to other sites, p53 protein expression was generally

stronger and more frequent (32 vs. 6%) among lesions arising in sites chronically
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exposed to sun, such as head and neck (Hussein et al., 2003; Hussein ef al., 2002;
Hussein ef al., 2003).

In human cells, coimmunoprecipitation studies have indicated that protein
product(s) of the ING1 gene (principally p33ING1b) physically interact with the TP53
tumour suppressor gene protein product p53, whereas cotransfection studies confirmed
the ability of ING1 to modulate p53 dependent transactivation of the kinase inhibitor
p21 WAl (Nagashima ef al., 2001; Skowyra et al., 2001; Garkavtsev et al., 1998). These
preliminary findings suggested that the association of competent protein forms of each
member of the ING1-TP53 complex is essential for optirﬁal expression of the
transactivational activity of TP53 (Garkavtsev ef al., 1998; Oren ef al., 1998). In addition,
p33ING1b directly cooperates with p53 in growth regulation by modulating the ability of
p53 to act as a transcriptional activator (Garkavtsev er al., 1998). Reduction of INGY
expression inhibits the growth suppressive activity of p53, suggesting that p33ING1b is
essential for p53 function. The involvement of p33INGI1b in the p53 signalling pathway
indicates that ING1 is a potential tumour suppressor gene, the loss or inactivation of
which may contribute to altered cell growth control, resistance to apoptosis, or
cstablishment of an immortal tumour phenotype, even if wild-type pS3 is retained.
Therefore, if the loss of p33ING1b compromises the function of p53 only slightly, this
may provide emerging cancer cells with a selective growth advantage, and even a smali
advantage might make cancer imminent. Moreover, optimal function of both members of
the p33ING1b-—p53 complex is necessary for several important cellular processes,
inchiding restriction of cell growth, proliferation, apoptosis, cellular senescence,

maintenance of genomic stability, and modulation of cell cycle checkpoints (Garkavtsev
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et al., 1997, Helbing et al., 1997, Garkavtsev et al., 1998; Garkavtsev et al., 1998;
Turovets et al., 2000). Because p33ING1b was found to be a member of the Sin3—
HDACI1 complex (Skowyra et al., 2001; Kuzmichev et al., 2002), it was thought that
p33ING1b modulates transcription repression through members of the Sin-HDACI1
complex, which include SAP30 and pRbl. UV was found to induce the binding of
p33INGI1Db to PCNA (Scott ef al., 2001). This complex is responsible for enhancing DNA
repair over DNA replication steps or, if the former fails, augmenting apoptosis to
eliminate damaged cells. Moreover, a physical association was detected between
p33ING1b and the GADDA45 protein, which is associated with DNA repair mechanisms,
after damage to melanoma cell lines induced by UV (Cheung et al., 2001).

Although the ING1 gene has been extensively studied, little is known about the
number of transcripts encoded by the other ING gene family members or their gene
structure. P33ING2 is a novel candidate tumor suppressor, which shares 58.9% homology
with p33ING1lb and has been shown to be involved in the regulation of gene
transcription, cell cycle arrest and apoptosis in a p53-dependent manner for maintaining
the genomic stability. Previously, we showed that p33ING2 promoted UV-induced
apoptosis in human melanoma cells. To further reveal the role of p33ING2 in cellular
stress response to UV irradiation, we hypothesized that p33ING2 is required for the
init.ial DNA damage sensing and chromatin remodeling in the nucleotide excision repair

process similar as its homologue p33INGlb.
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3.2 Results

3.2.1 P33ING2 Enhances the Repair of UV-damaged DNA in Melanoma Cells

Previous experiments showed that MMRU cells overexpressing p33ING2 had a
significantly higher repair rate of UV-damaged plasmid compared with the vector control
(Chin, 2004). However, whether the endogenous p33ING2 is required for repair of UV-
damaged DNA remains unknown. To determine whether p33ING?2 is required for DNA
repair under physiological condition we performed a luciferase assay was performed by
gene silencing using p33ING2 siRNA. MMRU cells were cotransfected with a UV-
damaged pRL-CMV luciferase plasmid that contains the reporter gene with pcDNA3-
vector (ctrl), pcDNA3-p33ING2, p33ING2 siRNA, or p53 siRNA plus pcDNA3-ING2
expression vectors. The activity of this reporter gene was used as an indicator of the
extent of repair. Cells treated with p33ING2 siRNA for 48 hours had an 80% reduction in
p33ING2 protein expression (Fig. 3.1A). Consistent with previous resﬁlts, we found that
MMRU cells overexpressing p33ING2 had a significantly increased DNA repair rate
(32.5%) compared with the vector control (11.2%; P < 0.01, ¢ test). On the other hand,
treatment with p33ING2 siRNA, which inhibited 80% p33ING2 protein expression,
completely abolished nucleotide excision repair (Fig. 3.1B), indicating that a certain
threshold of p33ING?2 is required for the repair of UV-damaged DNA in melanoma cells.
To further measure DNA repair rate in global genomic repair, we detected the levels of
UV-induced CPDs and 6-4PPs in p33ING2-transfected MMRU cells compared with

vector control at various time points after UV irradiation. We found that cells transfected
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with p33ING2 had a much faster removal rate of 6-4PPs and CPDs compared with the

vector controls (Fig. 3.1C).

