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Abstract
The availability of the human genome sequence has shown that there are many genes

of completely unknown function; one of these is C20ORF149, or CLWD. We

initially studied this gene because of its proximity to the deletion in wasted mice, but
have found that whilst it is not involved in the phenotype of these animals it is

interesting in its own right.

The aim of my PhD is to investigate the function(s) of CLWD by characterising its
location in cells and in tissues, as well as the phenotype of cells where CLWD is
knocked down using siRNA. Results from indirect immunofluoresence suggest that
CLWD may be a new component in the mitotic spindle. CLWD localises to

centrosomes in prometaphase and moves to mitotic spindles in metaphase. Results
from immunohistochemistry show that CLWD is expressed in a wide range of tissues
with strong expression in the epithelial areas of tissues. In addition, CLWD is
located on human chromosome 20ql3.3 and this region is known to be amplified in
several cancers. Real-Time PCR analysis shows that CLWD is however not

overexpressed in the breast and ovarian tumours analysed. Like 10% of the genes

present in human genome, CLWD has an upstream open reading frame (uORF)

present in its 5'UTR. Using the luciferase reporter system, I showed that the uORF
in CLWD has an inhibitory effect on CLWD translation. I also described some

preliminary studies to assess the circadian rhythm regulated nature of Clwd in mouse

liver and SCN.

Results from RNAi studies suggest that CLWD has a vital role in cell survival. Cells
where CLWD is knocked down using siRNA show a decrease in cell proliferation
rate and an increase in mitotic index, suggesting CLWD is important for cell growth.

CLIFD-depleted cells also show a striking phenotype in nuclei where the nuclei are

irregular/lobular in shape (nuclear blebbing). Micronuclei, lagging chromosomes,
and multinuclear nuclei are also seen in siClwd transfected cells, suggesting CLWD

may play an important role in both mitosis and cytokinesis.
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Together, I have provided evidence suggesting CLWD may have a crucial role in cell

growth and mitosis. Further studies of CLWD, including the identification of its

interacting proteins will provide more insights into its function.
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CHAPTER 1

Literature Review



Chapter One Literature Review

General Introduction

The aim of my PhD was to characterise the function(s) of CLWD. In order to

introduce this work, I will first provide background knowledge about CLWD. There
are unpublished observations that CLWD may be overexpressed in breast cancers and
Clwd may be a circadian-regulated gene. In this thesis, the function of CLWD was

explored using RNA interference (RNAi). Results from RNAi experiments suggest

that CLWD might be involved in cytokinesis. To provide sufficient background for
the ensuing work, this Chapter reviews the current literature on breast cancer and
ovarian cancers, circadian rhythms, cytokinesis, and RNAi. These are areas that are

principally relevant to the following experimental work.
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1.1 Clwd as a novel gene

1.1 Structure and sequence

The original drive to study Clwd was initiated as it was thought to be a candidate

gene that might be responsible for some of the phenotypes associated with the wasted

mice, in particular the immune system abnormalities. Homologous wasted mice

(wst/wst) appear to be normal until the age of weaning (-21 days) when they show
tremors and uncoordinated body movements. Wasted mice develop progressive

paralysis and do not normally survive beyond the age of 30 days. They show severe

atrophy in the spleen, thymus, and lymph nodes (Shultz, Sweet et al. 1982;
Kaiserlian, Delacroix et al. 1985).

The wasted mice were found to have a 15.8 kb deletion covering the region of the

promoter and the first exon of Eefla2, resulting in abolished Eefla2 transcription

(Chambers, Peters et al. 1998). Given the size of the deletion in wasted mice, it was

possible that expression of the neighbour genes might be also affected by this
deletion. Clwd (2700038C09Rik) is the closest gene to Eefla2 (Figure 1-1). Clwd

expression was found to be unchanged in the wasted mice (O'Donoghue, J. 2004,
PhD Thesis). From the mouse genome study, it appears that virtually nothing is
known about approximately one third of the genes in the mouse genome (Nadeau,

Balling et al. 2001). Finding out the functions of a novel gene like Clwd would not

only answer questions about Clwd itself, but also shed light on some of the
fundamental mechanisms of cellular function.

3
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There is no published literature about Clwd at the time this thesis was compiled. The
initial characterisation of Clwd was carried out by a former PhD student in our group

(O'Donoghue, J. 2004. PhD Thesis) and is summarised here to provide fundamental

background information on Clwd.

Clwd is the gene closest to Eefla2 (Figure 1-1). It is found in vertebrates examined
so far, but is not found in fruit flies or yeast. We named it Clwd (Closed to Wasted

Deletion) in our group but it is annotated with official names in databases such as

NCBI (National Center for Biotechnology Information). The names/IDs of Clwd in
different species and different databases are summarised in Table 1-1.

Table 1-1 Names and IDs of Clwd in different species

Species Name

Homo sapiens C20ORF149

Pan troglodytes ENSPTRG00000013739

Mus musculus 2700038C09Rik

Rattus norvegicus ENSRNOGOOOOOO12722

Fugu rubripes SINFRUG00000123336

Danio rerio ENSDARG00000007682

Given that the average size of a human gene (genomic extent) is 14 kb (Lander,
Linton et al. 2001), CLWD is a small gene (1.4 kb). The human and mouse Clwd

comprise four and five exons, respectively. Comparing the sequences in the EST

database, Clwd appears to be alternatively spliced; four differently spliced forms are

found in human and five are found in mouse. The alternative splicing takes the form
of skipped exons, the use of alternative 5' and 3' donor sites in the first and second

exons, and the retention of the first and second introns. The different spliced forms
ofmouse and human CLWD are illustrated in Figure 1-2.

5



(A) Mouse Clwd

I: AK012037

II: AK014211

III: AK003282

IV: AK002602

V: AK012545

(B) Human Clwd

exonl exon2 exon3 exon4

uORF

Figure 1-2 Alternatively spliced forms of mouse and human CLWD. (A) Five alternative spliced
forms ofmouse Clwd are found; (B) Four splice forms of human CLWD are found (Ensembl).

The expression of different splice forms does not seem to be tissue specific. RT-
PCR results showed that all five spliced forms are found in the mouse tissues
examined (brain, thymus, heart, lung, liver, spleen, and kidney). The significance of

having all five splice forms produced is not clear.

In addition to the alternative splice forms, Clwd has another interesting feature in its

sequence; presence of a short conserved upstream open reading frame (uORF). The

sequence of the amino acids coded by the uORF in Clwd is highly conserved

EXON1 EXON2 EXON3 EXON 4 EXON 5
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between species (Figure 1-3). Less than 10% of eukaryotic mRNAs contain uORFs

(Kozak 1987). Two-thirds of oncogenes have uORFs and genes that have uORFs are

normally found to be involved in the control of cellular growth and differentiation

(Morris and Geballe 2000). This suggests that Clwd is likely to have a crucial
cellular role. Some of the general principles by which uORFs regulate translation are

beginning to be understood (Morris and Geballe 2000). uORFs are known to be able
to affect the expression of the main ORF by inhibiting their translation (Meijer and
Thomas 2002).

Humari/ 1-5 KG-SVA
House/1~5 HGSAA

Rat/1-5 KGTUA

Xenopus/ 1-5 MGPVA

Zebrafish/ 1- 5 MGTVA
Fug-u/ 1-5 ISLQI

Figure 1-3 The protein sequence of the uORF in Clwd is highly conserved between species. The
sequence is conserved from mammals to zebrafish while the conservation is lost in fugu.

The amino acid sequence of CLWD is conserved between species. CLWD protein

sequences share a high similarity at the N-terminal between species but show more

variation at the C-terminal. The amino acid sequence of CLWD from different

species is shown in Figure 1-4.

HuWl-117
House/Ml?
Rao/1-11?
Xtnopus/1-117
2elia£isVl"U7
W1-117

Figure 1-4 CLWD amino acid sequence is highly conserved between species.

