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Abstract

The inhibitor of growth (ING) proteins are involved in many biological pathways
including tumour growth, chromatin remodeling, DNA damage-initiated stress signalling,
and apoptosis (reviewed by Russell et al. 2006). ING proteins interact with core histones
and associate with histone deacetylation/acetylation and contribute to epigenetic
regulation. Here we identify and characterize a homolog of human ING3 in C. elegans,
named ing-3. My project focused on determining the functions of ing-3 and the
relationship between cep-1/p53 and ing-3. This work defined the subcellular localization
of endogenous C. elegans ING-3 protein, investigated the two-promoter system of the
ing-3 gene, characterized the function of ing-3 in regulating gamma radiation (IR)-
induced germ cell apoptosis and body motility, and further determined that at least when
promoting IR-induced germ cell apoptosis, ing-3 and cep-1/p53 act in the same

functional pathway.
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CHAPTER I: INTRODUCTION



The ING family of PHD proteins

The founding member of the ING (Inhibitor of Growth) family, ING1, was
identified as a growth inhibitor and candidate tumour suppressor in 1996 by using a PCR-
mediated subtractive hybridization approach to enrich for genes expressed in normal
human mammary epithelial cells, but not in several breast cancer cell lines (Garkavtsev et
al. 1996). Since then, additional ING proteins have been identified in various species
based upon sequence homology (Nagashima et al. 2001, Nagashima et al. 2003). ING
proteins have been found to be involved in many biological pathways including apoptosis,
DNA repair, cell cycle regulation, chromatin remodelling, regulation of gene expression,
DNA damage-initiated stress signalling, oncogenesis, tumour growth and angiogenesis
(reviewed by Feng et al. 2002; Russell et al. 2006). All ING family members have a
highly conserved plant homeodomain (PHD), a form of zinc-finger (Cys4-His-Cys3) that
is associated with chromatin remodelling (Feng et al. 2002). So far there are five ING
members (ING1-5) found in all mammals, including humans (Figure 1). Phylogenetic
analysis showed that ING3 (which will be the focus of this work) is on a distinct branch
while ING1 and ING2 are related, as are ING4 and INGS5 in the parsimony tree (He et al.
2005). The arthropod ING proteins have paralogs corresponding to these three subgroups
and may share some general features with their vertebrate counterparts (He et al. 2005).
These sequence and structural groupings based on phylogeny appear to be conserved at
the level of proposed cellular activity (Doyon et al. 2006). | will now discuss the many

functions and the underlying mechanisms proposed for the ING family members.



Localization of ING proteins

ING proteins are often found localized in the nucleus. Mislocalization or reduced
nuclear localiation of ING proteins is found in human cancers, suggesting that the nuclear
localization may be related to the functions of ING proteins in tumourigenesis (Feng et al.
2002, Nouman et al. 2003, Vieyra et al. 2003, Lu et al. 2006).

Phosphorylation can regulate the localization and activity of ING proteins. The
interaction between p33ING1b (one of the major splicing isoforms of ING1, Figure 1)
and 14-3-3 was dependent on the phosphorylation status of p33ING1b and this
interaction leads to the retention of p33ING1b protein in the cytoplasm and so affects the
activity of p33ING1b (Gong et al. 2006). The localization of ING proteins is also
mediated by stress signalling. Following ectopic overexpression or DNA damage,
p33ING1b localized to nucleoli and this translocation appeared to promote apoptosis
(Scott et al. 2001). Previous studies found that in the nucleus, ING proteins are involved

in chromatin remodeling (described below).

ING proteins and chromatin modification

ING proteins are involved in many biological functions and pathways. So far, how
ING proteins coordinate so many functions is still unknown. However, we suspect that
their multiple functionality might largely be brought about by the action of downstream
effector genes mediated by ING proteins through chromatin modification.

The five ING subfamilies are all associated with HAT (histone acetyltransferase) or
HDAC (histone deacetylase) complexes in mammalian cells (Doyon et al. 2006). A

splicing isoform of ING1, p47INGla (Figure 1), interacts with HDAC1 and inhibits



histone acetylation (Vieyra et al. 2002). Another splicing isoform of ING1, p33INGL1b,
associates with both HAT and sin3 HDAC (Kuzmichev et al. 2002; Vieyra et al. 2002).
Similar to ING1, ING2 is a component of an HDAC complex. ING4 associates with the
HBO1 HAT while INGS5 interacts with two distinct complexes containing HBO1 HAT or
MOZ/MORF HATs (Doyon et al. 2006). These HATs and HDACs change chromatin
conformation by deacetylating or acetylating core histone proteins and inducing either
gene silencing or transcription. This feature is well conserved in lower organisms. In
Dictyostelium, the depletion of the ING family protein DNG1 (the Dictyostelium
homologue of human ING1 protein) led to altered histone modification (Mayanagi et al.
2005). Three yeast ING proteins Yngl, Yng2 and Pho23 regulate chromatin configuration
differently by associating with distinct HAT or HDAC complexes (Loewith et al. 2000).
Furthermore, the yeast NuA4 subcomplex counterparts in humans, Tip60, EPC1 and
ING3, can form a recombinant complex efficiently to reconstitute HAT activity in vitro
(Doyon et al. 2004).

ING proteins have also provided a link between histone acetylation and
methylation since the PHD region of the INGs is targeted to methylated histone H3, with
the degree of methylation determining binding affinity (Pena et al. 2006; Shi et al. 2006).
Therefore, by epigenetic modification of chromatin conformation, ING proteins can

affect the transcription of downstream genes and further mediate more cellular functions.

ING proteins and stress-induced apoptosis
ING proteins have been found to be involved in promoting apoptosis in response

to DNA damage or when ING proteins are overexpressed. DNA damage induced by



etoposide and neocarzinostatin promoted ING2 expression (Nagashima et al. 2001),
suggesting that the overexpression of ING proteins might mediate stress signal
transduction.

p33ING1b synergizes with tumour necrosis factor alpha (TNF-alpha) in
promoting apoptosis and induces expression of HSP70 in response to TNF-alpha (Feng et
al. 2006). This was correlated with reduced NF-kappaB-dependent transcription,
providing a link between p33ING1b induced apoptosis and the stress-regulated NF-
kappaB survival pathway (Feng et al. 2006). In addition, apoptosis initiated by growth-
factor deprivation occurred concurrently with the expression of the ING1 gene (Helbing
et al. 1997, Ha et al. 2002). In several immortalized cell lines, overexpression of
p33ING1b promoted variable levels of apoptosis (Helbing et al. 1997, Shinoura et al.
1999; Vieyra et al. 2002). Following UV irradiation, p33ING1b contributed to cell cycle
arrest and either promoted DNA repair or induced apoptosis by binding proliferating cell
nuclear antigen (PCNA), thus regulating a switch from DNA replication to DNA
repair/apoptosis (Scott et al. 2001). In addition to ING1, ING2 or ING3 overexpression
induced apoptosis (Nagashima et al. 2001, Nagashima et al. 2003). In response to cellular
stress, ING2 was suggested to function as a nuclear receptor of phosphatidylinositol-5-
phosphate (PtdIns5P) through the PHD domain, regulating DNA damage-initiated stress
signalling to promote apoptosis (Gozani et al. 2003). In melanoma cells, overexpression
of ING3 leads to caspase-8 dependent apoptosis after UV irradiation (Wang and Li 2006).

ING proteins in other model organisms indicate conservation of the role in stress-
induced apoptosis. In mice, mING1 (mouse ING1) enhances serum starvation-induced

cell death (Ha et al. 2002). Consistent with a function in apoptosis, disruption of ING1b



or of all ING1 splicing isoforms leads to increased sensitivity to gamma irradiation in
mice (Coles et al. 2007, Kichina et al. 2006). In Xenopus, higher expression levels of
XING2 (Xenopus ING2) were detected in several normal cell types undergoing apoptosis.
Treatment of isolated organ cultures with thyroid hormone also induced the expression of
ING proteins concomitantly with the induction of apoptosis (Wagner et al. 2001),
indicating that the ING proteins are hormone sensitive transducers of apoptotic signals.
Therefore, stress-induced apoptosis might be an evolutionally conserved function of ING
proteins in other species, including C. elegans, and this will be a major question

addressed in this thesis.

p53 and stress-induced apoptosis

p53 is one of the most important tumour suppressor genes, with mutations of p53
found in many types of tumours (reviewed by Joerger and Fersht, 2007). When cells are
subjected to stress signals such as DNA damage, hypoxia and oncogene activation, the
ubiquitin-dependent degradation of the p53 protein is blocked and p53 is activated to
induce apoptosis and/or cell cycle arrest (reviewed by Horn and Vousden, 2007). p53
regulates the apoptotic elimination of irreparably damaged cells through the
transcriptional activation of its target genes, which is crucial to maintaining genome
stability (reviewed by Fisher, 1994). Upon activation, p53 mediates apoptosis through a
series of sequential events including Bax transactivation and translocation, the release of
cytochrome ¢ from mitochondria, caspase-9 activation, and the activation of caspase-3,
caspase-6, and caspase-7 (Mihara et al., 2003, Chipuk et al. 2004, Danial and Korsmeyer

2004).


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4BJK582-7&_user=1067480&_coverDate=01%2F23%2F2004&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000051253&_version=1&_urlVersion=0&_userid=1067480&md5=1d939dc15809cb10af03b0566b70850f#bbib86#bbib86

ING proteins and p53

Both ING proteins and p53 are important regulators of stress-induced apoptosis
and they have been suggested to synergize with each other. However, there is still
controversy over the relationship between ING proteins and p53 in promoting apoptosis.
Several mechanisms have been suggested.

In several immortalized cell lines, overexpression of p33ING1b promoted
variable levels of apoptosis with p53 (Helbing et al. 1997; Shinoura et al. 1999; Vieyra et
al. 2002; Zhu et al. 2005). Similarly, ING2 overexpression promoted a p53-dependent
apoptosis, inhibited cell growth and induced G1 phase cell cycle arrest (Nagashima et al.
2001). ING2 enhanced the transactivation activity of p53 by increasing the acetylation of
p53 (Nagashima et al. 2001). It was found that ING2 formed a complex with p53 and the
histone acetyltransferase p300, assisting p300 to acetylate p53, and promoted p53-
dependent replicative senescence (Pendeux et al. 2005). Ectopic ING3 transactivated p53
downstream genes and induced p53-dependent apoptosis (Nagashima et al. 2003). Both
ING4 and ING5 overexpression could activate the p53 downstream gene p21/wafl and
lead to p53-dependent apoptosis (Shiseki et al. 2003). Similar to ING2, ING4 and ING5
enhanced p53 acetylation, and physically interacted with p53 and p300 in vivo (Shiseki et
al. 2003). In yeast, Yng2 activated p21 in a p53-dependent manner as a component of
NuA4 HAT complex (Loewith et al. 2000, Nourani et al. 2001).