3.2.2 P33ING2-enhanced DNA Repair Requires Wild-type p53

Since p33ING2 homologue, p33INGI1b, requires functional p53 to enhance NER
(Cheung et al., 2001), we investigated whether p33ING2-medicated DNA repair also
requires the presence of wild-type p53. We disrupted the endogenous wild-type pS3 in
MMRU cells by introducing both the p53 siRNA. Western blot analysis, using an anti-
pS3 antibody, confirmed that p53 siRNA silenced the expression of endogenous p53 by
90% (Fig. 3.1A). We found that p33ING2 overexpression could not enhance DNA repair
in p53 siRNA-treated cells (3.2%) (Fig. 3.1B) compared with the control cells (32.5%) (P
< 0.01, t-test). This is consistent with our previous results that reduced DNA repair
efficiency was observed in cells co-transfected with p33ING2 and pED1 which carries a
dominant negative mutant p53 gene compared with cells transfected with p33ING2 alone
(Chin, 2004). These data indicate that p33ING2-enhanced repair of UV-damaged DNA

does require functional p53.

3.2.3 P33ING2 Induces Hyperacetylation of Histone H4 after UV Irradiation
Only recently has the role of histone modification in cell signaling or facilitating DNA
repair begun to be elucidated (Moore and Krebs, 2004). Because it has previously been

shown that histones are acetylated following UV irradiation (Ramanathan and Smerdon,

" 1986), we hypothesized that p33ING2 may be involved in histone acetylation and

chromatin relaxation to mediate the repair of UV-damaged DNA. First, we examined if
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p33ING2 expreésion level is increased in MMRU cells after UV irradiation as a cellular
stress response. Our data showed that the endogenous p33ING2 expression is not affected
by UV irradiation (Fig. 3.2A). Then, we investigated if the acetylation level of histone H3
and H4 is changed in MMRU cells overexpressing p33ING2. Our results indicated that
overexpression of p33ING2 can increase the acetylation of histone H4 by around 2-fold
compared with the vector-transfected control cells under normal nonstress condition (Fig.
3.2B). UV irradiation alone can. also induce histone H4 acetylation in control MMRU
cells by around 2-fold just 1 minute after irradiation (Fig. 3.2B). Interestingly, acetylation
of histone H4 was increased even more (4-fold) in p33ING2-overexpressing cells 5
minutes after UV irradiation (ﬁig. 3.2C). We also examined the level of acetylated histone
H3 in cells overexpressing p33ING2 and found that p33ING2 did not siAgniﬁcantly
enhance UV-induced acetylation of histone H3 (data not shown). To further investigate
whether endogenous p33ING?2 is required for histone acetylation, we treated MMRU cells
with p33ING2 siRNA and examined histone H4 acetylation le_vel. We found that in
| normal nonstress condition, knockdown of endogenous p33ING2 did not significantly
affect histone H4 acetylation (Fig. 3.2D). However, p33ING2 siRNA completely
abrogated UVC-induced histone H4 acetylation (Fig. 3.2D), suggesting that a physiologic
level of p33ING?2 is required for histone H4 hyperacetylation in cellular stress response to
UVC irradiation. Due to the fact that p33ING2 cooperates with p53 in nucleotide excision
repair, we next investigated if p33ING2 enhancement on histone acetylatioﬁ requires p53
activity by siRNA gene silencing. As expected, p53 siRNA abolished the
hyperacetylation of histone H4 in p33ING2-overexpressing MMRU cells on exposure to

UVC (Fig. 3.2E), which is consistent with p53 dependency of p33ING2-mediated
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nucleotide excision repair (Fig. 3.1B); To further Verify that p33ING2 enhances histone
H4 acetylation, we did immunofluorescence staining to visualize the expression level of
acetylated histone H4 in single cells. Wé found that MMRU cells transfected with
p33ING2 have a higher histone H4 acetylation level compared with control cells 5
minutes after UVC irradiation (Fig. 3.2F). We also noticed that p33ING2 induced global
histone H4 acetylation, rather than localized histone H4 acetylation, at DNA damage sites
(Fig. 3.2F). In addition, we found that p33ING2 enhaﬁced histone H4 hyperacetylation
when the cells were irradiated at a lower dose of UVC (20 J/m?%; Fig. 3.2G top panel)
p33ING2 siRNA knockdown also reduced histone H4 acetylation after 20 J/m* UVC
irradiation (Fig. 3.3G bottom panel), further confirming that p33ING2 is required for

histone H4 acetylation under physiologic conditions.

3.2.4 P33ING2 Induces Chromatin Relaxation

It has been shown that acetylation of histones on their lysine-rich amino-terminal tails,
which protrude from nucleosomes, regulates gene expression through weakening histone-
DNA contacts, leading to formation of transcriptionally competent chromatin domains
“(Roth et al., 2001). Thus, it is likely that hist.one acetylétion plays an important role in
chromatin remodeling to facilitate nucleotide excision repair (Gontijo et al., 2003). We
next did a micrococcal nuclease digestion assay to look at chromatin decondensation in
p33ING2-overexpressing MMRU cells. We found that chromatin is more sensitive
(79.3% of the DNA fragments <600 bp) to the nuclease (1 unit treatment) in p33ING2-
overexpressing cells on UVC irradiation compared with MMRU control cells (15.9%;

Fig. 3.3). These results are consistent with the observation that p33ING2 enhances UV-
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induced histone H4 acetylation (Fig. 3.2C), implying that p33ING2 may serve as a

chromatin accessibility factor during the repair of UV-damaged DNA.