The full length mouse Clwd (isoform I) encodes a protein that is 115 amino acids and
human CLWD encodes a protein that is 114 amino acids long. Various programs

(BLAST, PSI-BLAST etc) were used to predict Clwd's function by comparing its
amino acid sequence to the known proteins. Clwd does not share any structure

homology to any known proteins except that it is predicted to have a GTP/ATP

binding site (P-loop). The significance of this P-loop is not clear since a P-loop is

only one of the four domains required to hydrolyse GTP in any GTP-binding
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proteins. In addition, motif searches showed that CLWD has multiple predicted

phosphorylation and N-myristorylation sites and hence suggested it is likely to be

subjected to post-translational modification.

Clwd is expressed ubiquitously at the mRNA level in the mouse tissues examined

including brain, thymus, heart, lung, liver, spleen and kidney. On Western blots, a

29kDa band was detected using the anti-CLWD antibody. However, this result could
not be repeated. The precise molecular weight of CLWD remains unknown.

L

1.2. Breast and Ovarian cancers

1.2.1 Breast cancer

Breast cancer is thought to occur as the result of progressive accumulation of genetic
aberrations (Beckmann, Niederacher et al. 1997). In up to 90% of cases, breast
cancer is due to somatic genetic aberrations. Because of the involvement ofmultiple

genes and complex pathways in a single cancer cell, the molecular dysfunctions

underlying breast cancer remains to be completely clarified.

Despite recent improvements in the breast cancer mortality rate, breast cancer

remains the second leading cause of cancer related deaths in women of the Western
world (Porter, Krop et al. 2001). With the advances in detection, ductal carcinoma in
situ has become the most rapidly increasing subset of breast cancers. Breast

tumourigenesis is a sequential progression starting with ductal hyperproliferation,

progressing into in situ, then invasive carcinoma, and culminating in metastatic
disease (Beckmann, Niederacher et al. 1997). In breast cancer, ductal carcinoma in

situ (DCIS) is the precursor of invasive ductal carcinoma. DCIS can be defined as

proliferations of glandular epithelium combined with cellular features of malignancy
but without infiltration (Beckmann, Niederacher et al. 1997). The pathophysiology of
DCIS is however poorly defined. It is believed that DCIS is a proliferation of

presumably malignant epithelial cells within the ductolobular system of the breast.

Normally DCIS is not associated with invasion (Silberstein, Dressier et al. 2002).
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DCIS is not a single disease but a heterogeneous group of lesions, which therefore
makes it difficult to understand its pathophysiology.

So what doest it take for a DCIS to metastasise? Understanding why some DCIS

progress to invasion and metastasis, and why others do not, is of major importance in
further elucidating the neoplastic process. This process of malignant evolution is
believed to be promoted by estrogen. Breast development and cell proliferation

during the menstrual cycle are regulated by estrogen and progesterone, acting via
their receptors (estrogen receptor, ER; progesterone receptor, PgR). 75% of all
breast cancers express ER. ER-positive tumours usually respond to antiestrogen

therapies, but 30% of them do not. However, it is not known what determines
whether a breast cancer express ER, nor their responsiveness to antiestrogen

therapies.

Somatic cell genetics of breast cancer

The development of human cancer is based on the accumulation of various genetic
alterations. These abnormalities can be classified into two types: gain of function
events that activate proto-oncogenes by DNA mutations, rearrangements or

amplifications, and loss of function defects reflecting putative tumour suppressor

genes inactivated by DNA mutation and deletion or allelic loss. In breast cancer,

oncogene amplification is a common mechanism, but only a few oncogenes seem to

be essential in the development of breast cancer. These include c-myc, INT2, BCL2,

EMS], FGF3/4, CCND1, and HER-2Ineu (Beckmann, Niederacher et al. 1997). The

most frequent amplified regions in breast cancers include lq and 8q which are

amplified in approximately 40% of cases. Other frequently amplified regions in
breast cancer are 11 q 13, 16p 11, 17q 11.2, 17q24, and 20ql3 regions (Lerebours and
Lidereau 2002).

Loss of genetic material can occur in the form of chromosomal deletions which are

frequently observed in breast cancers. Frequent chromosomal deletions of the same

loci in various cancers suggest the existence of tumour suppressor genes at these loci.
Loss of function generally requires inactivation of each parental copy. This occurs
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often by mutation of one allele and loss of heterogeneity of the other allele. The
most frequently lost chromosomal arms are lp, 3p, 6q, 6p, 9p, lip, 13q, 16q, 17p,
which are observed in more than 20-25% of breast cancers (Lerebours and Lidereau

2002). The main tumour suppressor genes implicated in breast cancers include
TP53, RBI, BRCA1, BRCA2, ATM, CDH1, Cdkis, and PTEN.

Only 5-10% of breast cancer cases are thought to be caused by in inherited

susceptibility via mutated tumour suppressor genes. Mutations in BRCA1 and
BRCA2 account for 40-70% of the familial breast cancers (Futreal, Liu et al. 1994;

Wooster, Bignell et al. 1995; Tavtigian, Simard et al. 1996). The identification of
BRCA1 and BRCA2 mutations in sporadic breast cancers is rare (Futreal, Liu et al.

1994; Lancaster, Wooster et al. 1996; Lancaster, Wooster et al. 1996; Teng, Bogden
et al. 1996; Teng, Bogden et al. 1996).

1.2.2 Ovarian cancer

With a 5-year survival rate of 20-30%, ovarian cancer is the deadliest gynaecological

malignancy and a leading cause of cancer death in women (Gajewski and Legare

1998). Unlike cervical cancers, practical screening methods are not available for
ovarian cancers. Most ovarian cancers are asymptomatic and usually are not

diagnosed until an advanced stage. The exact mechanism leading to ovarian cancer

is not clear. An inviting hypothesis is that ovulation is associated with the

development of genetic mutations in the ovarian epithelium. The observation that

pregnancy and oral contraceptive pills are protective against ovarian cancer is
consistent with the theory that ovulation is the main driving force underlying the
accumulation of genetic damage (Okamura, Katabuchi et al. 2006).

Ovarian cancer is a heterogeneous disease with multiple histologies, including

serous, mucinous, endometrioid, clear cells, undifferentiated, malignant mixed
Mullerian tumour, and transitional cell types. Each of these tumours is thought to
differ in its etiology and genetic aberrations.
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Somatic cell genetics of ovarian cancer

Comparative genomic hybridisation (CGH) and fluorescent in situ hybridisation

(FISH) studies on human ovarian tumour samples found common amplifications at

20q, 3q, and 8q (Wang 2002) and losses on chromosomes 16 and 17 (Iwabuchi,
Sakamoto et al. 1995). Approximately 50% of ovarian tumours and cell lines have

copy number increases at 20q (Sonoda, Palazzo et al. 1997; Tanner, Grenman et al.

2000). The exact ovarian amplicon in 20q is not well defined, but is known to

include part of 20ql2 and 20ql3. High level amplification of 20ql2-13 was found in
54% of sporadic cases and all forms of hereditary tumours. 20ql 2-13 amplifications
in ovarian tumours are associated with poorer survival and a more aggressive tumour

pathology (Tanner, Grenman et al. 2000). The high frequency of gene amplification
at this region indicates that overexpression of these genes may play a crucial role in
the pathogenesis of ovarian cancer (Tanner, Grenman et al. 2000). This region of

amplification is also found in a variety of other solid tumours, including breast

(Hodgson, Chin et al. 2003) and colorectal cancer (Schlegel, Stumm et al. 1995).
Our group is actively studying one of the genes that is located in the 20ql3.3

amplicon, EEF1A2. EEF1A2 is a translation factor. EEF1A2 is increased in copy

number in about one third of primary ovarian tumours (Anand, Murthy et al. 2002).

Overexpressing EEF1A2 in a human ovarian cell line transforms the cell line and
causes it to become more tumorigenic (Anand, Murthy et al. 2002).