However, ING proteins were also found to induce apoptosis in a p53 independent
manner. p33ING1b and mING1 induced apoptosis in cell lines that lack p53 function
(Tsang et al. 2003, Coles et al. 2007). In melanoma cells, ING3 induced Fas/caspase-8

dependent but p53-independent apoptosis following UV irradiation (Wang and Li, 2006).



We decided to study C. elegans ING proteins to clarify the functional relationship
between ING proteins and p53, since C. elegans has proven to be a very useful genetic
and developmental model organism for the study of gene regulation and function
(www.wormbook.org). Furthermore, many important cellular mechanisms, including the

genetic pathway controlling apoptosis, have been well-characterized in C. elegans (Ellis

and Horvitz 1986).

The C. elegans genetic system

The small size, completely sequenced genome, fast life cycle and self-fertility of C.
elegans make it a great model organism for genetic and developmental studies. Under the
microscope, all 959 somatic cells of its transparent body are visible and all the lineages
are traceable (Sulston and Horvitz 1977, Riddle et al. 1997). Furthermore, several
molecular biological techniques for the manipulation of the genome are available to C.
elegans research such as transgenesis, gene knockouts and RNA-mediated interference
(RNAI) (www.wormbook.org). These approaches are very useful in understanding
genetic pathways and gene functions.

C. elegans shares cellular and molecular structures, regulatory pathways and
complex developmental processes with more complex organisms. Although the nematode
is small and simple, it still possesses many of the same tissues of higher organisms such
as intestine, gonad and neurons. Many C. elegans genes have human homologs with
similar functions (Riddle et al. 1997). Thus, the information learned from C. elegans may

be applicable to higher organisms, such as humans.



Apoptosis in the C. elegans germline

In C. elegans, the somatic cells have a fixed division program and tumours do not
develop (Hengartner 1997). However, in the germ line, nuclei can continuously divide for
indeterminate rounds and many undergo physiological programmed cell death. Following
genotoxic stresses, the damaged germ cells will undergo checkpoint arrest and DNA-
damage induced apoptosis, which makes it a perfect model for investigating gene

function in apoptosis (Schedl 1997).

The C. elegans germline consists of two mirror-image U-shaped loops that empty
into a common proximal vulva, through which eggs are laid. The distal germ line in each
loop is syncytial until past the loop (Figure 2). In the adult gonad, germ cells undergo
mitotic proliferation in the distal end, then progress through a transition zone and enter
meiosis, preparing the oocyte for fertilization (Schedl 1997). The different stages can be
readily distinguished by DAPI (4’-6-diamidino-2-phenylindole) staining. The distal
mitotic nuclei are uniform in size and have a brighter fluorescence on their circumference
than in the centre (reviewed by Hubbard and Greenstein 2000, Hansen et al. 2004). The
germ cells in the transition zone, which are progressing into the early phases of meiotic
prophase, have a condensed and crescent-shaped morphology (Hansen et al. 2004). After
going through the transition zone, the germ cells enter the pachytene stage and the
chromosomes begin to individualize. Progression of nuclei into diplotene occurs in the
loop of the gonad arm and the cells gradually become completely separated oocytes as
they enter the proximal arm (Figure 2). At this stage, meiotic chromosomes exit diplotene

and begin diakinesis with six highly condensed bivalents visible. In the end, the mature


http://www.ncbi.nlm.nih.gov/books/bv.fcgi?call=bv.View..ShowSection&rid=ce2.chapter.485
http://www.wormbook.org/chapters/www_introgermline/introgermline.html#figure1#figure1
http://elegans.swmed.edu/wli/%5Bcgc3990%5D/?%5Cbgr%5Be%E9%E8%EA%EB%5D%5Be%E9%E8%EA%EB%5D%5Bn%F1%5D%5Bs%DF%5D%5Bt%FE%5D%5Be%E9%E8%EA%EB%5D%5Bi%ED%EC%EE%EF%5D%5Bn%F1%5D%5Cb%3B%5Cbh%5Bu%FA%F9%FB%FC%5Dbb%5Ba%AA%E1%E0%E2%E5%E4%E3%E6%5Dr%5Bd%F0%5D%5Cb
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14660440&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14660440&dopt=Abstract
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oocytes will be fertilized by sperm stored in the spematheca to become embryos (Schedl

1997, Hansen et al. 2004).

During this process, about half of the germ cells are estimated to be eliminated by
apoptosis to maintain gonad homeostasis. Most of the germ cells apoptose during
pachytene (Hengartner, 1997; Gumienny et al. 1999). Cell corpses are engulfed by the
neighbouring gonadal sheath cells (Gumienny et al. 1999). Under Nomarski optics, the
apoptotic germ cell is a flat, round, button-like disk (Sulston and Horvitz 1977,
Hengartner 1997). When stained with acridine orange (AO), the apoptotic corpses can be

easily detected under a microscope (Gumienny et al. 1999, Lettre et al. 2004).

Several distinct pathways have been found to regulate apoptosis in the germline
(Gumienny et al. 1999, Gartner et al. 2000, Aballay et al. 2001). Execution of these cell
death pathways depends on the core apoptotic machinery including ced-3, ced-4 and ced-
9 (these are the homologs of the human genes Caspase-2, Apaf-1 and Bcl-2, respectively)
(Gumienny et al. 1999, Gartner et al. 2000, Aballay et al. 2001, Salinas et al. 2006).
Different stresses can activate different cell death pathways. Genotoxic agents and
pathogen infection can promote germ cell apoptosis by activating an apoptotic pathway
antagonized by abl-1, which involves the conserved apoptotic genes, ced-3, ced-9 and
egl-1; cell cycle checkpoint genes clk-2, hus-1 and mrt-2; and the C. elegans p53
homolog, cep-1 (Gartner et al. 2000, Deng et al. 2004). Using a different pathway
oxidative, osmotic, heat shock and starvation stresses induce germ cell apoptosis

independent of cep-1 and egl-1 (Salinas et al. 2006).


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14660440&dopt=Abstract
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?call=bv.View..ShowSection&rid=ce2.chapter.485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9927601&dopt=Abstract
http://www.wormbook.org/chapters/www_intromethodscellbiology/intromethodscellbiology.html#bib31#bib31
http://www.ncbi.nlm.nih.gov/books/bv.fcgi?call=bv.View..ShowSection&rid=ce2.chapter.485
http://www.wormbook.org/chapters/www_intromethodscellbiology/intromethodscellbiology.html#bib17#bib17
http://www.wormbook.org/chapters/www_intromethodscellbiology/intromethodscellbiology.html#bib22#bib22
http://www.wormbook.org/chapters/www_intromethodscellbiology/intromethodscellbiology.html#bib17#bib17
http://www.wormbook.org/chapters/www_intromethodscellbiology/intromethodscellbiology.html#bib17#bib17
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Deng+X%22%5BAuthor%5D
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p53 in C. elegans

cep-1 (C. elegans p53) is the C. elegans homolog of mammalian p53 (Derry et
al. 2001, Schumacher et al. 2001). Although divergent from p53, CEP-1 possesses the
DNA binding domain and includes the critical amino acids that are the most frequently
mutated residues in human tumours and which are conserved in p53 members in other
organisms (Derry et al. 2001). Also, CEP-1 is a transcription factor that can activate a
reporter with human p53 binding sites (Derry et al. 2001). Similar to its mammalian
counterpart, CEP-1 promotes germline apoptosis in response to genotoxic stress,
suggesting that p53-mediated regulation of DNA damage-induced apoptosis is conserved
during evolution (Derry et al. 2001, Schumacher et al. 2001). CEP-1 is ubiquitously
expressed in embryos (Derry et al. 2001), while in the adult hermaphrodite germline,
CEP-1 is abundant in mitotic germ cells in the distal arm (Schumacher et al. 2005).
Germline CEP-1 then completely disappears from the transition zone and comes back in
meiotic pachytene cells and remains during the diakinesis stage (Schumacher et al. 2005).
Subcellularly, CEP-1 is localized to the nucleus and the protein level and localization do
not change after IR (Schumacher et al. 2005). In worms, CEP-1 was found to regulate
multiple stress responses in the soma, meiotic chromosome segregation and DNA

damage-induced apoptosis in the germline (Derry et al. 2001, Schumacher et al. 2001).

cep-1 and stress-induced apoptosis in C. elegans
CEP-1 mediates DNA damage-induced apoptosis, but not somatic apoptosis and
physiological apoptosis in the C. elegans germline (Derry et al. 2001, Schumacher et al.

2001). Similar to the situation in mammalian cells, both UV and IR-induced apoptosis
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and cell cycle arrest require CEP-1 (Derry et al. 2001, Schumacher B et al. 2001, Stergiou
et al. 2007). Moreover, although cep-1 did not affect germ cell apoptosis induced by
oxidation or starvation, cep-1 mutants exhibited hypersensitivity to hypoxia-induced
lethality and decreased longevity in response to starvation, indicating that it may have
other roles in the animal (Derry et al. 2001, Stergiou et al. 2007).

In mammals, ING proteins and p53 are important regulators of the genotoxic
stress response and they have been found to synergize in promoting apoptosis.
Furthermore, cep-1/p53 induces apoptosis upon DNA damage through a pathway that is
conserved from worm to human (Schumacher et al. 2001). Therefore C. elegans will be a

good genetic model for studying the relationship between ING genes and p53.