3.2.5 P33ING2 Facilitates XPA to the DNA Damage Sites

As for every other process that requires access to DNA, efficient repair of UV-damaged
DNA is dependent on the detection of bulky DNA‘photolesio‘ns and the recruitment of
repair proteins, which require the unfolding of the chromatin into a more relaxed state
(Green and Almouzni, 2003). Recruitment of the photolesion-recognition protein XPA to
the DNA damage site is considered to be a rate-limiting process f(or nucleotide excision
repair (Thoma and Vésquez, 2003). Thus, we investigated if p33ING?2 is required for the
recruitment of XPA by examining the colocalization of XPA and CPDs by
immunofluorescence in control (Fig. 3.4A bottom) and p33ING2 siRNA-treated cells
(Fig. 3.4A top). Punctate green staining of XPA at the same position with CPDs is
considered to be colocalized with DNA photolesions. Our results showed that p33ING2
siRNA treatment significantly reduced the recruitment of XPA protein to DNA damage
site (81%) compared with control cells (23%) 30 rqinutes after UV irradiation (P <
0.0001; Fig. 3.4B), further confirming that p33ING2, in association with p53 and possibly
other factors possessing intrinsic HAT activities, acts as a DNA damage sensor to induce
histone acetylation and chromatin relaxation and, therefore,v enhance the recruitment of

damage recognition factors to the DNA damage sites to initiate the repair process.
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Discussion

Efficient NER is crucial for cells to repair UV-induced DNA damage and prevent skin
carcinogenesis. Although over 30 factors have been identified to participate in different
steps of the NER process including DNA damage recognition, excision of the DNA
adducts, and repair synthesis, little is known on the initial cellular response for the
chromatin remodeling to allow the repair proteins to access to the DNA damage site.
Recently, Rubbi and Milner showed that the p53 tumor suppressor is essential to induce
histone H3 acetylation and chromatin relaxation after UV irradiation (Rubbi and Milner,.
2003). However, it is not clear whether other factors cooperates with p53 to induce
histone acetylation and chromatin relaxation during the NER process and whether relaxed
chromatin can lead to the recmitment of repair proteins to DNA damage site.

In this report, we for the first time demonstrated that the povel tumor suppressor
p33ING2 significantly enhances NER of UV-damaged DNA in p53-dependent manner
by inducing histone H4 acetylation and chromatin relaxation. The fact that p33ING2
enhances histone H4 acetylation as early as one minute after UV irradiation suggests that
p33ING2 may act as DNA damage sensor during the NER process. Physiological levels
of p33ING2 are required for UV-induced rapid histone H4 acetylation, further supporting
this notion. However, it seems that there is a certain threshold of p33ING2 which is
reqﬁired for the repair of UV-damaged DNA. We demonstrated this by performing a
luciferase reporter assay with gene silenc?'ng using p33ING2 siRNA. Similar to the CAT
assay, we found that MMRU cells overexpressing p33ING2 had a significantly increased

DNA repair rate (32.5%) compared with the vector control (11.2%). On the other hand,
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treatment with p33ING2 siRNA, which inhibited 80% 1;33ING2 protein expression,
completely abolished nucleotide excision repair, indicating that a certain threshold of
p33ING?2 is required for the repair of UV-damaged DNA in melanoma cells. It is known
that UV irradiation triggers genome-wide histone acetylation on both histone H3 and H4
(Yu et al., 2005). However, p33ING2 only enhanced UV-induced histone H4, but not H3,
acetylation, suggesting that different factors are required for acetylation of specific
subunits of histones.

Although the exact molecular mechanism of p33ING2-induced .histone H4 .
acetylation is yet to be rc—;vealed, a few line;s of evidence suggest that ING proteins may
act as cofactors for histone acetyltransferases (HAT). ING1 proteins interact with various
components of histone acetyltransferase such as TRRAP, PCAF, CBP, and p300 (Vieyra
et al., 2002). In fact, immunofluorescent analysis of cells microinjected with p33INGlb
expression vector demonstrated increased staining for acetylated histones H4 and H3. On
the other hand, downregulation of p33ING1b resulted in decreased histone acetylation,
indicating a direct correlation between HAT'activity and p33INGlb levels (Vieyra et al.,
2002). More recently, p47ING3 was identified as a component of a Tip60-based
complex, a human equivalent to the yeast NuA4 HAT complex (Doyon et al., 2004),
which is responsible for acetylation of histone H4 and H2A N—terminai tails in yeast and
has been implicated in DNA repair (Bird et al., 2002). P29ING4 and p28INGS5 have also
been shown to immunoprecipitate with p300 (Shiseki et al., 2003). The effect of ING
proteiné on histone acetylation may also be mediated by the interactions with histone
deacetylases (HDAC) since p33ING1b is capable of associating with known components

of the sSin3 transcriptional corepressor complex, including sSin3, HDAC1/2, RbAp48,
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RbAp46 and SAP30 (Skowyra et al., 2001). In addition, the deletion of SAP30-
interacting domain in p33ING1b was found to be detrimental to p33ING1b-mediated cell
growth regulation, implying a functional significance of the interaction between
p33ING1b and HDAC. Further investigations on the interaction between p33ING2 and
HAT or HDAC are required to reveal the mechanism of p33ING2-mediated histone
acetylation.

It is well known that histone acetylation can lead to chromatin relaxation.
Annunziato et al. showed that histone acetylation by treatment with the HDAC inhibitor
sodium butyrate caused moderate chromatin relaxation (Annunziato ef al., 1988). In our
experiments, treatment with the HDAC inhibitor trichostatin A also induced chromatin
relaxation. Relaxation of the chromatin is beliéved to be essential for repair enzymes to
gain access to the DNA damage site, although this notion has not been supported with
experimental evidence. Our data clearly demonstrated that cells containing normal
p33ING2, which can trigger histone acetylation and chromatin relaxation, were able to
recruit the DNA damage recognition factor XPA to DNA photolesions, while this
recruitment was signiﬁcantly impaired in cells treated with p33ING2 siRNA which
abolishes histone acetylation. These results not only established a direct evidence for
histone acetylation and chromatin relaxation to be the prerequisite for damage
recognition factors to gain access to the photolesions, but also verified the our hypothesis
that p33ING2 acts in the initial steps of chromatin remodeling in NER before the
recognition of DNA damage by XPA.