The BRCA1 and BRCA2 genes are the most important known predisposition genes

for ovarian cancer. Approximately 10% of ovarian cancers arise in women who have
inherited mutations in BRCA1 or BRCA2. It has been suggested that the lifetime risk
of ovarian cancer is about 20-30% in BRCA1 mutation carriers (Whittemore, Gong et

al. 1997). It is not clear why only a fraction of BRCA1 mutation carriers develop
ovarian cancer. On the other hand, the vast majority of ovarian cancers are sporadic,

resulting from the accumulation of genetic damage. Several genes involved in
ovarian carcinogenesis have been identified, including the p53 tumour suppressor

gene and HER2/neu and PIC3KA oncogenes. About 30% of ovarian cancers have
loss of heterozygosity at the Rb gene. Activation of human telomerase reverse

transcriptase (hTERT) is also common in human ovarian cancers (Kyo, Takakura et
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al. 1998). In addition, KRAS mutations have been found in 30% of borderline

ovarian tumours and in a subset of invasive mucinous ovarian cancers (Ichikawa,
Nishida et al. 1994), while the HRASV'2 mutation is present in 6% of ovarian cancers

(Varras, Sourvinos et al. 1999).

Cancers of the breast and ovary, like other cancers, occur due to genetic damage.
Research aimed at determining the specific genes involved in the development of
breast and ovarian cancers will help us to understand how normal breast or ovarian

epithelial cells become tumourigenic. The ability to perform genetic testing will
allow identification of women at increased risk who can then be offered with

preventive procedures.

1.3 Circadian rhythm

1.3.1 Introduction: Circadian rhythm

Humans are able to maintain a sleep-wake rhythm very close to 24 hours in the
absence of external time cues. This is called the circadian rhythm which is a

fundamental property of all eukaryotes and some prokaryotes (Takahashi 1995). The

anatomy of the mammalian circadian clock contains three components: the input

pathways, the central pacemaker and the output pathways. The input pathways
transmit environmental clues to the central pacemaker. The central pacemaker

synchronises with the environment to generate endogenous rhythms. The output

pathways convert the instructions from central pacemaker into daily oscillations in
various physiological and behavioural processes (Fu and Lee 2003).

In mammals, the master switch controlling the internal clock is the suprachiasmatic
nucleus (SCN), located in the hypothalamus (Meijer and Rietveld 1989). The SCN
are small bilateral structures located aside the third ventricle and just above the optic
chiasm. Each SCN contains about 10,000 neurons that are synchronised to generate

coordinated circadian outputs. The internal clock's period is not exactly 24 hours

(Pittendrigh 1993) and it requires environmental cues, most importantly light, to reset

the clock and keep it in synchronisation with the external world. Light received via
retinal photoreceptors is transmitted to the SCN via two pathways: directly via the
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retino-hypothalamic tract, using glutamate and pituitary adenylate cyclase activating

polypeptide (PACAP) as principle neurotransmitter; and indirectly, via the

intergeniculate leaflet and the midbrain, using y amino butyric acid (GABA),

neuropeptide Y, and serotonin as transmitter (Reppert and Weaver 2001).

The circadian rhythm at the molecular level involves the oscillations of several genes

expressed in neurons of the SCN being activated or inhibited in a cyclical pattern
over the span of a day. The intracellular clock mechanism in the mouse involves

interacting positive and negative transcriptional feedback loops that drive recurrent

rhythms in the RNA and protein levels of key clock components. The identification
of the circadian genes happened only recently (1994). To date, eight core circadian

genes have been identified. They are Casein kinase le {CKle); Cryptochromel

(Cryl) and Cryptochrome 2 (Cry2); Period 1 {Perl), Period 2 {Per2), and Period 3

{Per5); Clock; and Bmall.

The model of circadian oscillators in mammals is illustrated in Figure 1-5. Bmall
and Clock are basic helix-loop-helix PAS transcription factors. In the positive
feedback loop, the transcription of Per2 is activated by the binding of
BMAL1/CLOCK heterodimers to the E-box of Per2. The Per2 mRNA is translated

to PER2 protein in the cytoplasm. PER2 protein is unstable. In the negative
feedback loop, the cytoplasmic CRY1 regulates PER2 stability and nuclear
translocation while nuclear CRY1 suppresses Per2 transcription by inhibiting the

activity of BMAL1/CLOCK heterodimers directly (Reppert and Weaver 2002). The
CRY proteins also shut off their own synthesis. The kinase CKle may affect nuclear
translocation and half-life of mPER proteins. The next cycle starts when the
concentration of the repressors decreases.
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Figure 1-5 Models of oscillators in mammals. CLOCK and BMAL1 forms heterodimers and
activate transcription of genes such as mPERs and Cry. PER proteins is unstable and binding of PER
to CLOCK/BMAL1 heterodimers block activation. The CRYs repress the transcription of target
genes switched on by CLOCK/BMAL1. A negative feedback loop is created: PER and CRY proteins
(negative regulators) block transcription of their own genes. Over time, the inhibition is relieved
when PER and CRY degrade and transcription activation begins again, (adapted from Current
Opinion in Cell Biology, 2001, 13, 357-362) (Ripperger and Schibler 2001)

Circadian rhythm is also found in tissues/organs outside SCN (e.g. liver, kidney), i.e.
the peripheral clocks. The peripheral clocks are regulated by the SCN through both
the autonomic nervous system (ANS) (Bartness, Song et al. 2001) and
neuroendocrine systems (Balsalobre, Brown et al. 2000). Surprisingly, it was found
that a circadian rhythm can be elicited in tissue culture cells by methods like serum

shock (Balsalobre, Damiola et al. 1998). The cycling expression of clock genes in
the entrained cultured cells provides a useful tool when the experimental procedures
are difficult or time consuming to perform on animals.

1.3.2 Circadian rhythm and cell cycle
Several lines of evidences suggest that circadian rhythm and cell cycle are closely
related. Cell division in many mammalian tissues is associated with specific times of

day, and day-night variations in both the mitotic index and DNA synthesis are

observed in many tissues (e.g. oral mucosa, intestinal epithelium, skin, and bone
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marrow) (Garcia, Barbeito et al. 2001; Matsuo, Yamaguchi et al. 2003). Cell

proliferation and apoptosis in rapidly renewing tissues are circadianly synchronised

(Ruifrok, Weil et al. 1998; Bjarnason and Jordan 2000). But just how the circadian
clock controls cell cycle has not been clearly understood.

At the systemic level, the SCN clock regulates cell proliferation and apoptosis in

peripheral tissues through the ANS and neuroendocrine system, such as the

hypothalamic-pituitary-adrenal (HPA) and hypothalamic-pituitary-gonadal (HPG)
axes. The ANS innervates all peripheral tissues except skeletal muscle. It controls
cell proliferation and death in innervated tissues via G-protein-coupled

transmembrane-receptor-mediated pathways. Hormones produced by the HPA and
HPG axes, e.g. oestrogen and glucocorticoids, are known to control cell proliferation
and apoptosis (Ling, Dai et al. 2004; Pelaia, Gallelli et al. 2006).

At the cellular and molecular level, the SCN clock controls cell proliferation and

apoptosis by regulating the expression of circadian-controlled genes. The clock-
controlled genes include c-Myc, p53, Mdm2, Trp53, Weel (Matsuo, Yamaguchi et al.

2003; Hirayama, Cardone et al. 2005), as well as genes that encode caspases, cyclins,

transcription factors, and ubiquitin-associated factors that are involved in regulating
the cell cycle and apoptosis (Panda, Antoch et al. 2002). Many of these genes have
E-box recognition elements in their promoter regions, which provide the binding
sites for the CLOCK/BMAL1 complexes (Cardone and Sassone-Corsi 2003).

1.3.3 Circadian rhythm and tumourigenesis

In the previous section (1.3.2), I discussed the establishment of the link between
circadian rhythm and cell cycle. Irregular cell cycles can lead to tumour formation.
In this section, I want to discuss the link between circadian rhythm and cancer.