Research hypotheses

Work described in this research thesis was designed to test the following three
hypotheses: first, since previous studies showed the evolutionary conservation of ING
proteins in species from yeast to human beings, we proposed that in C. elegans, ING
genes will regulate DNA damage-induced apoptosis as do other ING family members (He
et al. 2005). Second, because mammalian ING genes localize in the nucleus and regulate
chromatin configuration by histone acetylation or deacetylation, we proposed that the C.
elegans ING genes may have analogous roles. Third, we proposed that the functional
relationship between ING genes and p53 in promoting apoptosis is conserved in C.
elegans. We predict that with the studies on C. elegans ING genes, we can be closer to
understanding the mechanism of the regulation of apoptosis pathway that ING genes and

p53 are involved in, which will provide valuable information for future medical research.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Schumacher+B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Stergiou+L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Stergiou+L%22%5BAuthor%5D
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Figure 1. Diagram of the known structural features of the human ING family of
proteins

There are five ING family proteins (ING1-ING5) in humans (He et al. 2005,
Gong et al. 2006). The ING1 gene has four known alternative splicing variants.
p47ING1la and p33INGL1b are the two major splicing isoforms. Different conserved
domains are indicated by different coloured boxes. All ING proteins possess the highly
conserved plant homeodomain (PHD) region and a nuclear localization sequence (NLS)
motif. Besides these common motifs, each ING protein or isoform also contains some
other conserved regions. A leucine zipper-like (LZL) motif was found in ING2-INGS5.
p33ING1b has a proliferating cell nuclear antigen (PCNA)-interacting protein (PIP)

domain while p47ING1a has a unique sequence in the N-terminus.
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Figure 2. Diagram of an adult hermaphrodite gonad

In the adult gonad, germ cells undergo mitotic proliferation in the distal end,
starting from the somatic distal tip cell (DTC) (1), then progress through a transition zone
(Schedl 1997, Hansen et al. 2004). The germ cells in the transition zone are progressing
into the early phases of meiotic prophase and have a condensed and crescent-shaped
morphology (I1). After going through the transition zone, the germ cells enter the
pachytene stage and the chromosomes begin to individualize (I11). Progression of nuclei
into diplotene occurs in the loop and the cells gradually become completely separated
oocytes as they enter the proximal arm (1V). Finally, the mature oocytes will be fertilized

and become the embryos (V).

el el —
OTO I
0000 o
DTC {0000
D X\

©0°%6°%° ¥y o] o

%X%IOIO io o y



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14660440&dopt=Abstract

CHAPTER II: MATERIALS AND METHODS

16



17

I. General methods of C. elegans
i) C. elegans strains and maintenance

All C. elegans strains used in this study were cultured and manipulated at 20°C
with standard methods described by Brenner (Brenner 1974). The wild type strain is
Bristol N2 and the mutant strains include cep-1(gk138), ing-3(ttTi5439), ing-3(tm2530),
rrf-3(pk1426), mecd-1(tm2169) (Riddle and Albert, 1997). Additional information for each
of these genes can be obtained from Wormbase (http://www.wormbase.org).

The nomenclature of ing-3 followed the guidelines set by Horvitz (Horvitz et al.,
1979). We named this gene according to its homology to human ING3. ing-3(tm2530)
and ing-3(ttTi5439) were outcrossed three times prior to use in this analysis.
i) Nomarski microscopy

A 3% agarose pad was made on a glass slide and worms were mounted onto the
pad in M9 buffer (Brenner 1974). 10 mM levamisole was applied to anaesthetize worms.
After placing a coverslip on top, we sealed it with Vaseline to prevent dessication. Then
the slides were viewed with an Axioplan microscope (Zeiss, Germany) for further
observation. Images were taken and processed with AxioVision software (Zeiss, Germany)
and Photoshop 7.0 (Adobe Systems, Inc., USA).
iii) Dissection

About 150-200 young adult hermaphrodites (~1 day after moulting) for dissection
were washed off the plates with PBS and rinsed once to remove bacteria. Levamisole was
added into PBS to paralyze the worms in a glass dish. We used two 25-gauge needles like
scissors to cut off the head and extrude at least one gonad arm in all animals. In some

cases, the anterior part of the gut was also exposed. Excess liquid was then removed and


http://www.wormbase.org/
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the dissected gonads fixed in formaldehyde/K;HPO, at room temperature (RT) for 20 min.
After washing with PBST (described in Appendix) for once, the gonads were fixed in
100% methanol at -20°C for 5 min. Methanol was removed and gonads were washed in
PBS twice before immunostaining.
iv) Freeze-cracking method

Embryos were fixed and permealized with the freeze-cracking method, as
previously described (Miller and Shakes, 1995). Embryos were squeezed out of the
bodies of the young adult hermaphrodites under a coverslip. After freezing on dry ice for
10 min, the coverslip was quickly removed with a razor blade and the embryos were
fixed immediately in methanol and then acetone at -20°C. The embryo specimens were
then rehydrated with decreasing concentrations of ethanol in PBST.
v) Genomic DNA preparation

97 ul worm lysis buffer (described in appendix) and 3 ul 20 mg/ml protease K
were mixed together. 25 ul of this mixture and 10 young gravid adult worms were
transferred to a PCR tube. This tube was then incubated at 65°C for 1 hr and 90°C for 15

min. The product, containing worm genomic DNA, was used in PCR.

I1. Characterization of the ing-3 gene
i) Identification of homologs

Homologs of ing-3 gene were identified in C. briggsae, Drosophila, Xenopus,
mouse and human with the BLAST program at the National Center for Biotechnology
Information  (NCBI)  (http://www.ncbi.nim.nih.gov/BLAST/).  Multiple sequence

alignments of ING3 were created with the CLUSTAL W program at the European
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Bioinformatics Institute (http://www.ebi.ac.uk/clustalw/).

i) General molecular biology methods

PCR amplification and subcloning were carried out as described (Sambrook et al.,

1989). Minipreps were performed following the Qiagen protocol (Qiagen, Germany).

A cDNA pool of mixed-stage worms was subjected to PCR amplification. A pair
of specific primers (F1 and R1, list below) flanking the start and stop codons of ing-3
were used to clone the coding region. The purified PCR product was gel purified and
inserted into expression vector pQE30 (Qiagen, Germany) to produce ING-3 proteins

with a 6xHis tag at the N-terminus.

A polyT primer and nested gene specific primers (F2 and F3) were used to
amplify the 3’ end while splice leaders SL1, SL2, and nested gene specific primers (R2
and R3) were used to amplify the 5’ end of ing-3 (list below). The PCR products were gel
purified and sequenced. DNA sequencing was performed by the DNAIlab Facility at the
University of Calgary.

Oligonucleotide sequences are as follows:

F1: 5’-CATTGCATGCCTCTTCCTCGATGATTTTTT-3’

R1: 5’-CAGAAGCTTTTAGACTTCTCCCTCTTCGG-3’

SL1: 5’-GGTTTAATTACCCAAGTTTGAG-3’

SL2: 5’-GGTTTTAACCCAGTTACTCAAG-3’

R2: 5’-ATTTGCGTTGAGCTAGCACG-3’

R3:5’-CGGTCACTCCTGAATTGTCG-3’

F2: 5’-AGAAGAGCTATGGAGATATG-3’


http://www.ebi.ac.uk/clustalw/
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F3:5’-ATCGGAGG ATGAGGAGGATG-3’

polyT: 5°-TTTTTTTTTTTTTTTTTT-3’

iii) Plasmid construction

The genomic sequences of the operon promoter (600 bp) and the ing-3 specific
internal promoter (880 bp) were obtained by PCR and subcloned into the promoterless
GFP-LacZ reporter vector pPD96.04 (Andrew Fire, Stanford University, Stanford, CA) to
create the transcriptional ing-3 promoter-gfp-LacZ fusions. pPD96.04 contains a nuclear
localization signal (NLS) and so the expressed GFP-LacZ fusion protein concentrates in

the nucleus.

iv) Transgenic worms

Transgenic strains were created by injecting 50 ng/ul of ing-3 promoter-gfp-LacZ
plasmid DNA with 50 ng/ul of pRF4 (rol-6(su1006)) (Mello et al. 1991) into the gonad of
young hermaphrodites. F2 Offsprings with the Roller phenotype were taken as the
transgenic lines and were confirmed by PCR. We generated more than six transgenic
lines for both plasmids and saw no line-to line variation of GFP and LacZ expression
patterns.

V) B-gal staining

Worms in M9 buffer were placed onto slides and dried for 10 min. The worms

were fixed and permeabilized with acetone for 30 min, and then incubated overnight with

X-Gal to stain B-galactosidase (Zdinak et al. 1997).
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I11. Characterization of the expression of ING-3 protein
i) Antibody generation

Both rabbit and mouse polyclonal antibodies against C. elegans ING-3 were
generated by the Hybridoma Facility at the University of Calgary. Rabbits or mice were
immunized with a KLH-conjugated synthetic peptide corresponding to the sequence
CEMEADNSGVTEMIE (amino acids residues 108-122 located in the highly-conserved
hydrophilic motif of the ING-3 protein). After subsequent boost injections, blood samples
were collected every two weeks and the titers were tested by ELISA. The rabbit and the
mouse were sacrificed for a final bleed when the antibody titer did not continue to
increase. Serum was then separated from the whole blood. A series of test westerns were
done to determine the yield and titer of the antisera.
ii) Harvesting of C. elegans protein samples for SDS-PAGE gel

100 post mounting young adult worms were transferred into an Eppendorf tube
with 10 ul PBS. 10 pl 2xgel sample buffer was added and the sample was frozen at -80°C
for 5 min. Before loading on a SDS-PAGE gel, the samples were boiled for 5 min and
centrifuged at 13, 000g for 5 min.
iii) Western blot analysis

Western blots analysis was carried out following the standard procedures (Feng et
al. 2006). Blots were blocked with 10% skim milk for 1 hr at room temperature (RT) then
incubated with the mouse anti-ING-3 antiserum (diluted 2000 fold in 5% skim milk in
PBST) overnight at 4°C. After washing three times for 10 min, the blot was incubated
for 1 hr at RT with peroxidase conjugated goat anti-mouse IgG antibodies (diluted 4000

fold in 5% skim milk in PBST). Finally, the blot was washed three times and treated with
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ECL chemiluminescence reagents. The level of actin was set as the internal loading
control.
iv) Immunofluorescence
a) Dissected gonads

The dissected gonads were permeablized in PBST and blocked with 30% goat
serum (in PBST) at RT for 4 hr. Then the gonads were incubated overnight at 4°C with
the mouse anti-ING-3 antiserm, diluted 1:100 in 25% goat serum (in PBST). After
washing the gonads three times for ten min with PBST to remove the unbound primary
antibodies, gonads were incubated with Texas Red-conjugated goat anti-mouse IgG
antibodies at RT for 4 hr, at 1:100 dilution in 25% goat serum (in PBST). Gonads were
then washed for three times again and DAPI was added to stain nuclei. Gonads were then
mounted on slides for microscopy.
b) Embryos

The difference between immunostaining of dissected gonads and embryos is in
the concentration of the antibodies and the duration of incubation time. We blocked the
embryo specimens with 25% goat serum at RT for 45 min, followed by incubation at
37°C for 1 hr with 1:100 diluted mouse anti-ING-3 antisera in 5% goat serum in PBST
followed by 37°C for 1 hr with 1:100 diluted Texas Red—conjugated goat anti-mouse 1gG
antibodies in 5% goat serum in PBST. Other steps are the same as the gonad-staining

procedures.
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IV. Functional studies
i) RNAI interference (RNAI)

RNAI interference (RNAI) of ing-3 was performed according to the standard
procedure using the bacterial feeding method or the injection method (Timmons et al.,
2001).