The role of p53 in NER has been extensively investigated in the past decade. We

and others used p53-deﬁcient cells and demonstrated that p53 deficient cells have
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reduced NER capacity (Li et al., 1996; Li et al., 1997, Ford and Hanawalt, 1997).
However, the exact molecular mechanism for pS3-mediated effects on NER have been
unclear for a long time. Although p53 was able to bind with XPB and XPD proteins in
-vitro (Wang et al., 1995),; this association has never been found in vivo. In fact,
immunofluorescent staining shows that p53 is not colocalized to DNA damage site (Fitch
et al., 2003). Only recently, pS3 was found to induce histone H3 acetylation and
chromatin relaxation (Rubbi and Milner, 2003), suggesting that p53 acts as a chromatin
accessibility factor in NER. Our data in this report fully support this notion. In addition, it |
appears that both physiological levels of p33ING2 and p53 are required for proper NER
és treatment with either p33ING2 or p53 siRNA inhibited UV-induced histone H4
acetylation. However, p33ING2 seems to be involved in histone H4 acetylation, while
p53 is necessary for the acetylation of both histone H3 and H4. Nevertheless, other
factors may also be required for p53-mediate histone H3 acetylétion.

Taken together, our study demonstrated that the novel tumor suppressor p33ING2
affectsNER by enhancing histone acetylation and chromatin relaxation, and facilitating
the recruitment of the indispensable repair recognition protein XPA (Liu ef al., 2005) to
the bulky DNA lesions in a p53-dependent manner. Previous report showed that histone
H3 acetylation as early as 30 minutes after UVR is dependent on wild type p53 (Rubbi
and Milner, 2003). We show here that p33ING2-dependent hyperacetylation of histones
H4 can be detected just one minute after UVR, suggesting that p33ING2 may act as a
DNA damage sensor to initiate the NER process. The essential role of p33ING2 in NER,
together with its role in cell cycle arrest and apoptosis, further indicate that »15331NG2 isa

~ tumor suppressor.
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Figure 3.1  p33ING2 enhances the repair of UV-damaged DNA in melanoma
cells. (A) Western blot analysis of p33ING2 (leff) and p53 (right) expression after
siRNA treatment. A scramble siRNA was used as negative control. A rat anti-p33ING2
monoclonal antibody and an anti-p53 monoclonal antibody (DO-1) were used. (B)
Assessment of the repair rate of UV-damaged DNA by luciferase reporter assay in
MMRU cells cotransfected with undamaged or damaged pRL-CMV luciferase plasmid
and pcDNA3-vector (ctrl), pcDNA3-p33ING2, p33ING2 siRNA, or p53 siRNA plus
pcDNA3-ING2 expression vectors. Forty hours after transfection, luciferase activity was
measured with a luminometer. Columns, mean from triplicates; bars, SD. The experiment
was repeated twice with similar results. (C) Slot-Western analysis of UV-induced CPDs
and 6-4PPs in p33ING2-transfected or control MMRU cells at different time points after
200 J/m? UVC irradiation. Anti-CPDs and anti-6-4PPs polyclonal antibodies were used.
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Figure 3.2  p33ING2 induces hyperacetylation of histone H4 after UV irradiation.
(A) Western blot analysis of endogenous p33ING?2 expression in MMRU cells at various
time points after 200 J/m* UVC irradiation. MMRU cells without any treatment (ctrf) and
MMRU cells transfected with p33ING2 (ING2) expression vector were used as controls.
(B,C) Time course of acetylated histone H4 (Ac-H4) expression after 200 J/m* UVC
irradiation in control (B) and ING2-transfected MMRU cells (C). Anti-Ac-H4 and anti-
p33ING2 monoclonal antibodies were used. Columns, mean fold induction of Ac-H4
using Quantity One software (Bio-Rad) from at least three independent experiments. (D)
Western blot analysis of histone H4 acetylation in MMRU cells treated with or without
p33ING2 siRNA at 1 and 5 minutes after 200 J/m* UVC irradiation. (E) Western blot
analysis of histone H4 acetylation in MMRU cells transfected with p33ING2 or cells
cotransfected with p33ING2 and p53 siRNA at various time points following 200 J/m?
UVC irradiation. The fold induction of acetylated histone H4 is shown below each blot.
The experiments were repeated thrice with similar results. (F) Immunofluorescence
staining of acetylated histone H4 in p33ING2-transfected MMRU cells and control cells
5 minutes after UVC (200 J/m?) irradiation. Cells were irradiated through a 5-pm isopore
polycarbonate filter cover, fixed at 5 minutes, and double stained for Ac-H4 (green) and
CPDs (red). (G) P33ING2 induces histone H4 acetylation after 20 J/m”> UVC irradiation.
Top panel, time-course of acetylated histone H4 (Ac-H4) expression after 20 J/m* UVC
irradiation in control and ING2-transfected MMRU cells. Anti-Ac-H4 and anti-p33ING2
monoclonal antibodies were used. Bottom Panel, western blot analysis of histone H4
acetylation in MMRU cells treated with or without p33ING2 siRNA at 1 min and 5 min
after 20 J/m* UVC irradiation. :
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Figure 3.3  p33ING2 Induces Chromatin Relaxation. DNA was extracted from
untreated, p33ING2-transfected, UV C-irradiated (200 J/m?), or p33ING2-transfected and
UVC-irradiated MMRU cells and subjected to micrococcal nuclease digestion assay with
different concentrations of the nuclease (0, 0.1, or 1 unit). Cells treated with 200 ng/mL
of trichostatin A (7S4) were used as a positive control. DNA ladder of 100 bp was used
as a marker for the agarose gel. The percentage of DNA fragments <600 bp is quantified
with Quantity One software. Columns, mean from triplicates; bars, SD. Arrows, DNA
digested by micrococcal nuclease, indicating more relaxed chromatin.
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Figure 3.4  p33ING2 facilitates XPA to the DNA damage sites. (A) MMRU cells
were treated with control scramble siRNA (bottom) or p33ING2 siRNA (top) for 48
hours and then irradiated with 200 J/m* UVC through a 5-pum isopore polycarbonate filter
cover. Cells were fixed 30 minutes after UV irradiation and immunofluorescence staining
of UV-induced DNA lesion CPDs and repair protein XPA was done. (B) The percentage
of cells which have colocalization of XPA and CPDs was determined in control and
p33ING2 siRNA—-treated MMRU cells. Four random fields with a minimal 100 cells in
each field were counted. Columns, mean; bars, SD.
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CHAPTER 4. LEUCINE ZIPPER-LIKE DOMAIN IS CRITICAL FOR THE
NOVEL TUMOR SUPPRESSOR P33ING2-MEDIATED NUCLEOTIDE