Several studies have revealed a role for the circadian clock in human breast cancer

development (Hansen 2001; Schernhammer, Laden et al. 2001). Disruption of

circadian cycle, such as in flight stewards or in people who work night shifts, is a
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risk factor for breast cancer development. Work done in mouse models showed that

disruption of circadian rhythm accelerated tumour growth and reduced survival time

(Filipski, King et al. 2002; Filipski, Li et al. 2006). In addition, tumours grow faster
in mice bearing SCN lesions .

Mice deficient in the Period 2 gene (rnPer2m/m) lack circadian clock function (Zheng,
Albrecht et al. 2001) and are shown to be cancer prone (Fu, Pelicano et al. 2002).
The mPer2m/m mice show an increased development of salivary gland hyperplasia
and teratomas. They are also more sensitive to y radiation, suggested by premature

hair greying, hair loss, and an increased rate of tumour formation. Temporal

expression of genes involved in cell cycle regulation and tumour suppression, such as

Cyclin Dl, Cyclin A, Mdm-2, and c-myc are shown to be deregulated in the mPer2mlm
mice (Fu, Pelicano et al. 2002).

The relationship between mPer2 and cancer lacks direct demonstration. Hua et al.

(2006) showed that mPer2 overexpression induced cancer cell apoptosis (Hua, Wang
et al. 2006). Overexpression ofmPer2 in the mouse Lewis lung carcinoma cell line

(LLC) and mammary carcinoma cell line (EMT6) resulted in reduced cellular

proliferation and rapid apoptosis, but not in NIH3T3 cells. Their results suggested
that mPer2 may play an important role in tumour suppression by inducing apoptoic
cell death. While genetic evidence showed that mPer2 is a tumour suppressor in

mice, does the role of clock genes still hold true in human tumours? Chen et al.

(2005) showed that 56 out of 59 breast tumour samples displayed no or deregulated
levels of PERI, PER2 or PER3 proteins in tumour tissues when compared the

adjacent normal tissues (Chen, Choo et al. 2005).

1.4 Cell cycle, Mitosis and Cytokinesis
The importance of deregulated cell-cycle control in the development of cancer
became obvious and the examples of affected genes are so numerous that cancer is
sometimes called a 'cell-cycle disease' (Bartek, Lukas et al. 1999). Here I want to

present a brief overview of the normal cell cycle and cytokinesis.
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Cell Cycle

The cell cycle is divided into four phases: Gl, S, G2, and M phases. The cell

generates a copy of its genetic material during S phase (synthetic phase) and divides
all the cellular components between the two identical daughter cells during M phase

(mitosis). The other two phases are gap periods (Gl and G2), during which cells

prepare themselves to enter S phase and completion ofM phase, respectively. When
cells cease proliferation, they enter a non-dividing and quiescent state, known as GO.

1.4.1 Cell cycle control

The heart of the regulatory apparatus during cell cycle are the cyclin-dependent
kinases (CDKs). In mammalian cells, kinase subunits (CDK4, CDK6, CDK2, and

CDC2) are expressed along with cyclins (cyclin D, E, A, and B), as the cells progress

from Gl to mitosis. CDK4 and CDK6 form complexes with one of the cyclins

during early Gl phase. The formation of complexes of CDK2 with cyclin E, cyclin

A, or both is essential for the Gl-S transition and DNA replication. CDC2 forms

complexes with cyclin A and cyclin B is essential for mitosis.

The transition of cells from one phase to another phase during the cell cycle is tightly

regulated by complex controls that act on the transcription of cyclin genes, the

degradation of cyclins, and the modulation of CDK activities by phosphorylation.
CDKs are positively activated by the binding of cyclins and phosphorylation of a
conserved threonine by the CDK-activation kinase (CAK). CDK activities can be

negatively regulated by direct binding to CDK inhibitory subunits (CKIs). The CKIs
can be grouped into two types: 1) the four members of the INK family including
INK4A (pi6), INK4B (pi5), INK4C (pi8), and INK4D (pi9) and 2) the three
members of the CIP/KIP family including CIP1 (p21), KIP1 (p27), and KIP2 (p57).
The INK family of CKIs exert their inhibitory activity by binding to CDK4 and
CDK6 while the CIP/KIP family ofCKIs form complexes with the Gl-S CDKs.

In 1991, a presumptive oncogene composed of the parathyroid hormone gene

(PRAD1) fused to cyclin D1 was identified in human parathyroid adenoma. This
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provided the first clue that cyclins might be directly involved in human cancers.

Indeed, overexpression of cyclin D1 is one of the most frequent abnormalities in
human cancer. It occurs in ~ 60% of breast cancers, ~ 40% of colorectal cancers,
~ 40% of squamous carcinoma of head and neck, and 20% of prostate cancers (Han,
Lim et al. 1998; Park and Lee 2003). The cyclin E gene is also overexpressed and

dysregulated in a variety of human cancers (Malumbres and Barbacid 2001).

1.4.2 Mitosis

Mitosis is divided into discrete stages according to the morphology of the cell.
Chromosomes replicate during each round of the cell cycle and remain as pairs of
sister chromatids until the mitotic spindle segregates them into two sets, forming two

daughter cells. Prophase ends with nuclear envelope breakdown and prometaphase

begins when chromosomes start to interact with microtubules. Spindle microtubles

capture the chromosomes and the kinetochore ensures they are attached properly.
Once all the kinetochores have attached to the mitotic spindle, the cell is in

metaphase. Chromosomes proceed to align on a 'metaphase plate'. Metaphase ends
with the rapid separation of all the sister chromatids, which begin to segregate to

opposite poles of the spindle (anaphase A), followed by the elongation of the spindle
itself (anaphase B). The chromatids begin to decondense, the nuclear envelope
reforms and the mitotic spindle disassembles (telophase). The division of cells

during anaphase and telophase is called cytokinesis.

1.4.3 Cytokinesis

Cytokinesis ensures the separation of the cytoplasm between daughter cells at the
final stage of cell division. Contraction of the contractile ring starts during telophase,

resulting in the formation of a cleavage furrow between the two daughter cells

(Matsumura 2005). Cleavage plan specification is dictated by the mitotic spindle or

microtubule asters, while assembly of the contractile ring involves local

reorganisation of actin and myosin filaments beneath the plasma membrane. Sliding
of the actin and myosin filaments pulls the membrane inward and provides the

necessary force to constrict the cytoplasm of the dividing cells. This contraction
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results in cleavage furrow constriction. At the final stage of cytokinesis, the
contractile ring at the cleavage furrow disassembles, followed by fusion of opposing

plasma membranes and cell separation. Defects in any of these steps prevent

cytokinesis progression and subsequent cell division, a phenomenon which is usually
associated with the production of multinucleated cells.

What has been described above is a simplified version of mitosis and cytokinesis.
Mitosis and cytokinesis consist of multiple steps, each with crucial importance and

leading to mitosis or cytokinesis failure if anything goes wrong. Several important
elements in mitosis and cytokinesis are discussed in the following sections.

1.4.3.1 Microtubules

Microtubules are hollow polymers assembled from a and P tubulin heterodimers that
bind to and hydrolyse GTP, and have distinct "plus" (+) and "minus" (-) ends. [3-
tubulin subunits are exposed at the faster polymerising "plus" end, and a-tubulin
subunits are exposed at the slower polymerising "minus" end of the microtubule.
The mitotic spindle contains polar arrays of microtubules radiating from the spindle

poles (centrosomes) with (+) ends pointing away from the pole. In addition to

structural roles, microtubules also provide active tracks for directed motility within
the cell.

How microtubules control the positioning of the cell division plane is the subject of
much controversy. During cytokinesis, microtubules inhibit the contractility of the
cell cortex. When microtubules are induced to be unusually short by prolonged
activation of the katanin microtubule-severing complex, additional furrows are

observed at cell poles. In addition, mammalian cells that exit mitosis in the absence
of microtubules undergo vigorous disorganised contractions. Together, these
observations suggest that microtubules inhibit furrow formation. The cleavage
furrow typically overlaps with the location of the spindle midzone, the site where
microtubules from opposite poles overlap and proteins needed for cytokinesis
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accumulate. The precise mechanism by which the spindle midzone guides the site of

cleavage remains unresolved (de Gramont and Cohen-Fix 2005).