For RNAI by feeding, a 463 bp fragment of ing-3 was cloned into the RNAI
feeding vector L4440 between two T7 promoters in inverted orientation and the plasmid
was transformed the plasmid into E. coli HT115. Under the induction of IPTG, single-
strand RNAs (ssRNA) from both directions are transcribed and will anneal with each
other within the E. coli host to form dsRNA (Timmons and Fire, 1998). Wild-type worms

fed E. coli HT115 containing the RNAI feeding vector L4440 were used as the control.

For RNAI injection, dsRNAs for microinjection were generated by in vitro
transcription with the MEGAscript™ Purification Kit (Ambion) and gfp dSRNA was
used as the control. Sense and antisense RNAs were transcribed separately and mixed
together in equal amounts to anneal into dsSRNA. 1 pug/ul dsSRNA was injected into the
gonads of the young adult hermaphrodites. Worms were transferred to a new plate 12 hr
post-injection. Phenotypes were scored among the next 24 hr brood. In our experiments,
ing-3(RNAI) by injection did not exhibit stronger phenotypes than ing-3(RNAI) by

feeding.

ii) Overexpression
To overexpress ing-3 in C. elegans, a hsp::ing-3 construct was generated and the

plasmid DNA was injected into N2 worms. The ectopic expression of C. elegans ing-3
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gene was under the control of the heatshock promoter of pPD49.83 (Andrew Fire,

Stanford University, Stanford, CA) and was induced by treatment of 33°C for 1 hr.

V. Characterization of Phenotypes

1) IR-induced embryonic lethality

L4 stage animals were picked one day before irradiation. The next day, wild-type,
mutant or RNAI young gravid adults were treated with different doses of y-irridiation
using a **'Cs source. Following irradiation, the worms were immediately transferred to
new plates and the rate of embryonic death was scored for eggs laid during the first 0-8 h
(irradiated between early embryogenesis and diakinesis stages) and 8-22 h (irradiated at

pachytene stage) time periods (Takanami et al. 2000).

if) IR-induced germ cell death

L4 stage larvae were treated with 120 Gy y-irridiation. Twenty-four hours later,
the number of apoptotic germ cells per gonad arm was counted under Nomarski optics as
described (Gumienny et al. 1999, Gartner et al. 2000). The result were confirmed by
acridine orange (AO) staining. Worms were incubated with 500 pl of 200 mM AO on
plates for 1 hr then were transferred to clean plates and left in the dark for 1 hr. Worms
were then mounted on slides and observed via fluorescence microscopy (Gartner et al.

2004, Lettre et al. 2004).

iii) Statistical analyses of germ cell apoptosis and embryonic death rate

The statistics presented for each experiment includes the mean number of


http://www.wormbook.org/chapters/www_intromethodscellbiology/intromethodscellbiology.html#bib17#bib17
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4FFP1Y6-C&_user=1067480&_coverDate=02%2F11%2F2005&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000051253&_version=1&_urlVersion=0&_userid=1067480&md5=3722e2d29d8943ec4580291bb6f02e38#bib19
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4FFP1Y6-C&_user=1067480&_coverDate=02%2F11%2F2005&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000051253&_version=1&_urlVersion=0&_userid=1067480&md5=3722e2d29d8943ec4580291bb6f02e38#bbib20#bbib20
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4FFP1Y6-C&_user=1067480&_coverDate=02%2F11%2F2005&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000051253&_version=1&_urlVersion=0&_userid=1067480&md5=3722e2d29d8943ec4580291bb6f02e38#bbib20#bbib20
http://www.wormbook.org/chapters/www_intromethodscellbiology/intromethodscellbiology.html#bib22#bib22
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apoptotic germ cells per gonad and mean embryonic death rate + standard deviation (SD).
iv) Worm motility
The videos recording worm movement were taken by a webcam (Logitech)

attached onto a microscope and processed with the ImageStudio software (Logitech).
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PART 1: Identification and Characterization of C. elegans ing-3 gene

C. elegans has three ING genes

Translated genomic sequences were searched using the BLAST program for
proteins with the highest similarity to human ING proteins (Table 1). Three C. elegans
genes, TO6A10.4, Y51H1A.4 and C11G6.3, were found to encode ING proteins,
corresponding to human ING1/2, ING3 and ING4/5 subgroups, respectively (Tablel,
Table 2). Therefore, the genes TO6A10.4, Y51H1A.4 and C11G6.3 were referred to as C.
elegans ing-1, ing-3 and ing-4, respectively in this thesis (although note that only ing-3 is
currently an official C. elegans gene name). Among the genes, ING3 and Y51H1A.4 have
the most significant reciprocal scores (the lowest E values, Table 1, Table 2; a discussion
of sequence conservation is described in Part 2). Thus, further studies focused on ing-3

function.

The C. elegans ing-3 gene is both SL1 and SL2 trans-spliced

The C. elegans ing-3 gene is the second gene in an operon on chromosome |1 that
includes three other genes: mitochondrial dehydrogenase (Y51H1A.3), histone
deacetylase hda-6 and a C2H2 zinc finger protein mcd-1 (Figure 3, www.wormbase.org).
In C. elegans 70% of mRNAs are trans-spliced to either of two 22 nucleotide spliced
leaders, SL1 or SL2 (Blumenthal and Steward 1997). SL2 is spliced onto the downstream
genes in operons while SL1 is used by the first gene in operons and for most genes that
are not in operons. Some downstream genes in operons are also transcribed from both the
operon promoter and an internal promoter, in which case they are spliced to both SL1 and

SL2 (Blumenthal and Steward 1997).
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To identify which splice leader is used by ing-3, splice leaders SL1, SL2, and
nested gene-specific primers (materials and methods) were designed to amplify the 5’ end
of ing-3 by PCR. Our sequenced PCR products showed that ing-3 is both SL1 and SL2
trans-spliced, confirming the data in Wormbase (www.wormbase.org). Furthermore, we
noticed that the distance between ing-3 and the upstream gene Y51H1A.3 was unusually
long (more than 800bp) for an intergenic region in an operon. Therefore we suspected
that ing-3 might have two promoters and these two different promoters might result in
different tissue-specific expression patterns of ing-3. GFP reporter genes driven by these

two different promoter regions were used to test our speculation.

Different promoters drive ing-3 expression in different tissues

About 600 bp of the 5' genomic sequence of the first gene of this operon
(Y51H1A.3), which extents to the neighbouring gene, has been used as the operon
promoter while the genomic sequence of 880 bp between the start codon of ing-3 and the
stop codon of its upstream gene Y51H1A.3 has been used as the ing-3 specific internal
promoter. We obtained these two sequences by PCR and subcloned them into the vector
pPD96.04 (Figure 4, Figure 6), which encodes a GFP/B-galactosidase fusion protein
driven by the inserted promoter. The plasmid was injected into the gonads of wild-type

worms to make transgenic lines.

Expression of operon promoter::gfp/LacZ was first detected during embryogenesis,
at the stage of gastrulation (Figure 5). GFP expression was activated in pharynx, neurons,

spermatheca and hypodermal cells, persisting through L1 larva to adulthood (Figure 5).
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In contrast, the expression of the internal promoter::gfp/LacZ reporter began at a later
time, at the comma stage (Figure 7). In larvae, GFP expression was detected in both the
anterior and posterior intestine cells where it persisted through adulthood. Both GFP
expression patterns directed by these two promoters were confirmed by the (3-gal staining

of the fused protein (Figure 5, Figure 7).

Based upon the different GFP expression patterns of the two promoters that we
have observed, we suggest that ing-3 might be transcribed both as part of an operon and
independently, perhaps under different circumstances, and that these two patterns,
together, reflect zygotic ing-3 expression. Expression of both constructs was undetectable
in the gonad of adult worms. However, since transgenes are almost inactive in the
germline due to silencing (Kelly and Fire 1998), we cannot tell whether the ing-3 gene is
expressed in germ cells. It is also possible that the maternally-produced gene product is
present in the early embryo before the onset of zygotic gene expression. Moreover, false
positive GFP expression in the posterior gut and pharynx has been reported before. To
address these issues, we generated antibodies to stain specifically the endogenous ING-3

protein, which will be described in Part 2.
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The sequences of different human and yeast ING proteins BLAST against the

worm database, Y51H1A.4 (C. elegans ing-3) was always the best hit. Y51H1A.4 has the

highest homology to human ING3 with the lowest E values (1.9¢™*) of all BLAST.

Y51H1A4 | TO6A10.4 | C11G6.3
p33ING1b | 4.5¢™" 1.1e 7.1
p47INGla | 1.7e* 6.9e™ 4.3

Human | ING2 2.3¢ 8.0e™ 1.9¢%
ING3 1.9¢% 3.9¢? 1.2¢"
ING4 2.5¢% 3.4¢0 6.4
ING5 3.7¢% 2.9¢™ 2.0e°
YNG1 2.9e™? 6.6e™2 2.8¢™®

Yeast | YNG2 8.0e 1.4¢" 2.0e®
PHO23 1.7 6.4 4.4




Table 2. ING genes and proteins in C. elegans

The predicted sequence of C. elegans ING proteins was used to BLAST against
the human protein library, and identified human ING3 as the best hit to Y51H1A.4 with
an E value of 9e™’. TO6A10.4 is closest to p47ING1a (a major splicing isoform of ING1)

while C11G6.3 is closest to ING4. ING3 and Y51H1A.4 have the most significant

reciprocal scores.