EXCISION REPAIR AND APOPTOSIS

4.1 Rationales

The ING (inhibitor of growth) proteins consist of a family of at least seven proteins with
highly conserved plant homeodomain (PHD) that is believed to be correlated with the
ability of ING family proteins to induce apoptosis by serving as nuclear receptors of
phosphatidylinositol phosphates (Gozani et al., 2003). On the other hand, the PHD
domains are also commonly found in proteins associated transcriptional regulation of
specific genes. These activities suggest that mutations in the PHD domain could prevent
ING proteins from inducing apoptosis and, moreover, disrupt their ability to induce or
repress the expression of specific genes involved in tumorigenesis.

In addition to the PHD domain, ING family also contain two intrinsic nucleolar
translocation sequences (NTS) which target the ING proteins to the nucleolus (Scott et
al., 2001), and several other highly conserved motifs whose functions have ﬁot been fully
elucidated. p33ING1b is known to bind to the proliferating cell nuclear antigen (PCNA)
through a specific sequence named the PCNA-interacting protein (PIP) domain (Warbrick
et al., 1998), which is found in proteins involved in growth inhibition, cell cycle arrest,
DNA replication and repair (Feng et al., 2002). More recently, we demonstrated that
mutations at codon 102 or 260 as well as deletion of the PHD finger motif abolished

p33ING1b enhancement in NER, suggesting that PHD zinc finger motif is required for
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proper DNA repair functions (Campos et al., 2004). However, the specific biological
functions of other motifs are poorly understood.

As a member of the ING family, p33ING2 contains a number of highly conserved
regions with other ING members, including the plant homeodomain (PHD), leucine
zipper-like domain (LZL), and potential chromatin regulatory domain (PCR). p33ING2
has been shown to negatively regulate cell growth in a p53-dependent manner through
induction of G;-phase cell cycle arrest and apoptosis (Nagashima er al., 2001). Recently,
functional analysié indicated that p33ING?2 interacts with phosphoinositdes, Ptdlns(é)P
and Ptdlns(S)P through its plant homeodomain (PHD) zinc finger motif which has been
identified as binding targets of rare phosphatidylinositol phosphates (PtdInsPs) that
function in DNA damage—initiated stress signaling (Gozani et al., 2003). In addition, we
demonstrated tﬁat p33ING2, like its homologue p33ING1b (Cheung et al., 2001; Campos
et al., 2004), significantly enhances nucleotide excision repair (NER) in melanoma cells
in a p53-dependent manner by rapidly inducing histone H4 acetylation, chromatin
relaxation, and the recruitment of the démage recognition féctor XPA to the DNA
photolesions (Wang et al., 2006). To further investigate the functions of the specific
domains of p33ING2, we performed a systematic mutational analysis of the protein. To
this end, we constructed a panel of p33ING2 mutants, APHD, ALZL and AL+P (deletion
of LZL and PCR domains), to determine which regions of p33ING2 are important for

histone acetylation, chromatin assembly, DNA repair and apoptosis.
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4.2 Results

4.2.1 The Leucine Zipper-Like Domain of P33ING2 Is Required for the Repair of
UV-damaged DNA in Melanoma Cells

- As candidate tumor suppressors, ING proteins have been implicated in playing avrole in
chromatin remodeling, gene regulation, DNA repair and apoptosis through binding to
.GADD45, the prolif¢rating cell nuclear antigen (PCNA) (Cheung et al., 2001; Scott et al.,
2001),  histone acetyltransferase/deacetylase (HAT/HDAC) and the factor
acetyltransferase complexes (FAT) (Feng et al., 2002; Campos et al., 2004). To further
investigate the functions of subrggions of p33ING2, we performed a systematic
mutational analysis of the protein. As shown in Fig. 4.1A, APHIj, ALZL and AL+P
deletion mutants were generated by subcloning strategy from the original full-length of
p33ING2 plasmid. These deletio-n' constructs are further confirmed by restriction
digestion (Fig. 4.1B). In addition, constructs with similar protein expression levels were |
selected for following experiments (Fig. 4.1C).

Since we have previously demonstrated that p33ING2 can facilitate the removal
of bulky photolesions or DNA adducts caused by UV light, we performed a luciferase
feporter assay to investigate which region of p33ING?2 is required for DNA repaiy by co-
transfecting a UV-damaged pRL-CMV plasmid that contains the feporter gene with
vector, wt p33ING2, APHD, ALZL and AL+P into MMRU melanoma cells. The activity
of this reporter gene was used as an indicator of the extent of repair. While APHD
construbt, similar to the wt p33ING2, had a 2.8-fold enhancemént in DNA repair

compared with vector control (P<0.01, t-test), the enhancement in DNA repair was
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abolished in ALZL and AL+P constructs (Fig. 4.1D), indicating that LZL domain is an

important component for p33ING?2 to exert its role in DNA repair in melanoma cells.