Surprisingly, furrow formation in cultured mammalian cells does not require a

bipolar spindle. Cytokinesis occurs at a high frequency in these monopolar cells

(Canman, Cameron et al. 2003). However, the cells used in this study were

manipulated by injecting anti-Mad2 antibodies, in order to overcome the spindle

checkpoint. It is difficult to draw a definite conclusion that whether a bipolar spindle
is necessary for furrow formation, based on the results from a cytokinesis that would
not normally have occurred, in the absence of manipulation. Much remains to be
learned about the regulation of furrow positioning by microtubules.

The important microtubule-based motor proteins include kinesins and dyneins.
Kinesin uses the energy of ATP hydrolysis to moves unidirectionally towards the

plus end of the microtubules (Holzbaur 2004). Zhu et al. (2005) systematically

analysed the functions of all human kinesin/dynein motor proteins using esiRNA

(endonuclease prepared siRNA) library (Zhu, Zhao et al. 2005). Their results

suggested that at least 12 kinesins are involved in mitosis and cytokinesis. The range

of cellular functions of kinesins includes bipolar mitotic spindle formation,
chromosome congression and alignment, and regulation of anaphase spindle

dynamics.

Dynein is a microtubule minus end-directed motor, i.e. with a role in moving cargo

from the cell periphery towards the cell center. The shape and size of the spindle
determine the distance over which DNA is segregated and affect the forces acting on

chromosomes. The dynein complex has been shown to regulate metaphase spindle

length. Inhibition of the dynenin complex results in the elongation of spindle
microtubules (Gaetz and Kapoor 2004). Depletion of the dynein complex using
RNAi caused a loss of spindle pole focus, detachment of centrosomes from spindles,
increase in spindle length and DNA fragmentation (Morales-Mulia and Scholey

2005).
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1.4.3.2 Centrosomes

The centrosome is the principal microtubule organising and nucleation centre. It is

composed of a centriole pair surrounded by a substance called pericentriolar material

(PCM). PCM is the main site for nucleation of cytoplasmic and spindle
microtubules. Centrosome replicate once and only once, during each cell cycle. The

progeny centrosomes migrate to opposite sides of the cell and become the spindle

poles during the assembly of the mitotic structure. The cellular mechanisms that
control the timing and doubling of centrosomes during cell cycle are not clearly
known.

What causes supernumerary of centrosomes? In general, three mechanisms can lead
to supernumerary of centrosomes: 1) deregulated centrosome duplication; 2) failure
to complete cell division; 3) abnormal cell fusion (Nigg 2002).

Centrosome duplication requires the E2F transcription factor and cyclin A activity.
In early S phase, the two centrioles of the centrosome split, and a daughter centriole
assembles on each centriole, making two centrosomes. During late S phase and in
G2 phase, the two centrosomes move to opposite poles of the nucleus, and nucleate
the spindle in mitosis. A recent study showed that the Ran-Crml network is
involved in regulating centrosome duplication, using nucleophosmin (NPM) as a

Ran-Crml substrate (Wang, Budhu et al. 2005). NPM has been implicated as a

regulator of centrosome synthesis (Okuda, Horn et al. 2000). Wang et al. (2005)
showed that NPM is a substrate of Crml through its NES (nuclear export signal)
domain (Wang, Budhu et al. 2005). Mutating the NES of NPM or inhibiting Crml
function results in the initiation of premature centrosome duplication. Knocking-
down NPM using siRNA results in supernumerary centrosomes. Taken together,
these results suggest that proper centrosome duplication is mediated by NPM binding
to centrosomes through the interaction of its NES motif with Crml (Budhu and

Wang 2005).

If the centrosome fails to duplicate before onset of mitosis, cells eventually return to

interphase and this results in polyploidy. If the centrosome duplicates more than

21



once, the multiple spindle may be assembled and leads to unequal separation of
chromosomes. Many human cancer cells have an abnormally high number of
centrosomes (Carroll, Okuda et al. 1999). Centrosome amplification abnormality is a

major problem to the cells because cells do not have a checkpoint that aborts mitosis
in response to extra spindle poles (Sluder, Thompson et al. 1997). In general, the
centrosome determines spindle polarity. However, mouse neuroblastoma (N115)
cells and p53-/- mouse embryo fibroblasts contain multiple MTOCs (major
microtubule organising centre), yet they still divide in a bipolar fashion (Fukasawa,
Choi et al. 1996).

Many kinases and phosphatases localise at the centrosomes. What targets a

particular protein to the centrosome? A consensus localisation sequence common to

proteins that reside at the centrosome has not been identified (Whitehead and

Salisbury 1999). It is not known how a kinase, that is not exclusively centrosomal,
becomes localised to the centrosome at the correct time during the cell cycle

(Whitehead and Salisbury 1999). Matsumoto et al. (2004) identified a stretch of 20
amino acids in cyclin E as a centrosomal localisation signal (CLS) essential for
centrosomal targeting (Matsumoto and Mailer 2004). Mutated cyclin E, where the
CLS is truncated, failed to localise to the centrosomes. The CLS is conserved in

cyclin E between human and mouse and the CLS itself can be targeted to the
centrosome. Another study published in 2006 showed that the Lis-homology (LisH)
motif found in the centrosomal protein FOP (the fibroblast growth factor receptor 1

oncogene partner) is sufficient for centrosome localisation (Mikolajka, Yan et al.

2006). However, the role of the LisH motif in centrosome localisation is not

completely understood as removing the LisH motif in another centrosome protein

(the OFD1 protein) had no effect on OFD1 centrosomal localisation (Romio, Fry et

al. 2004).

1.4.3.3 Kinetochores

Spindle microtubules capture the chromosomes but it is the function of the
kinetochore to ensure they are attached properly. Kinetochore structure is extremely
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conserved between yeast and human. Occasionally, the kinetochore makes mistakes

resulting in improper attachment to the spindle. Surprisingly, these defective
merotelic attachments are normally not detected by the spindle checkpoint, leading to
detrimental results (Cimini, Howell et al. 2001). Kinetochores become merotelic if

they attach to microtubules from opposite poles rather than to just one pole as

normally occurs (Salmon, Cimini et al. 2005). It is not clear why such a defect is not

detected, but it is likely that due to sufficient 'stretch' it is still able to be produced
from an improper attachment, therefore sending a 'pass' signal to the checkpoint.

Fortunately, most merotelic attachments are corrected before the onset of anaphase.
This correction reduces the number of segregational defects that accumulate in

daughter cells (Cimini, Cameron et al. 2004).

1.4.3.4 Cell- cycle checkpoints

Key transitions in the cell cycle are regulated by the activities of various protein
kinase complexes composed of cyclin and cyclin-dependent kinase (Cdk) molecules.

Cell-cycle checkpoints refer to mechanisms by which the cell actively halts

progression through the cell cycle until it can ensure that an earlier progress is

completed.

The G1 and Gl/S checkpoint responses

Microscopically, it is impossible to distinguish cells moving from G1 phase of the
cell cycle to S phase. At the molecular level, however, a dramatic transition occurs

as cells preparing for the enormous task of duplicating the genome. Upon ligand

binding, growth factor receptors dimerise and phosphorylate tyrosine residues in the

cytoplasmic domains. The phosphorylated tyrosine residues recruit the nucleotide

exchange factors for Ras protein, which promote binding to GTP. This pathway and
other downstream effectors activate transcription factors to induce numerous genes.

Cyclin D1 is such a gene induced by mitogenic stimulation (Matsushime, Ewen et al.

1992). Cyclin D1 forms complexes with CDK 4 or 6 (Matsushime, Quelle et al.