Gene Name | Sequence Name | BLASTP Best Hit E Value
ing-3 Y51H1A4 ING3 9e’"
ing-1 T06A10.4 p47INGla 3e?®
ing-4 C11G6.3 ING4 7e™t
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Figure 3. Genomic environment of C. elegans ing-3 gene

The C. elegans ing-3 gene is the second gene in an operon (Y51H1A) on
chromosome |1 that includes three other genes: mitochondrial dehydrogenase (Y51H1A.3),

histone deacetylase hda-6 and a C2H2 zinc finger protein mcd-1.

Operon Y51H1A

Y51H1A.2| Y51H1A.3 ing-3 hda-6 mcd-1 Y51H1A.7
— D> > I

Chromosome |l
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Figure 4. Diagram of the GFP-LacZ reporter driven by operon promoter
About 600 bp of the 5 genomic sequence of the first gene of this operon

(Y51H1A.3) has been used as the operon promoter and subcloned into the vector

pPD96.04, which encodes a GFP-LacZ fusion driven by the inserted operon promoter.

Operon Y51H1A
Y51H1A.2 | Y51H1A.3 ing-3 hda-6 mcd-1 Y51H1A.7
— I > |
Operon promoter
GFP-LacZ

pPD96.04
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Figure 5. Operon promoter-driven GFP and LacZ expression.

The expression of operon promoter::gfp/LacZ was first detected during
embryogenesis, at the stage of gastrulation. GFP expression was activated in pharynx,
neurons, spermatheca and hypodermal cells, persisting through L1 larva to adulthood. -

gal staining of the fused protein confirmed the GFP expression pattern.

spermathec
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Figure 6. Diagram of the GFP-LacZ reporter driven by internal promoter
The genomic sequence of 880 bp between the start codon of ing-3 and the stop

codon of its upstream gene Y51H1A.3 has been used as the ing-3 specific internal
promoter and subcloned into the vector pPD96.04, which encodes a GFP-LacZ fusion

driven by the inserted internal promoter.

Operon Y51H1A
Y51H1A.2| Y51H1A.3 ing-3 hda-6 mcd-1 Y51H1A.7
— —— | > |

Internal promoter
GFP-Lacz

pPD96.04
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Figure 7. Internal promoter-driven GFP and LacZ expression.

The expression of the internal promoter::gfp/LacZ reporter began at the comma
stage. In larvae, GFP expression was detected in both the anterior and posterior intestine
cells where it persisted through adulthood. 3-gal staining of the fused protein confirmed

the GFP expression pattern.
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Figure 8. The structure of ing-3 gene

The ing-3 gene consists of 6 exons. The orange boxes represent exons while the

green boxes indicate the 5’ and 3’ untranslated regions (www.wormbase.org).
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PART 2: Identification and Characterization of ING-3 protein

Sequence analysis of the C. elegans ING-3 protein

The full length coding region of ing-3 was cloned from a cDNA pool of mixed-
stage worms by PCR amplification with a pair of specific primers flanking the start and
stop codons of ing-3 (materials and methods). The sequencing results confirmed the
predicted intron and exon boundaries of this gene that were outlined in Wormbase
(www.wormbase.org). The ing-3 gene consists of 6 exons, encoding a 490 amino acid
protein with a predicted molecular mass of 54.7 kDa and pl of 6.36 (Figure 8).

The predicted amino acid sequence of ING-3 indicates that it possesses a PHD zinc
finger, an NLS sequence and a leucine-zipper-like (LZL) domain (Figure 9). The NLS
sequence was found at amino acid 135-143, indicating that ING-3 might also localize to
the nucleus as other ING proteins do. The PHD domain (C4HC3), conserved in all ING
family members, is found at amino acids 430-474. Previous studies suggested that the
PHD domain is involved in chromatin interactions (Pena et al. 2006). The leucine-zipper-
like domain is located at the N-terminus at amino acids 1-36. This domain has been
suggested to mediate protein—protein interactions (Wang et al. 2006).

The putative homologs of C. elegans ING-3 present in several organisms including
human, mouse, yeast, Drosophila and C. briggsae are shown in Figure 10. When aligned
with the Clustal W program (http://www.ebi.ac.uk/clustalw/), we found that in addition to
the N-terminal leucine-zipper-like (LZL) domain and the C-terminal PHD domain, a
hydrophilic motif (109 EMEADNSGVTEMIEKR 124) at amino acids 109-124, with
unknown function, is highly conserved among all ING3 proteins from different species

except yeast (Figure 11). The conservation of this motif suggested that it might be
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important for the biological function of ing-3.

Endogenous ING-3 proteins can be recognized by specific antibodies

Rabbit polyclonal antibodies targeting the highly conserved hydophilic motif
mentioned above were generated. The full length ing-3 cDNA was cloned into pQE30
(QIAGEN) to produce a 6xHis Tag recombinant protein in E. coli M15 under induction
by IPTG. The rabbit ING-3 antisera recognized this recombinant His-tagged ING-3
protein on western blots (not shown). However, there were many nonspecific bands when
the endogenous ING-3 was detected on western blots (data not shown). Also, the rabbit
antisera could not recognize endogenous ING-3 by immunostaining (data not shown).
Therefore we generated mouse polyclonal antibodies targeting the same motif. The
mouse antisera recognized endogenous ING-3 and presented a single 45 kD band on
western blots, which indicated that we did not need to purify these antisera for
immunostaining in vivo. Futhermore, the full length ing-3 cDNA was cloned into
pPD49.83 (Mello and Fire, 1995) and created a transgenic line carrying this plasmid to
overexpress the wild-type ING-3 protein under the control of a heatshock inducible
promoter hsp16-41. The hsp::ing-3 strain increased levels of the 45 kD band on western
blots after heat shock treatment, confirming its identity as ING-3 (data not shown). In
addition, ing-3(RNAI) worms have a reduced level of the 45 kD band compared to wild-
type animals on the western blot (Figure 12). Latter we will show that ing-3 mutants
completely lack this band. These results suggest that the mouse polyclonal ING-3
antibodies specifically recognize ING-3 proteins. To examine the expression pattern of

ING-3 at the cellular level, we stained the worms with these ING-3 antisera.
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ING-3 antibodies stain in the nucleus and overlaps with DAPI staining

Determination of the gene expression pattern will be helpful in determining the
phenotypes of the RNAI animals and may give us hints as to possible biological functions.
Immunofluorescence microscopy was used to stain the worms with the specific mouse

polyclonal antibodies to determine the expression pattern of endogenous ING-3 protein.

ING-3 antibodies stained all adult tissues including the gonad, gut, neurons and
many other cell types (Figure 13). ING-3 protein was detected in the germ cells of the
gravid adult and during embryogenesis as early as one cell stage, suggesting its existence
in the embryos before the onset of zygotic expression was due to a maternal contribution
(Figure 13, Figure 14). In the gonad, ING-3 staining was weak in the mitotic proliferating
germ cells but strong in the transition zone and the following pachytene stage, indicating
a potential function in the germ line (Figure 13). At the subcellular level, ING-3 protein
mainly localized in the nucleus, where it overlapped the DAPI pattern, which suggested
that ing-3 perhaps functions in chromatin regulation. hsp:: ing-3 and ing-3(RNAI)
worms did not exhibit enhanced or decreased ING-3 immunostaining (data not shown),
although changes were seen on Western blots. However, with peptide blocking or using
the ing-3 mutant strain (see Part 3), all of the described patterns disappeared, confirming

specificity of the ING-3 antibodies in immunostaining (Figure 15).

Since C. elegans ING-3 is expressed in the germ line and embryos, we investigated

the functions played by ING-3 in these tissues.
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Figure 9. Sequence and predicted domains of ING3 protein
ING-3 protein has a Leucine-Zipper-Like (LZL) domain in N-terminus, a NLS

sequence in the middle and a PHD domain in C-terminus.

MLFLDDFLEMLDELPAELKERSDEIRRIDNEVESRLNRNREAINDFFERTGVNMPE
LZL
EQRKERCKVLQEEFSTIRVLAQRKYLIAEKMQELLKKYKVHLEKEKTTFQCEME

ADNSGVTEMIEKRYTQHVESLLTARKERKRRHRVGGGGGGGGSSSRASTVASGP
NLS
LLSKESKDKIQRILQEGVRLRMDLSDESAQSALSSAIPSPAPRGRPPKIAKDQLLLS

SAAMVVASDDCLTPVPPTPTARRRSNTNALRGTVSIPSALSSMMNRGESTSRFSPN
PSERSWSNAGIDESSPTPTTSLLMTPTFSSGPHIVVSPTTPVLQNSAFVVSESRHGR
TRKLTSRVQEMFKETLQRQRNHGNSIHALQERMSAANLAAAAQHAHAPTSSSPQS

PLPEIEGAAEDDDEEGPSYRIKRSHPMMAPGSEDEEDEMHWCFCNEKSYGDMV

QCDNRHCTLRWFHYPCIGMVEPPTGKWYCPRCEVTMGI ALKLSEEGEV
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Figure 10. Phylogeny tree of ING3
The putative homologs of C. elegans ING-3 present in several organisms

including human, mouse, yeast, Drosophila and C. briggsae.

Phylogram

ING3 _Yeast: 0.36230
4‘ [ ING3_Celegans: 0.15324
L ING3_Cbriggsae: 0,14383
ING3_Drosophila: 0.29153

ING3_Xenopus: 0.07138
ING3_Mouse: 0.03349
ING3_Human: 0.01263
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Figure 11 . Alignment of the ING3 protein sequence.