4.2.2 Leucine Zipper-Like Domain of P33ING2 Plays a Critical Role in the Process
- of Histone H4 Hyperacetyiation upon UV Irradiation
It has been shown previously that p33ING2 has the ability to modulate acetylation
levels through regulating the activity of coactivator and/or corepressor cpmplexes
| (Gozani et al., 2003). We recently found that p33ING?2 is involved in histone acetylation
and chromatin relaxation to mediate the repair of UV-damaged DNA (Wang et al., 2006).
With a panel of p33ING2 deletion mﬁtants, we further explored which regions of
p33ING2 are important for the hyperacetylation after UV irradiation. As shown in Fig.
4.2, cells overexpressing wt and a panel of mutant p33ING2 proteins are subjected to 20
J/m* of UVC irradiation and histone H4 acetylation was detected by anti-acetylated
histone H4 antibody. Cénsistent with the DNA repair experiments, full-length p33ING2
as well as APHD, enhances the histone H4 acetylation by 4-fold compared to the control
cells before UV irradiation, while overexpression of ALZL and AL+P did not affect
histone H4 acetylation (Fig. 4.2), suggesting that LZL domain is essential for p33ING2 in

protein-protein interactions with certain HAT/HDAC to regulate histone H4 acetylation.

4.2.3 Leucine Zipper-Like Domain is Responsible for Functional P33ING2 to
Enhance UV-induced Chromatin Relaxation
The activities that alter chromatin structure consist of ATP-dependent nucleosome

remodeling ‘and covalent modification of core histones, particularly acetylation or
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. deacetylation of lysine residues and methylation of lysine and arginine residues. These
covalent modifications occur primarily within the N-terminal histone tails (Fyodorov et
al., 2002). Previously, we found that p33ING2 enhances histone acetylation and
chromatin remodeling to facilitate nucleotide excision repair (Wang et al., 2006). We
further detect which region of p33ING?2 is essential for the chromatin relaxation by a
micrococcal nuclease digestion assay to assess chromatin decondensation in MMRU cells
transfected with full-length p33ING2, APHD, ALZL and ALA+P. As shown in Fig. 4.3,
chromatin is more sensitive to the nuclease (1 unit treatment) in cells overexpressing
p33ING2 and APHD mutant (86% and 85% of the DNA fragments < 2kb, respectively)
upon UVC irradiation compared to MMRU cells transfected with vector control (15%),
ALZL (22.5%) or AL+P (23.2%). These results are consistent with the observation that
LZL domain is essential for p33ING2-enhanced histone H4 acetylation after UV
irradiation (Fig. 4.2), implying that p33ING2 may bind to DNA via the LZL motif and

serve as a chromatin accessibility factor during the repair of UV-damaged DNA.

4.2.4 Leucine Zipper-Like Domain of P33ING?2 is Essential for the Enhancement of
UV-induced Apoptosis

Recently, we showed that b33ING2 cooperates ‘with p53 to regulate apoptosis via the
activation of both the mitochondrial/intrinsic and death-receptor/extrinsic apoptotic
pathways (Clllin et al., 2005). With the panel of the deletion constructs, we investigated
which region of p33ING2 is responsible for this function. MMRU cells were transfected
with vector, full-length p33ING2, APHD, ALZL, and AL+P, irradiated with UVB at 400

J/m?, and subjected to flow cytometry analysis since DNA fragmentation, a hallmark
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feature of apoptosis, results in a hypodiploid DNA content represented by the Sub-G;
population in the DNA cell cycle histogram (Fig. 4.4A). As shown in Fig. 4.4B, full-
length p33ING2 and APHD induced significantly higher rate of apoptosis (54.6% and
59.8%, respectively) (P<0.001, t-test) compared with cells transfected with vector control
(24.4%), ALZL (27.2%), and AL+P (27.9%) (P<0.0001, #-test). To further confirm that
p33ING2-mediated cell death aﬁer UVB irradiation is the result of apoptosis, not
necrosis, cells were stained with Hoechst 33258, which binds to DNA. Cells undergoing
apoptosis are characterized by chromatin condensation, DNA fragmentation, formation of
apoptotic bodies (Hengartner et al., 2000). The representative images taken under the
fluorescent microscope were shown in Fig. 4.4C. Quantitation of Hoechst staining data
indicates that there were significantly more apoptotic cells in p33ING2- and APHD-
transfected MMRU cells (50.5% and 49.6 %, respectively) after UV irradiation compared
to the vector control (18.7%), ALZL (15.5%) and AL+P transfected cells (17.3%)
(P<0.001, t-test) (Fig. 4.4D). This is consistent with the results from flow cytometry (Fig.
4.4A,B), suggesting that LZL domain instead of the PHD-finger motif is involved in
protein-protein interactions for the assembly or activity of multi-component complexes

regulating the transcriptional activation or repression of the apoptosis related proteins.
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Discussion

As a member of the ING tumor suppressor proteins, p33ING2 features a characteristic
domain structure of this family (Zeremski ef al., 1999). In addition to these common
features, the ING family contains gene-specific or isoform-specific motifs that could
contribute to function in various ways. These include the leucine zipper found in
p33ING2, which promotes interaction with other leucine-zipper—contéining proteins,
including transcription factors (Hai et al., 2001). However, previous research on either
the founding member p33™C! or its homology p33ING2 has predominantly focused on
the PHD finger region since it is also conserved in the yeast homolog YNG2 (Loewith er
al., 2000) and has been shown to be involved in chromatin remodeling and modulate p53
function as a transcription factor. Two yeast proteins; Yngl, Yng2, which have PHD-
finger motifs at their C-terminal regions and have homology with human p33™°! are
associated with a histone acetyltransferase (HAT) complex (Loewith et al., 2000). So far,
the function of the N-terminal region of the ING proteins remains unclear.