1994) and these complexes have an essential role in governing Gl/S transition

(Baldin, Lukas et al. 1993).
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Cyclin D1 associated CDKs are important in phosphorylating the retinoblastoma

protein (Rb) (Connell-Crowley, Harper et al. 1997). Underphosphorylated Rb is able
to bind the E2F/DP transcription factor complexes, and repress their transcriptional

activity. Many genes whose products are essential for Gl/S transition and DNA

synthesis are activated by the binding of E2F/DP to the promoter regions

(DeGregori, Kowalik et al. 1995). Therefore, the expression of the genes required
for S phase is repressed when Rb is underphosphorylated. Upon phosphorylation by

cyclin Dl/CDK complexes, E2F/DP complexes are freed from Rb and able to

activate target genes.

Cdks are negatively regulated by Cdk inhibitors. Cdk inhibitors are grouped into two

families: the INK4 inhibitors and the Cip/Kip inhibitors. Both families of inhibitors

play regulatory roles during the Gl/S cell cycle checkpoint. After exposure to

genotoxic agents, p2lWafl/Cipl (p21) is induced by p53-dependent transactivation.
The elevated p21 binds and inactivates cyclin D/Cdk4,6 and cyclin E/Cdk2

complexes resulting in Rb hypophosphorylation and cell cycle arrest. This disables
the initiation ofDNA synthesis (Pietenpol and Stewart 2002).

The S-phase checkpoint pathways
The S-phase checkpoint monitors progression through S phase, which slows the rate

of on-going DNA synthesis. DNA damage during Gl, for example, inhibits entry

into S phase and thereby prevents replication of damaged DNA. Checkpoints can be
activated by disruption of the replication process (e.g. checkpoint activated by stalled
forks and inappropriate licensing), by irradiation, or double-stranded breaks.

Although the genetic requirements for the S-phase checkpoint have been investigated
in detail in yeast (Rhind and Russell 1998), the mechanism in mammalian cells
remains unclear.

Nucleotide depletion or DNA damage causes replication forks to stall, resulting in
the accumulation of single stranded DNA. The checkpoint kinase ATR is recruited
to the RPA (replication protein A) coated single strand DNA. Once recruited, ATR
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phosphorylates and activates the Chkl whose activity is required for mediating
downstream events including inhibition of late origin firing, stabilisation of

replication forks and prevention of entry into M phase (Nyberg, Michelson et al.

2002).

In the G1 checkpoint, ionising radiation exposure can activate the ataxia-

telangiectasia-mutated (ATM)-Chk2 pathway. Activated Chk2 phosphorylates
Serl23 in Cdc25A, targeted for ubiquitin-dependent degradation (Falck, Mailand et

al. 2001). As the Cdc25A level is reduced, the activity of CyclinA-Cdk2 is inhibited
and replication is slowed down. In addition, downregulation of Cdc25A can inhibit
the activity of CyclinE-Cdk2, leading to the p53-independent initiation of the G1

checkpoint (Bartek and Lukas 2001).

The G2 checkpoint
The G2 checkpoint (also known as the G2/M checkpoint) prevents cells from

initiating mitosis when they experience DNA damage during G2. The critical target
of the G2 checkpoint is the mitosis-promoting activity of the cyclin B/CDK1 kinase.

Damaged DNA is detected by sensor proteins. The main exit signal from this sensor

complex is via ATR to Chkl in human cells. This sensor complex seems to work

primarily for the detection of UV-induced DNA damage (Abraham 2001). There is
another sensor protein complex that mainly detects y-irradiation-induced DNA

damage. The signal sensed by this complex is relayed mainly via ATM and Chk2.
Most of the damage signals from the sensor complexes are conducted to Cdc25C, a
main activator of the CDC2/CyclinB master switch for the G2-M phase transition at

the G2 checkpoint (Abraham 2001).

Spindle checkpoint
This checkpoint arrests cells at the G2/M transition in response to unreplicated DNA
or DNA damage. Cells monitor the alignment of chromosomes on the mitotic

spindle to ensure that chromosomes are properly segregated during anaphase. The

spindle assembly checkpoint delays sister-chromatid separation until all
chromosomes are properly aligned on the spindle. It also monitors the attachment of
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microtubules to kinetochores and/or the generation of tension that results from

bipolar attachment of sister chromatids. Mad2 and Bubl are required for the spindle

assembly checkpoint in vertebrate cells. Adding antibodies of Mad2 to cells blocked
the spindle assembly checkpoint (Chen, Waters et al. 1996).

How does the kinetochore generate the signal to arrest the cell cycle, and how is this

signal transduced to the cell cycle machinery? The anaphase-promoting

complex/cyclosome (APC/C) is an attractive target of the checkpoint signal. APC/C
is the enzyme that ubiquitinates cyclins and therefore targets cyclins for destruction.
APC/C dependent degradation of cyclin A allows cells to progress from prophase to

metaphase, and the degradation by the APC/C triggers the chromosome separation
and anaphase onset. Late in anaphase, the destruction of cyclin B1 leads to

inactivation of the Cdkl kinase activity and exit from mitosis (Petersen, Wagener et
al. 2000; Petersen, Wagener et al. 2000; Harper, Burton et al. 2002; Harper, Burton
et al. 2002; Peters 2002). Although the functions of the APC/C in chromosome

separation and mitotic exit are well characterised, the potential function of APC/C in

cytokinesis is less clear. Zhao et al. (2005) provided the link between APC/C and

cytokinesis by identifying anillin, a component of the cleavage furrow, as a substrate
of APC/C (Zhao and Fang 2005).

APC/C activity is dependent on Cdc20. One of the spindle checkpoint proteins,

Mad2, is able to bind to Cdc20 and prevent it from activating the APC/C (Hoyt 2001;
Chan and Yen 2003). Various models exist to explain the mechanisms. If there are

any unattached kinetochores, Mad2 will tie up the cellular pool of Cdc20 and block
its ability to activate APC/C, and thus put the subsequent cell cycle on halt (Chan,
Liu et al. 2005).

1.4.3.5 Cell death/apoptosis

Checkpoint signalling may also result in activation of pathways leading to cell death
if cellular damage cannot be properly repaired. Apoptosis is a highly conserved
mechanism by which eukaryotic cells commit suicide. It enables an organism to
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eliminate unwanted and defective cells through an orderly process of cellular

disintegration. Cells undergoing apoptosis round up and protrusions (or so-called

"blebs") from the cell surface become visible. The earliest detectable change in the
nuclei is the condensation of the nuclear chromatin into more densely packed
material along the nuclear membrane. Following chromatin condensation, the
nucleus is broken up and separates into a number of fragments which are packaged
into apoptotic bodies (Flacker 2000).

The core of the cell suicide program consists of three major components: the Bcl-2

family proteins, the caspases, and the Apaf-1 (apoptotic protease activating factor-1)

protein. Apoptosis can be induced by external or internal stimuli. Two major

general pathways of apoptosis induction exist: the receptor (or extrinsic) pathway
and the mitochondrial (or intrinsic) pathway. Both pathways converge at the level of

caspases. There are 14 mammalian caspases identified to date and they can be

grouped into three classes: A) the initiator caspases (including caspases 2, 8, 9, and

10); B) the effector caspases (including caspases 3, 6, and 7); C) the remaining

caspases whose main role lies in cytokine maturation rather than apoptosis (Lawen

2003).

The extrinsic pathway of apoptosis is induced by ligand-mediated activation of the
tumour necrosis factor (TNF) family of cell surface receptors. A large complex,
known as the DISC (death-inducing signalling complex), forms at the cell membrane
and recruits and activates the initiator caspase, caspase-8. Activated caspase-8 then
acts on the substrates and leads to the characteristic apoptotic morphology (Kumar

1999; Nicholson 1999; Hengartner 2000; Wang, Wang et al. 2000). In the intrinsic

pathway, following an increase in the permeability of the outer membrane of
mitochondria, cytochrome c is released and binds to Apaf-1. The conformational

change of Apaf-1 upon binding allows the recruitment and activation of procaspase-
9. Caspase 9 can directly activate caspase-3 and leads to the activation of the

subsequent pathways (Cain, Bratton et al. 2002; Lindholm and Arumae 2004).
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The primary regulatory step for mitochondrion-mediated caspase activation might be
at the level of cytochrome c release. The known regulators of cytochrome c release
are Bcl-2 family proteins. Members of the Bcl-2 family have distinct conserved

sequence motifs known as Bcl-2 homology (BH) domains, designated BH1, BH2,

BH3, and BH4. The Bcl-2 family members are either anti- or pro-apoptotic. In

general, the anti-apoptotic members (e.g. Bcl-2, Bcl-xL, Mcl-1, Bcl-w) show

homology in all four BH domains, whereas the pro-apoptotic members (e.g.Bax,

Bak, and Bok) have homologous BH1-3 domains (Chan and Yu 2004).