We aligned ING3 from various species including human, mouse, yeast, Drosophila
and C. briggsae. Arrows indicate conserved motifs. We found that besides the N-terminal
leucine-zipper-like (LZL) domain and the C-terminal PHD domain, a hydrophilic motif
(109 EMEADNSGVTEMIEKR 124) with unknown function, is highly conserved among

ING3 proteins in different species.
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Figure 12. The specificity of mouse ING-3 antisera in western blots

The mouse polyclonal anti-ING-3 antisera recognized endogenous ING-3 protein
and presented a single 45 kD band on western blots. ing-3(RNAI) worms have a reduced

level of the ING-3 protein compared to the wild-type animals on the western blot.
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Figure 13. The localization of endogenous ING-3 protein

Mouse anti-ING-3 antibodies stained everywhere including the gonad, gut,
neurons and many other tissues and cells. In the gonad, ING-3 staining is weak in the
mitotic proliferating germ cells but strong in the transition zone and the following
pachytene stage. In gut, ING-3 antibodies stained the anteriormost region. At the
subcellular level, ING-3 protein mainly localized in the nucleus, where it overlapped the

DAPI pattern.
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Figure 14. ING-3 expression in embryos

ING-3 protein was detected in the embryos at all stages, mainly localized in the

nucleus and overlapping the DAPI pattern.
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Figure 15. The specificity of mouse ING-3 antisera in immunostaining

In gonad, ING-3 antisera stained the nuclei of the germ cells and overlapped with
the DAPI pattern. With peptide blocking or using the ing-3 mutant strain, the nuclear

staining disappeared.
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PART 3:ing-3 promotes IR-induced germ cell apoptosis

Depletion of ing-3 increases IR-induced embryonic death rate

Previous studies have showed that mammalian p33ING1b, ING2 and ING3 are all
involved in DNA damage-induced stress response (Helbing et al. 1997, Ha et al. 2002,
Shinoura et al. 1999, Scott et al. 2001, Nagashima et al. 2001, Vieyra et al. 2002, Gozani
et al. 2003, Nagashima et al. 2003, Feng et al. 2006, Wang and Li 2006). Therefore we

predicted that the ing-3 gene might also function in response to DNA damage in worms.

At the beginning of this study, knockout mutants were not available, so RNAi was
used to knock down expression of ing-3. RNAI has been demonstrated to be an efficient
way to study gene function in C. elegans (Timmons and Fire, 1998). Genes in worms can
be silenced by feeding, soaking or microinjection with double strand RNA (dsRNA). The
phenotypes of ing-3(RNAI) worms were scored but no obvious phenotypes such as
defects in movement, developmental timing, morphological changes or fertility were
detected. Even in the genetic background of the RNAI enhancer mutant rrf-3, which
should exhibit a better knockdown effect, no abnormalities were found. There was no
increased embryonic death. However, as will now be described in detail, after gamma
irradiation of hermaphrodites, the embryonic death rate of F1 progeny was elevated in the

ing-3 RNAi worms.

Young gravid adults of ing-3(RNAI), cep-1(0k138), and ing-3(RNAI); cep-1(ok138)
were irradiated with different doses of UV or IR irradiation. RNAI was done by feeding
and ok138 is a null allele of the C. elegans p53 homolog cep-1. hda-6(RNAI), unc-

86(RNAI) and the wildtype were used as controls. Following irradiation, the worms were
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immediately transferred to new RNAI feeding plates and the embryonic death rates of
eggs laid during 0-8 and 8-22 hr post IR (which corresponds to irradiation at pachytene
stage, Takanami et al. 2000) were scored (Table 3).

cep-1 worms showed a higher IR-induced embryonic death rate in F1 progeny,
consistent with the role of this gene in DNA damage-induced apoptosis (Derry et al. 2001,
Schumacher et al. 2001). That is, if damaged embryos do not die, they go on to form
inviable embryos. Interestingly, the enhanced IR-induced embryonic death rate of ing-
3(RNAI) worms is comparable to that of cep-1 worms (Figure 16), even though RNAI
only reduced the ING3 protein level by 50% (this western blot has been repeated three
times). The ing-3(RNAI); cep-1 strain did not show a stronger effect than ing-3(RNAI) or
cep-1 by themselves, suggesting that these two genes function in the same pathway rather
than in parallel pathways. At different doses of IR, ing-3(RNAI), cep-1 and ing-3(RNAI);
cep-1 strains all showed a higher embryonic death rate than the wild-type worms, but at
120 Gy, the difference is most prominent (nearly two-fold). The embryonic death rate of
unc-86(RNAI) and the wild-type control were similar to each other, indicating the
phenotype of ing-3(RNAI) is not a general artifact of RNAI.

It is intriguing that ing-3 and hda-6 histone dacetylase are in the same operon,
because mammalian and yeast ING proteins are involved in chromatin acetylation/
deacetylation. Although not generally the case, functionally related genes are sometimes
found in the same C. elegans operon (Huang et al. 1994, Clark et al. 1994, Treinin et al.
1998). However, hda-6(RNAi) worms did not share the radiation sensitivity with ing-
3(RNAI) (Table 3, Fig 16).

The embryonic death rates of the eggs laid during 0-8 hr post 120 Gy IR, which
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corresponds to irradiation at embryogenesis and late pacthytene, but did not show any
differences between ing-3(RNAi) and wild-type worms (data not shown). Different
dosages of UV irradiation were also used to treat the worms but no phenotype was found
in ing-3(RNAI) worms (data not shown).

The cause of the enhanced embryonic death rate in ing-3(RNAI) was then explored.
In multicellular animals, genotoxic stress induced DNA damage will lead to cell cycle
arrest, DNA repair and/or apoptosis. The mammalian ING proteins are involved in
regulating cell cycle arrest and apoptosis (reviewed by Feng et al. 2002). Since the C.
elegans germ cells were irradiated at the non-dividing meiotic stage, defects in cell cycle
arrest can be ruled out. This implies that the worms depleted of ing-3 failed to undergo
DNA repair or apoptosis in the germ line, and either of these cases could lead to
production of zygotes with lethal DNA lessions. If ing-3 is involved in apoptosis, the
apoptotic germ cells in the gonads of the irradiated RNAi worms should be less than the
control, and these damaged but non-apoptotic cells would produce inviable embryos.
Therefore in the next experiments we compared the germ cell corpses in the ing-3(RNAI)

worms and the wild-type control following IR.

Depletion of ing-3 inhibits IR-induced germ cell apoptosis

The germ lines of L4 hermaphrodite larvae are more sensitive to IR than are adults.
Since the F1 embryonic death rate of RNAIi and wild-type worms has the biggest
difference at 120 Gy, we treated L4 stage larvae with this dose of IR. Twenty-four hrs
later, the number of apoptotic germ cells per gonad arm was counted either in live

animals under the Nomarski microscope (scoring the distinct morphology of apoptotic
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cells) or by acridine orange staining of fixed animals (Figure 17). In ing-3(RNAi) worms,
the number of apoptotic germ cells was nearly half that of the wild-type worms (Table 4).
Without irradiation, ing-3(RNAI) worms and the control did not have any difference in
the number of apoptotic germ cells and the embryonic death rate was similarly low in
both cases, which suggested that ing-3 does not function in physiological (i.e., the normal
background) germ cell death. This result suggested that the increased embryonic lethality
in the RNAI animals is because the damaged germ cells resist undergoing apoptosis and
go on to form inviable zygotes.

The above results indicate that ing-3 is involved in DNA damage-induced germ cell
apoptosis. This may occur using the same pathway(s) as genes previously characterized
for this function in C. elegans, such as cep-1. When ing-3(RNAI) was employed on the
cep-1(null) mutant, the number of apoptotic cells was similar to cep-1(null) mutant or
ing-3(RNAI) alone (Table 4), confirming the prediction that ING-3 and CEP-1/p53 are
involved in the same pathway to promote apoptosis. However, the depletion of CEP-1 or
ING-3 did not completely block germ cell apoptosis, suggesting that there is a CEP-1 and

ING-3 independent pathway controlling IR-induced germ cell apoptosis.

Since loss-of-function in C. elegans ing-3 by RNAI caused a hyposensitive DNA
damage-induced apoptosis phenotype, we were interested in whether worms that
overexpress ing-3 are hypersensitive in DNA damage-induced apoptosis. Therefore, a
gain-of-function study using heatshock induced ING-3 overexpression was performed.
However, no change in the embryonic viability after IR (data not shown). Although
increased expression was seen compared to wild type on the western blot (which would

be the sum of germline and somatic expression), a stronger fluorescence signal in the
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germ line was not detected (data not shown). This is likely because most transgenes are

poorly expressed in the C. elegans germline (Kelly and Fire 1998).

ing-3 knockout mutants

Although RNAI is efficient and easy to perform, the knockdown is often transient,
incomplete and variable. To overcome this problem, we requested ing-3 mutations from
the National Bioresource Project for the Nematode (Japan) (Gengyo-Ando and Mitani,
2000). In addition, the NEMAGENETAG Consortium (France) is isolating a large
collection of random Drosophila Mos transposon insertions throughout the C. elegans
genome (Granger et al., 2004). Near the end of this study, we received a homozygous
deletion mutant strain ing-3(tm2530) and a heterogyzous insertion mutant strain ing-
3(ttTi5439) (Figure 18). The ing-3(ttTi5439) mutation was homozygosed and confirmed
by PCR. Both of these ing-3 mutant strains were found to be viable but possessed a weak
kinker uncoordinated (Unc) phenotype even after outcrossing three times, so it is
virtually certain that the Unc phenotype is due to the ing-3 mutations. The ing-3 knockout
mutant worms bend with a sharper angle when moving and are slow in backing up after

touching the head with a platinum wire (Figure 19).