In this study, we invesﬁgate the functions of subregions of p33ING2 and our results
revealed that the LZL motif plays a critical role for p33ING2-mediated histone H4
acetylation, chromatin decondensation, and nucleotide excision repair. Previously, we
showed that PHD region of p33INGl1b is important in nucleotide excision repair as the
PHD deletion mutant is deficient in repair of UV-damaged DNA (Campos et al., 2004).
Due to the structural similarity between p33INGI1b and p33ING2, we sought to
investigate whether PHD of p33ING?2 is also involved in the DNA repair process. Our
data indicated that unlike p33ING1b, the PHD region of p33ING2 is dispensable, while

the LZL domain is critical for nucleotide excision repair. The reason for different

66




domains of ING family members required for the DNA repair process is unclear.
However, it is possible that distinct domain of each ING members is required for the
interactions with specific HAT and/or HDAC complexes to induce histone acetylation
and chromatin relaxation.

We also observed that LZL motif is essential for p33ING2 to enhance UV-
medicated apoptosis in melanoma cells since MMRU cells transfected with p33ING2
lacking the LZL domain cannot undergo apoptosisl or show less apoptosis than cells
- transfected with the full-length gene after UV irradiation. Gozani et al. previously
showed that mutation in the PHD region of p33ING2 can abolish p33ING2-induced
apoptosis under non-stress conditions (Gozani et al., 2003). However, the role of these
mutations in stress-induced apoptosis is unclear. As we recently demonstrated that
p33ING2 activates the Fas pathway to induce apoptosis under non-stress conditions, but
enhances UV-induced apoptosis by promoting Bax translocation to mitochondria and
downregulate the expression of Bcl-2 (Chin e al., 2005), thus, LZL domain may be
required for the regulation of Bcl-2 family proteins under stress conditions.

A couple of conserved motifs have been shown to be essential for the functions
and activities of ING proteins. For example, the PIP domain targets p33ING1b to PCNA
after DNA damage (Scott ef al., 2001). The nuclear localization sequence (NLS) and
nucleolar targeting sequence (NTS) translocate p33ING1b and likely other INGs to the
nucleus and nucleolus in response to UV-induced DNA damage (Scott ef al., 2001). The
PCR domain is shown to link fNG proteins to the Sin37HDAC comﬁlex through direct
interaction with SAP30 under non-stressed conditions (Kuzmichev et al., 2002). The

results from this study demonstrated that there is no significant difference in the
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biological functions between the cells transfected with ALZL and ALA+P constructs,
suggesting LZL alone is sufficient for p33ING2 to mediate UV-induced DNA repair and
apoptosis process probably distinct from complex with Sin3/HDAC pathway.

Taken together, LZL domain, which consists of leucine residues spanning every
seven amino acids, forming a hydrophobic patch, is a key component for p33ING2 to
exert its function in DNA repair and apoptosis, possibly by direct DNA binding or
protein-protein interactions to regulat’e gene transcription and/or target particular HAT
and HDAC complexes to chromatin. Future analyses comparing the full-length p33ING2
with its truncated mutants may provide new insights into the biological functions of

p33ING2 domains.
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Figure 4.1  The leucine lipper-like domain of p33ING2 is required for the repair
of UV-damaged DNA in melanoma cells. (A) Schematic graph for the full-length
p33ING2 (ING2), p33ING2 with PHD domain deletion (APHD), LZL domain deletion
(ALZL) and LZL plus PCR domain deletion (AL+P). (B) PCR products of different
p33ING2 constructs were digested with restriction enzymes and analyzed in a 0.8%
agarose gel. (C) Protein expression level of different p33ING2 construct in MMRU cells.
MMRU cells were transfected with full-length p33ING2, APHD, ALZL and AL+P
constructs for 24 hours and protein expression level was detected by western blot
analysis. A rat anti-p33ING2 monoclonal antibody was used to detect various p33ING2
proteins. (D) Effect of p33ING2 domains on nucleotide excision repair. MMRU cells
were co-transfected with undamaged or damaged pRL-CMV and 3xFLAG vector,
3xFLAG-p33ING2, 3xFLAG-APHD, 3xFLAG-ALZL, 3xFLAG-AL+P expression vector
and luciferase activity was determined 40 hours after transfection. Data represent means
+ SD from triplicates. The experiment was repeated thrice with similar results.
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Figure 4.2  Leucine zipper-like domain of p33ING2 plays a critical role in the
process of histone H4 hyperacetylation upon UV irradiation. Western blot analysis of
acetylated histone H4 (Ac-H4) expression 5 min after 20 J/m* UVC irradiation in control
(3xFLAG vector) and MMRU cells transfected with various p33ING2 constructs (upper
panel). Anti-Ac-H4 and anti-p33ING2 monoclonal antibodies were used. The fold
induction of acetylated histone H4 is showed in lower panel. The experiments were
repeated three times and the standard deviation is shown.
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Figure 4.3  Leucine zipper-like domain is responsible for functional p33ING2 to
enhance UV-induced chromatin relaxation. DNA was extracted from control MMRU
cells or MMRU cells transfected with various p33ING2 constructs with or without UVC
irradiation (20 J/m?), and subjected to micrococcal nuclease digestion with different
concentration of the nuclease (0, 0.1, or 1 unit). The percentage of DNA fragments below
2kb is quantified with Quantity One software. Data represent means + SD from
triplicates.
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Figure 4.4  Leucine zipper-like domain of p33ING2 is essential for the
enhancement of UV-induced apoptosis.. (A) MMRU cells were transfected with vector,
p33ING2, or deletion mutants and irradiated with 400 J/m® UVB, and subjected to
propidium iodide staining and flow cytometry analysis. The sub-G; population in the
DNA cell cycle histogram represents apoptotic cells. Data represent means + SD from
triplicates. (B) Quantification of FACS analysis from (A). (C) Hoechst staining of
apoptotic bodies in control MMRU cells and MMRU cells expressing different p33ING2
constructs after 400 J/m*> UVB irradiation. Data represent means + SD from triplicates.
(D) Quantification of apoptotic bodies from (C).
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CHAPTER 5. GENERAL CONCLUSIONS