Overexpression of Bcl-2 or Bcl-xL blocks cytochrome c release in response to

apoptotic stimuli. On the other hand, the pro-apototic Bax promotes cytochrome c

release from the mitochondria (Budihardjo, Oliver et al. 1999). The cytochrome c

released can trigger caspase activation through Apaf-1 described above.

Caspases are expressed in most cell types but are maintained as zymogens. The
initiator caspases activate the effector caspases before the effector caspases can

attack their cellular substrates (Adams 2003). How do caspases kill a cell? One role
of caspases is to inactivate proteins that protect living cells from apoptosis. One

example is the inactivation of CAD (caspase-activated deoxyribonuclease). In

healthy cells, CAD is present as an inactive complex with ICAD. During apoptosis,

caspases inactivate ICAD and leave CAD free to function as a nuclease (Liu, Zou et al.

1997; Enari, Sakahira et al. 1998). Caspases also contribute to apoptosis through
direct disassembly of cell structures, e.g. lamina. Lamina are formed by lamins.

During apoptosis, caspases cleave lamins and cause lamina to collapse (Orth,
O'Rourke et al. 1996; Takahashi, Alnemri et al. 1996).

1.4.3.6 Chromosome passenger proteins

Chromosomal passengers are proteins involved in coordinating the chromosomal and

cytoskeletal events of mitosis. To date, six chromosome passenger proteins have
been identified: INCENP (inner centromeric protein), Aurora B, Survivin, Borealin,
CSC-1 (chromosome segregation and cytokinesis defective-1) and TD-60 (telophase

disk-60). These proteins are located in nuclei in G2, associate along the length of
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chromosomes in prophase, accumulate at the inner centromeres in prometaphase and

metaphase, then at the onset of anaphase, move to the central spindle and finally
transfer to the midbody at cytokinesis (Vagnarelli and Earnshaw 2004).

INCENP protein has a coiled-coil region, but otherwise lacks any recognisable

sequence motifs. Comparing homologues found in other species, a conserved stretch
of 60-80 amino acids near C-terminus are found and known as the IN-box. INCENP

bind to Aurora B via the IN-box. It colocalises with microtubules and it can bind (3-
tubulin directly (Wheatley, Carvalho et al. 2001). It is required for the efficient

capture and attachment of spindle microtubules by kinetochores, a necessary step in
the alignment of chromosomes (Yao, Anderson et al. 1997; Yao, Abrieu et al. 2000).

Therefore, the INCENP-depleted phenotype is unaligned chromosomes during
mitosis (MacKay, Ainsztein et al. 1998; Tanudji, Shoemaker et al. 2004). Incenp-

disrupted mice results in early embryonic lethality. The Incenp gene-targeted

heterozygous mice were generated using homologous recombination. Intercrossing
the heterozygotes results in no live-born homozygous /«ce/7/?-disrupted progeny,

indicating an early lethality. Cells from day 2.5 and 3.5 affected embryos showed a

high mitotic index, no discernible metaphase or anaphase stages, complete absence
of midbodies, micronucleus formation, internuclear bridges and abnormal spindle

bundling (Cutts, Fowler et al. 1999).

Aurora B is a serine-threonine kinase that is conserved from yeast to human. There
are three Aurora kinases in human (Aurora A, B, and C). Aurora A is involved in

spindle assembly and cell cycle progression. Suppression of Aurora A by siRNA
caused incorrect separation of centriole pairs, misalignment of chromosomes on the

metaphase plate, and incomplete cytokinesis (Marumoto, Honda et al. 2003). Aurora
C is expressed primarily in meiotic tissues. Aurora B localises at centromeres during

prometaphase and it has an ever-expanding list of substrates including: histone H3,

myosin II regulatory light chain, INCENP, topoisomerease II alpha, MgcRaclGAP,
vimentin, desmin, and MCAK. Depleting Aurora B using RNAi in C.elegans and

Drosophila demonstrates a role for Aurora B in late cytokinesis (Kaitna, Mendoza et

al. 2000; Adams, Maiato et al. 2001; Giet and Glover 2001).
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The three mammalian Aurora paralogues are very similar in sequence, especially
within the C-terminal domain. Surprisingly, given this high degree of similarity in

sequence, the three Aurora kinases have very distinct localisation patterns and
functions. Aurora A kinases are associated with centrosomes from the time of

centrosome duplication right through to the exit of mitosis, and they are also
associated with microtubules proximal to centrosomes in mitosis. Less is known
about Aurora C kinases. They are expressed in testis at high levels and show
centrosomal localisation from anaphase to telophase. In terms of function, Aurora A
kinase is important in regulating microtubule nucleation at spindle poles. Aurora B
kinases are essential for chromosome condensation, kinetochore function,

cytokinesis and the proper function of spindle-assembly checkpoints when spindle
tension is perturbed. Little is known about the function of Aurora C kinase. It
remains a challenge to dissect the features that define the localisation and substrate

specificity for the three aurora kinases (Carmena and Earnshaw 2003).

Survivin was first discovered as a novel protein highly expressed in various tumours

(Ambrosini, Adida et al. 1997). The localisation of survivin in cells has been

controversial, partially because of the different antibodies used and possibly also
because survivin is poorly immunogenic. Using epitope-tagged surviving Wheatley
et al. suggests that it is a chromosomal passenger protein (Wheatley, Carvalho et al.

2001).

Survivin is an essential gene for life. Knockout mice for survivin give rise to

embryonic lethality (Uren, Wong et al. 2000). RNAi in HeLa and RPE (retinal

pigment epithelial) cells show defects in chromosome alignment, spindle assembly
check point activation, and cytokinesis (Carvalho, Carmena et al. 2003; Yang, Welm
et al. 2004). Numerous studies show that survivin has a role in regulating apoptosis.
Survivin is a member of the IAP (inhibitor of apoptosis) family and it has a BIR
domain (baculoviral IAP repeat) (Verdecia, Huang et al. 2000). Several IAP
members can directly bind to and inhibit caspases via their BIR domains (Takahashi,
Deveraux et al. 1998). Survivin has been reported to exert an anti-apoptotic effect by
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suppressing the activity of caspases (e.g. caspase 3 and 7). Unlike other IAP

members, survivins do not have some of the structural components that allow direct

binding to caspase 3 (Miller, Xia et al. 2003). This leaves the suppression of caspase

activity by survivin as controversial (Verdecia, Huang et al. 2000) because the

precise mechanism by which survivin suppresses apoptosis is incompletely
understood. Different isoforms of survivin exist as a result of alternative splicing.
The sequence alteration produced by the splice variants result in marked changes in
the corresponding protein structure. Some of the isoforms do not have the BIR
domain. As a result, different survivin isoforms differ in their ability to inhibit

apoptosis (Conway, Pollefeyt et al. 2000).

Borealin is the most recently described member of the chromosomal passenger

protein complex. It is a 31kDa protein conserved in vertebrates. Borealin binds to

the chromosome passenger complex. It is required for chromosomal passenger

function, however its role in the complex is not known. Depletion of Borealin by
RNAi in HeLa cells causes a dramatic increase in kinetochore attachment errors, an

increase in bipolar spindles associated with ectopic asters, and failures in cytokinesis

(Gassnrann, Carvalho et al. 2004; Sampath, Ohi et al. 2004).