In ing-3(tm2530), the gene has a partial deletion in the 4™ intron and the 5™ exon,
which might be translated into a 248 aa truncated protein with a predicted molecular mass
of 27.9 kDa. In ing-3(ttTi5439) worms, the gene is interrupted by a Mos-1 insertion in the
4™ extron and the first in-frame stop codon would result in a product of 17.2 kDa. Our
mouse polyclonal antibodies recognize a motif encoded by the 4™ exon, which is

upstream of both mutations (Figure 18). Therefore the antibodies should be able to
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recognize proteins encoded by the mutant genes. Western blots showed that the bands of
45 kD in both knockout strains are gone and none other appeared, demonstrating that
ING-3 in these two strains are both completely depleted (Figure 18), suggesting they
represent molecular nulls. The mutant proteins or transcripts are probably unstable and

subjected to degradation.

ing-3(null) mutant worms were treated with 120 Gy IR. The phenotypes were
slightly stronger than ing-3(RNAI) (Table 4). This confirmed our prediction that ing-3 was
involved in promoting germ cell apoptosis and validated our previous results based on
RNAI. When ing-3(RNAi) was introduced into the ing-3(tm2530) mutant strain, the
embryonic death rate and the number of apoptotic germ cells were the same as those of
ing-3(tm2530) mutant (Table 4), suggesting that this C. elegans ing-3 knockout strains

was fully penetrant and the complete loss-of-function phenotypes have been obtained.
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Figure 16. IR-induced embryonic death rates

IR-induced embryonic death rates of ing-3(RNAi) worms were higher than the
wild-type, unc-86(RNAI) and hda-6(RNAI), and comparable to that of cep-1 worms. cep-

1(null); ing-3(RNAI) strain did not show an enhanced phenotype than cep-1or ing-3(RNAI)

strains.
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Table 3. Embryonic death rates of different strains after 120Gy of IR

n = total F1 counted (including dead eggs and hatched worms)

Genotype Embryonic Death Rate (%, + S.D.)
WT 9.4 (£ 0.6) (n=3078)
ing-3(RNAI) 16.8 (£ 1.3) (n=4266)

ing-3(tm2530)

227 (x25)  (n=3431)

ing-3(ttTi5439)

189 (x21)  (n=3340)

ing-3(tm2530;RNAI)

233 (x43)  (n=3125)

cep-1

182 (x1.9)  (n=3789)

ing-3(RNAI); cep-1

200(£1.7)  (n=3672)

hda-6(RNAI)

9.6(x0.7) (n=2372)

mcd-1(tm2169)

102 (x0.9)  (n=2275)

unc-86(RNAI)

7.9 (x0.8) (n=2283)
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Figure 17. IR-induced germ cell apoptosis

L4 stage larvae were treated with 120 Gy of IR. Twenty-four hrs later, the number
of apoptotic germ cells per gonad arm was counted. The apoptotic corpses possess flat
round button-like morphology that can be recognized with Nomarski optics. In ing-
3(RNAI) worms, there were fewer apoptotic germ cells (arrowhead) than in the wild-type

worms.




Table 4. Number of germ cell corpses/gonad after 120Gy of IR

n = total number of worms counted

Average germ cell corpses/per gonad arm

Genotyope (+S.D.)

WT 135 (£ 2.0) (n=40)
ing-3(RNAI) 6.3(x15) (n=40)
cep-1(null) 5.4 (+08) (n=30)

ing3(RNAI); cep-1(null)

59 (x1.2) (n=40)

ing-3(tm2530)

48 (x1.2)  (n=40)

ing-3(tm2530; RNAI)

49 (x1.4)  (n=30)

ing-3(ttTi5439)

6.7 (£1.8)  (n=45)

60
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Figure 18. ING-3 mutants

In ing-3(tm2530), the ing-3 gene has a partial deletion in the 4™ intron and the 5
exon, which might be translated into a 248 aa truncated protein with a predicted
molecular mass of 27.9 kDa. In ing-3(ttTi5439) worms, the gene was interrupted by a
Mos-1 insertion in the 4™ extron and the first in-frame stop codon would result in a
product of 17.2 kDa. Mouse polyclonal antibodies recognize a motif encoded by the 4™
exon, which is upstream of both mutantions. Therefore the antibodies should be able to
recognize these proteins encoded by the mutant genes if they are stable. Western blot
results showed that the bands of 45kD in both knockout strains are missing and truncated
proteins are not present, demonstrating that ING-3 proteins in these two strains are both

completely depleted.
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Figure 19. The Unc phenotype of ing-3 mutant strains

Both of these ing-3 mutant strains were viable but possessed a weak Kkinker

uncoordinated phenotype. They bend with a sharper angle when moving and are slow in

backing up after touching the head with a platinum wire.
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C. elegans ing-3 and IR-induced apoptosis

In mammalian cells, both UV irradiation and ectopic overexpression of human
ING3 proteins promote apoptosis, suggesting a role of human ING3 in mediating stress-
induced apoptosis (Nagashima et al. 2003, Wang and Li, 2006). Consistent with this
prediction, in C. elegans, IR-induced germ cell apoptosis is inhibited in both ing-3(RNAI)
knockdown and ing-3(null) knockout worms. As a result, the embryonic death rate of the
progeny of IR treated ing-3 worms is higher than the wild-type control. Although the
western blot showed that RNAI only reduced approximately half of the ING3 protein
while in the knockout it was completely depleted, the embryonic death rate of the two
mutant strains is only slightly higher than the RNAI worms. This result suggests that C.
elegans is sensitive to relatively small changes in ING-3 expression.

Unlike gamma irradiation, depletion of ING-3 expression by RNAIi did not
elevate the embryonic death rate of F1 progeny following UV irradiation, indicating ING-
3 does not function in UV-induced germ cell apoptosis. Likewise, preliminary results
with heatshock treatment or oxidative stress by paraquat (methyl viologen dichloride
hydrate, Sigma-Aldrich) (data not shown, one experiment each) showed that the ing-
3(RNAIi) worms did not show any difference in embryonic death rate. This result
suggested that, in contrast to the mammalian homologs, the increased germ cell death
mediated by C. elegans ING-3 is only induced by ionizing irradiation, but not affected by
other stress.

When we plot the natural logarithm of the embryonic death rate of N2 and ing-3
RNAI worms at various dosage of vy-irradiation, we found that there is a linear

relationship (Figure 20). With the software Excel (Microsoft, USA), we got two linear
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regression models for the IR-treated wide-type and ing-3(RNAI) strains:

x= Dosage of IR (Gy), y=In (Embryonic Death Rate)
WT: y= 60*(1.1422x-4.6249), R*=0.9969
ing-3(RNAI): y= 60%(0.9171x-3.6744), R*=0.997
If Embryonic Death Rate = 50%,

Then y=-0.69315

And xuwm)= 206.5 (GY), X(inga®nai)= 195 (GY)

Therefore the median lethal dose (LDsp) of the wide-type worms is 206.5 Gy
while the LDs, of ing-3(RNAI) worms is a lower dosage of 195 Gy, which indicated that
ing-3(RNAI) worms are hypersensitive to ionized irradiation. This result is consistent with
a previous finding that ING1 knockout mice exhibited hypersensitivity to gamma

irradiation (Kichina et al. 2006).

The roles of ing-3 and cep-1 in promoting stress-induced apoptosis

Although dispensable for physiological germ cell death and developmental
programmed cell death, cep-1, the C. elegans p53 homologue, has been shown to be
required for DNA damage-induced apoptosis (Derry et al. 2001). In mammalian cells,
ING proteins have been found to promote p53-dependent apoptosis. However, p53-
independent apoptosis promoted by ING proteins has also been reported. Therefore the
mechanism of ING apoptosis promotion needs to be clarified. Our data showed that the

IR-induced apoptosis phenotype of ing-3(RNAi) worms is comparable to that of cep-
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1(null) worms, so we suspect that these two genes function in the same apoptotic
pathway in response to IR stress. Furthermore, since ing-3(RNAI); cep-1(null) resembles
the phenotypes of cep-1(null) and ing-3(RNAIi), we concluded that ing-3 and cep-1
function in the same pathway.

To support this conclusion, ING-3 was overexpressed in wild type and cep-1(null)
mutant backgrounds, then phenotypes were compared after IR. It was expected that an
increase of ing-3 would increase apoptosis in both backgrounds. However, probably due
to the germline transgene silencing effect (Kelly and Fire 1998), although the western
blot showed that ING-3 overexpression is induced after the heat shock treatment (which
would detect both somatic and germline ING-3), the immunostaining showed that the
ING-3 protein levels in gonad and embryos was not noticably altered. Therefore, we

could not test the effects of ING-3 overexpression.

Both CEP-1 and ING-3 protein are localized in the nucleus. However, their
expression patterns in the adult hermaphrodite germlines only partially overlap. CEP-1 is
expressed abundantly in mitotic germ cells in the distal arm, completely disappears from
the transition zone and reappears in meiotic pachytene cells and remains during
diakinesis stage (Schumacher et al. 2005). In our studies, we found that ING-3 is weakly
expressed in mitotic germ cells but is strongly expressed in the transition zone and at the
pachytene stage. The fact that they both localize in the pachytene nuclei, where apoptosis
usually occurs, is consistent with our prediction that ING-3 and CEP-1/p53 function in
the same pathway to promote IR-induced apoptosis. However, ING-3 is expressed in the
transition zone while CEP-1 is not, suggesting that ING-3 and CEP-1 could be involved

in distinct pathways/functions at different stages of germ line development.
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ing-3 and other genes

In addition to cep-1, hda-6 and mcd-1 might also be functionally related to ing-3
since they are in the same operon. Intriguingly, HDA-6 is a histone deacetylase (HDACs
have been shown to interact with ING proteins) while MCD-1 is a C2H2-type zinc finger
protein and recently has been found to regulate somatic cell apoptosis (Reddien et al.
2007). In a minority of cases, genes in the same C. elegans operon have been reported to
regulate the same pathway. Therefore the role of hda-6 and mcd-1 in IR-induced germ
cell apoptosis was investigated. hda-6(RNAi) and mcd-1(tm2169) was found to have no
effect on IR-induced germline apoptosis and embryonic death rate, suggesting that hda-6
and mcd-1 are not involved in the IR-induced apoptosis pathway. However, this result
does not exclude the possibility of their cooperation with ING-3 in other functions.
Immunostaining results showed that in the nucleus, the pattern of ING-3 antibody
staining and DAPI staining overlap. This could indicate that ING-3 can potentially
interact with acetylation machinery and be involved in chromatin modification by
acetylation or deacetylation in the nucleus as observed for other ING proteins in yeast
and mammals. Therefore ING-3, HDA-6 and MCD-1 might function together in

controlling chromatin modification.

ing-1, ing-3, ing-4 triple RNAI was also tested by injection of dSRNA. These
worms were viable and appeared normal without irradiation. When subjected to IR, they
did not show any enhancement in the phenotypes compared to ing-3 (RNAI). This result
suggested that ing-1 and ing-4 are not redundant in regulating this IR-induced apoptosis

pathway with ing-3.
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Besides ing-3 and cep-1, genes like abl-1, clk-2, hus-1, mrt-2, ced-3, ced-9 and
egl-1 are all involved in DNA damage-induced C. elegans germ cell apoptosis (Deng et al.
2004). Therefore in the future we are interested in finding the genetic position of ing-3 in
the apoptotic pathway. The phenotypes of the strains depleted of ing-3 and one of the
above genes (represented by gene A) will be scored. If the double-mutant strain resembles
the phenotype of ing-3(null) mutant strain, it will suggest that ing-3 and gene A might
function in the same pathway. If the double-mutant strain has a stronger phenotype than
ing-3 mutant strain, it will suggest that gene A might act either downstream of ing-3 or
function together with ing-3 on a parallel pathway in the germ line. If the double mutant
has a weaker phenotype than ing-3 mutant alone, it will suggest that gene A might act

either downstream of ing-3 or functionally antagonize ing-3 on a parallel pathway.