5.1 Summary

P33ING?2 is a novel candidate tumor suppressor, which has been shown to be involved in
the regulation of gene transcription, cell cycle arrest and apoptosis in a p53-dépendent
manner for maintaining the genomic stability. Previously, it was shownthat
overexpressed p33ING2 promoted UV-induced DNA repair and apoptosis ‘in human
melar;oma cells. However, the precise manner in which the INGs associate with p53 and
regulate apoptosis or DNA repair remains unclear. Given those recent studies suggesting
that altering the levels of ING1 protein affects the expression of certain genes and
regulate gene expression through localized chromatin modification, to further reveal the
role of p33ING?2 in cellular stress response to UV irradiation, we hypothesized that in a
physiological condition, p33ING2 may enhance the repair of UV-damaged DNA through
chromatin remodeling, similar as its homologue p33ING1b. Using luciferase reporter
assays, we confirmed that overexpressed p33ING2 significantly enhances nucleotide
excision repair of UV-induced DNA damage in melénoma cells in a p53-dependent
manner. Furthermore, DNA repair is completely abolished in cells treated with p33ING2
siRNA, suggesting that physiological level of p33ING2 is required for nucleotide
excision repair. In addition, we found that a physiological p33ING2 levelf is an essential
factor for UV-induced rapid. histone H4 acetylation, chromatin relaxation, and the
recruitment of damage recognition protein XPA to the photolesions. These observations
suggest that p33ING2 is required for the initial DNA damage sensing and chromatin

remodeling in the nucleotide excision repair process in melanoma.
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As a member of the ING family, p33ING2 contains a number of highly conserved
regions with other ING members, includiné the plant homeodomain (PHD) in the C
terminal, leucine zipper-like domain (LZL) in the N terminal, and potential chromatin
regulatory domain (PCR). Studies in both yeast and human cells have implicated ING
proteins in chromatin modification and in the regulation of gene expression through
binding to and altering of the activity of protein complexes' cdntaining histone
acetyltransferase (HAT), histone deacetylase (HDAC) and factor acetyltransfease (FAT)
activities. Previous studies were mainly focused on the PHD domain since it was
demonstrated to be involved in chromatin mediated transcriptional regulation. However,
the specific biological functions of other motifs are poorly understood. In this study, we
developed_ a panel of p33ING2 deletion mutanté to better understand the impact of
p33ING2 on multiple_ biological processes. Further analysis revealed that LZL domain is
essential for the ability of p33ING2 in facilitating histone acetylation, chromatin
relaxation and thus promote nucleotide excision or apoptosis when there is a severe
damage in melanoma cells. This finding confers a novel function to leucine zipper like
domain containing ING family proteins and provides additional insight into the
mechbanism as to how ING family proteins regulate chromatin modification and
furthermore, suggests a conserved role for the ING LZL domain in this capacity.

Taken together, we demonstrated in this thesis the mechanisms of novel tumor
suppressor p33ING2 in DNA repair and apoptosis, consistent with the notion that the
ING family exerts diverse biological effects through altering gene expression by targeting

and regulating local acetylation and/or deacetylation activities These results provided
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new insights intothe functional significance of the reduced ING expression observed in

melanoma.

5.2 Future Directions

Human ING prdteins are involved in chromatin remodeling functions thfough physical
association with protein complexes that have HAT and HDAC activity. Endogenous
human INGI1 proteins co-precipitate (Boland et al., 2000) with TRRAP, the mammalian
counterpart of yeast Tral, and with PCAF, CBP and p300, all of which are either HATs
themselves, or are in complexes containing HAT activity. Furthermore, a recent report
demonstrating a link between p300 HAT and PCNA suggested that high levels of
p33INGIb interfered with association of p300 and PCNA independently (Vieyra et al.,
2002). Due to. the similarities between p33ING2 and p33ING1b, it would be of interest
to check by immunoprecipitatioh analysis if p33ING2 is complexed with p300, PCNA or
other proteins that have HAT activity and serve as a bridge in chromatin modification and
gene transcription regulatidn context.

Proteins containing leucine zipper region have been found to be involved in the
gene transcription activation or repression by interacting with other leucine zipper
containing proteins or transcription factors (Hai et al., 2001). Consistent with this result,
we found that p33ING2 deleted LZL domain is deficient in histone. acetylation,
chromatin modification and apoptosis. However, it is of interest to investigate if the LZL
domain itself can repair'the photolesions, induce histone H4 acetylation, chromatin
' relaxation and apoptosis after UV irradiation. In addition, if we further delete PCR

region, which has been known as a potential chromatin regulatory domain binding with
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Sin3 HDAC complex, does not have a synergistic effect on the whole histone acetylaitoﬁ
or chromatin relaxation level, indicating that LZL domain induce chromatin modification
through a distinct pathway instead of interacting with HDAC. However, it is possible that
other regions can also contribute td the histone acetylation together with LZL. For
instance, the PIM found at the C-terminal end of ING1 and ING2 has been recently
identified and found to stabilize proteins with particular posttranslational modification
(Feng et al., 2004). In addition, interaction of ING with other proteins may be medi.ated
through the candidate phosphorylation-dependent interacting motif (PDIM), whose
phosphorylation could recruit proteins important in the modulation of such ceilular

processes as apoptosis, signal transduction, and cell cycle regulation.
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