Tissue and cell-type specific functions of ing-3

ing-3 is in an operon and appears to be transcribed from both the operon promoter
and an internal promoter. ing-3 promoter::GFP fusion experiments revealed different
expression patterns of ing-3 from each of its two promoters. The onset of zygotic ing-3
gene expression is indicated by the reporter GFP expression, although the green
fluorescence might be later than the genuine onset of endogenous ing-3 gene expression.
There is clearly a maternal contribution of the ING-3 protein before the onset of zygotic
ing-3 expression since we can see expression in the gonad and early embryos using ING-

3 antibodies staining.

Although we could only document a function in the germline, it is interesting that
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ing-3 has two sets of promoters and they drive different expression patterns. The operon
promoter drives ING-3 expression in many tissues including neurons, spermatheca, and
vulva. The internal promoter drives ING-3 expression in both the anterior and the
posterior ends of gut. For this internal specific promoter, ING-3 might be transcribed
separately and independently with other genes in the same operon. In other tissues where
ING-3 is driven by the operon promoter, ING-3 might function with other genes in the
same operon, thus ING-3 function could vary in different tissues. Using this two-
promoter-two-expression pattern, worms can easily vary ING-3 function in a tissue or
time specific manner. In humans, ING3 has been found to have three splicing isoforms
(http://www.ncbi.nlm.nih.gov/). Therefore, in a manner different from C .elegans, ING3

can take advantage of alternative splicing to alter function in different organs.

ING-3 in the intestine

The intestine is one of the major organs of C. elegans, comprising about one third
of the total somatic mass (McGhee et al. 2007). The C. elegans intestine is responsible
for food digestion, absorption, energy metabolism, lipid storage, yolk synthesis, and
probably the regulation of aging, lifespan, and stress response. It is a tube composed of a
layer of only 20 epithelial cells. However, the cells differ in morphogy, behaviour,
nuclear divisions and gene expression patterns along the anterior-posterior axis. ING-3 is
expressed mainly in the nuclei of the anteriormost intestine, suggested a possible role
there. Since PHO-1 is an acid phosphatase expressed in all intestinal gut cells except the
most anterior six cells (Fukushige et al. 2005), we tested whether ing-3 inhibits pho-1

expression in the anterior gut. ing-3(RNAi) was used on pho-1::gfp worms but there was


http://www.wormbase.org/db/get?name=CRT-1;class=Protein
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no change of GFP signal, suggesting pho-1 is not downstream of ing-3 (data not shown).
The biological functions, the upstream regulators and the genes downstream of ING-3 in

the intestine will be an interesting direction for further research.

ING-3 and chromatin regulation

In both mammals and yeast, ING proteins interact with histone acetyltransferase
or deacetylase complexes. However, prior to our work there was no previous evidence
that endogenous ING proteins associate with chromatin in vivo. In the nucleus, the
antibody staining of ING-3 precisely overlapped the DAPI pattern, suggesting that ING-3
might interact with the chromatin and perhaps function in chromatin regulation. The
staining of ING-3 is not evenly distributed on chromatin, suggesting that ING-3
accumulates in specific regions. ING-3 might regulate chromatin structure by
deacetylating or acetylating core histone proteins and influencing gene silencing or
transcription. It will be intriguing to understand how ING-3 exerts epigenetic regulation
in C. elegans and investigate whether HDA-6 and ING-3 are functionally related in future

experiments.

ing-3 and neural development/homeostasis
Both ing-3(tm2530) and ing-3(ttTi5439) mutant strains possess a weak kinker Unc
phenotype, showing defects in motility. In worms, body motility is controlled by both
muscles and neurons. The kinker phenotype usually indicates a defect in neurons,
implicating a role for ING3 in the regulation of neural development and/or function.
Although ING genes and proteins have evolved considerably in sequence during

evolution, some functions such as pro-apoptotic regulation and chromatin modification
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are well conserved. We were not surprised to find that the immunostaining of C. elegans
ING-3 is overlapped with the DAPI staining of chromatin and ing-3 is involved in
promoting germ cell apoptosis in response to ionized irradiation. Here we propose that
ING3 is evolutionally conserved in its neural function. We predicted that in humans,
ING3 also possess a similar function and knockout of this gene might have
consequencess. It will be interesting to exploit the function of ING3 in mammalian
systems for more information and wider scope to understand the biological functions of

ING family proteins.

The importance of the ing-3 gene

ing-3 RNAI and null mutations are viable, indicating that ING-3 is not essential
for survival. However, this does not negate this protein’s importance. Depletion of ING-
3 did not affect physiological germline apoptosis but specifically reduced IR-induced
apoptosis, suggesting that it responds to DNA double strand breaks caused by IR. This
indicates the evolutionary conservation of the functions of ING3, since human ING3 has
a role in mediating UV-induced apoptosis (Wang and Li, 2006). Ecotopic overexpression
of human ING3 protein promoted apoptosis in a colon cancer cell line (Nagashima et al.
2003). We will test whether human ING3 can synergize with IR to promote apoptosis in
cancer cells and further investigate the possibility of using ING3 to treat tumours in the
clinical field. The location and expression level of human and C. elegans ING3 after IR

treatment will also be studied to better understand the underlying mechanism.
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Conclusion and perspectives:

The discovery that the role of ING3 in DNA damage-induced apoptosis is
evolutionally conserved in C. elegans and human opens the way for the use of C. elegans
genetics to uncover regulatory mechanisms and novel downstream targets of ING-3-
mediated apoptosis. The fact that ING3 promoted DNA damage-induced apoptosis in the
same pathway as CEP-1/p53 confirmed the close functional relationship between ING3
and p53 in mammalian systems. Since ING3 only affected DNA-damage-induced
apoptosis but not physiological apoptosis, it also revealed a potential for therapeutic use

of ING3.
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Figure 20. Linear relationship between the natural logarithm of the embronic death
rate and the dosage of y-irradiation

The natural logarithm of the embryonic death rate at 60, 120, 180 and 240 Gy of
y-irradiation were counted. There is a linear relationship between the natural logarithm of
the embronic death rate and the dosage of y-irradiation in wild-type and ing-3(RNAI)
worms.
The linear regression models are as following:

x= Gy, y=In (Embryonic Death Rate)

WT: y = 60*(1.1422x - 4.6249), R*=0.9969

ing-3 RNAI: y = 60%(0.9171x - 3.6744), R>=0.997
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APPENDIX

B-gal staining solution

20 pul 2.5% X-Gal

100 pl Redox buffer (5 mM K. Ferrocyanide, 5 mM K. Ferricyanide)
400 ul 1 M sodium phosphate buffer (pH 7.5)
2 ul 1 M MgCl,

4 ul 1% SDS

470 pl water

Blocking solution for western blot

PBST

10% non-fat milk powder

Commassie staining solution

1.0% (W/V) Coomasie brilliant blue R-250 (Biorad)
10% (V/V) methanol

15% (V/V) glacial acetic acid

complete the volume with distilled water

6X DNA loading buffer

0.25% (W/V) bromophenol blue

0.25% (WI/V) xylene cyanol FF

30% glycerol

Destained solution

10% (V/V) methanol

15% (V/V) glacial acetic acid
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0.5% (V/V) glycerol

complete the volume with distilled water
3% formaldehyde/0.1M KPO,4 (PH 7.2)
3.73 mL 1M K;HPO,

1.47 mL 1M KH;PO4

10 mL 16% formaldehype

36.8 mL ddH,0

2X Laemmli sample buffer

100 mM Tris PH 6.8

200 mM dithiothreitol (DTT)

4% SDS

0.2% bromophenol blue

20% glycerol

LB broth

10 g of tryptone

5 g of yeast extract

10 g of NaCl

complete the volume with distilled water
M9

6 g of Na2HPO4

3 g of KH2PO4

5 g of NaCl

0.25 g of MgS04-7H20



complete the volume to a total of 1L with distilled water
PBS

8 g NaCl

0.2 g KCI

1.44 g Na2HPOA4

0.24 g KH2PO4

H20 to 1 L, then adjust PH to 7.4

PBST

PBS buffer

0.5% (V/V Tween 20)

Resolving gel for SDS-PAGE

10 to 15% acrylamide:bisacrylamide (29:1 ratio)
380 mM Tris PH 8.8

0.1% SDS

0.5% mg/mL ammonium persulfate (APS)

0.05% (V/V) N,N,N’,N’-tetramethylethyldiamine (TEMED)

Running buffer for SDS-PAGE
25mM Tris PH 8.5

0.2M glycine

5% (V/V) glycerol

0.1% SDS

Stacking gel for SDS-PAGE

5% acrylamide (W/W)
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0.09% bisacrylamide (W/W)
0.1% SDS

145 mM Tris PH 6.8

1 mg/mL APS

0.05% (V/V) TEMED

S0X TAE

2429 of Tris base

57mL glacial acetic acid
100mL of 0.5M EDTA PH 8.0
complete the volume to a total of 1L with distilled water
Transfer buffer

800mL of distilled water

3g of Tris-Base

14.4 g of glycine

200mL of methanol

Worm lysis buffer

50 mM KCI

10 mM Tris pH 8.3

2.5 mM MgCI2

0.45% NP-40 (IGEPAL)
0.45% Tween-20

0.01% Gelatin
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	Work described in this research thesis was designed to test the following three hypotheses: first, since previous studies showed the evolutionary conservation of ING proteins in species from yeast to human beings, we proposed that in C. elegans, ING genes will regulate DNA damage-induced apoptosis as do other ING family members (He et al. 2005). Second, because mammalian ING genes localize in the nucleus and regulate chromatin configuration by histone acetylation or deacetylation, we proposed that the C. elegans ING genes may have analogous roles. Third, we proposed that the functional relationship between ING genes and p53 in promoting apoptosis is conserved in C. elegans. We predict that with the studies on C. elegans ING genes, we can be closer to understanding the mechanism of the regulation of apoptosis pathway that ING genes and p53 are involved in, which will provide valuable information for future medical research.  
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