CSC-1, a 27kDa protein, was identified in a genetic screen in C.elegans for
mutations with defects in meiotic and mitotic chromosome segregation and

cytokinesis (Romano, Guse et al. 2003). No homologoues of CSC-1 have been
found in other species. It was proposed that INCENPT might have diverged into two

proteins, ICP-1 and CSC 1.

TD-60 was first identified as a novel protein present in the spindle midzone and

equatorial cortex, a region named 'telophase disk' in the early studies. Human TD-
60 is similar to the guanine nucleotide-exchange factor (GEF) RCC1. RNAi

experiments of TD-60 in HeLa cells suggested TD-60 is important for mitotic

progression and for localisation of other passenger proteins (Mollinari, Reynaud et

al. 2003). TD-60 depleted cells show a strong prometaphase arrest.
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The evidence that INCENP, Aurora B, and Survivin are in the same complex comes

from studies using immunoprecipitation or GST-pulldown. Deletion of any one of
the components causes mislocalisation of the others. This is likely due to disruption
of the complex. A recent study suggests that there are likely to be at least two
chromosomal passenger complexes in mitotic HeLa cells (Gassmann, Carvalho et al.

2004). The first complex contains Survivin, Aurora B, INCENP, and Borealin while
the second complex contains Aurora B and INCENP. These two complexes are

likely to be both functionally significant (Gassmann, Carvalho et al. 2004; Vagnarelli
and Earnshaw 2004).

The paradigm for mitotic regulation involving cyclin-dependent kinases represents a

system where cell cycle-linked proteolysis of the cyclin cofactors turns the kinases
on and off during particular steps of cell cycle. The chromosomal passenger

complexes add an extra level of control to the regulation, where localisation of the
kinases to the correct position at the precise times regulates numerous processes in
mitotic cells. Despite the numerous studies on this topic, we still do not know the

complete picture of the cascades of events that control cell cycle progression and

cytokinesis. The functions of chromosome passenger proteins in interphase remain
to be determined (Skoufias, Mollinari et al. 2000).
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1.5 RNA interference (RNAi)
The term RNAi was invented by the group of Fire and Mello who discovered that
double stranded RNAs (dsRNAs) induced gene-specific silencing in C. elegans.

They called this phenomenon RNA interference or RNAi (Fire, Xu et al. 1998). The
RNAi silencing cascade is initiated by dsRNAs which are homologous to the

subsequently repressed RNA. It is assumed that RNAi has evolved as a defence
mechanism of the cellular machinery against invading viruses or active transposable
elements (Matzke, Matzke et al. 2001). When dsRNAs appear in the cell, a

ribonuclease, named Dicer, specifically recognises these dsRNAs, cutting them into
RNA duplexes of about 21 nucleotides which contain characteristic 2-nucleotide 3'-

overhangs: siRNA (Zamore, Tuschl et al. 2000). Then RISC (RNA-induced

silencing complex) comes along, binds to siRNAs and unwinds the double-stranded
siRNA molecule resulting in two short single strands (Nykanen, Flaley et al. 2001).
While RISC is unwinding the siRNAs, it is also poised for homology searching. One

single strand of the siRNA is used as bait for searching and binding complementary
RNA strands. Finally, the RISC-bound target RNA is degraded through the action of
the exo- and endonuclease subunits of RISC.

Tuschl et al. showed that the gene function was repressed in mammalian cells by
small in vitro synthesised dsRNAs (Elbashir, Harborth et al. 2001). The tremendous

potential of RNAi may have for functional studies and biomedical research became
clear.

shRNA & siRNA

The effectiveness of silencing is known to vary with the targeted position of the
mRNA. There are numerous algorithms and rules developed for selecting the most

effective sequence (Amarzguioui and Prydz 2004; Reynolds, Leake et al. 2004;

Holen, Moe et al. 2005; Jagla, Aulner et al. 2005; Patzel, Rutz et al. 2005).

RNAi can be introduced into the cells via vector systems or synthetic siRNA oligos.
Vector systems are developed using RNA polymerase I or III promoters for
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expression of siRNAs. These short RNAs form into siRNA-like hairpin structures,

so called the short-hairpin RNAs (shRNAs). The vector system is useful to induce

long-term knockdown phenotypes (e.g. a stable cell line) and is cheaper compared to

the use of siRNA oligos. siRNA oligos have the advantage of being rapid (no

cloning required). The cost of making small synthetic siRNA oligos has decreased

making it more readily available for research. Like all other RNAs, siRNAs are

extremely susceptible to degradation.

That very small amounts of dsRNA per cell caused silencing with nearly 100%

penetrance was one of the most striking observations made during early studies of
RNAi in C. elegans (Fire, Xu et al. 1998). This raised the possibility that some

aspect of the silencing signal might be amplified. Genetic studies in C. elegans and

plants strongly implicate the RNA-dependent RNA polymerase (RdRPs) as key
elements of such an amplification step. No RdRP homologs have been yet found in
the human and Drosophila genome sequence. This suggests that the trigger

amplification step in silencing mechanisms might be restricted to only a subset of

organisms.

microRNAs

It turns out that gene silencing through degradation of mRNA by siRNAs is not the

only cellular mechanism regulated by small pieces of RNA. Researchers have
discovered a class of natural small RNA molecules called microRNAs that appear to

be crucial in regulating development. Hundreds of small RNAs have been recently
found in human as well as in C.elegans, Drosophila, and plants (Lagos-Quintana,
Rauhut et al. 2001; Lau, Lim et al. 2001; Lagos-Quintana, Rauhut et al. 2002; Lagos-

Quintana, Rauhut et al. 2003) They are -22 nt in length and are indistinguishable
from active siRNAs in their biochemical properties. Apparently they use the same

tools as siRNAs to carry out their functions (e.g. Dicer and RISC), but microRNAs
differ in that their sequences do not precisely match their mRNA targets. As such,

they regulate the expression of proteins by those targets, rather than degrade them all

together. It is believed that they are important for development and more evidence
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suggesting they are also involved in diseases such as cancer (Croce and Calin 2005;

Lu, Getz et al. 2005).

Knock-down versus knock-out

Numerous knock-out mouse models provide tremendous insights into functions of

genes. However, the generation of knock-out mice is laborious, time-consuming,
and costly. The commonly used germline transmitting ES cell lines are all derived
from 129 mouse background, a strain known to have poor breeding performances.
To overcome the breeding problem, knock-out mice are generally backcrossed to

strains with better reproductive performance. As a consequence, the defined genetic

background is lost in the offspring unless multiple generations of backcrossing are

performed.

On the other hand, the generation of transgenic ablation of gene expression in mice is
not limited to the use of ES cells. shRNA expression vectors can be introduced into
the pronucleus of fertilised oocytes which are subsequently transferred into a foster
mother. Transgenic knock-down founders are bred to wild-type mice to establish a

knock-down colony. A report demonstrated that knock-down embryos generated by

genetic RNAi targeting of GTPase-activating protein produced an identical

phenotype to the previously reported null mutant (Kunath, Gish et al. 2003). Most

importantly, RNAi targeting has been successfully applied to gene silencing in rats

(Hasuwa, Kaseda et al. 2002). This is a major breakthrough because before RNAi it
was not possible to generate knock-out rats due to the lack of germline-transmitting
ES cells.

The ability to knock down genes either stably or transiently has some important

advantages in the production of animal models or in vitro cell lines. When a gene is
considered silenced by RNAi, expression is typically reduced by 70% or more. This
allows the method to be used in so-called essential genes, which cannot be knocked
out in animal models without killing the animal. Also, 'turning down' a gene by a

certain amount can sometimes more closely resemble a disease state.
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Silencing disease

RNAi holds considerable promise as a therapeutic approach to silence disease-

causing genes. The potential therapeutic value of RNAi has been demonstrated in a

wide variety of in vitro studies. Efficacy in gene silencing has been shown in viral
diseases (e.g. HIV/AIDS, influenza, human papillomavirus infection, various

hepatitis strains, smallpox, and SARS), neurodegenerative diseases (such as

Parkinson disease, amyotrophic lateral sclerosis, and Alzheimer disease), cancer,

inflammatory diseases (such as rheumatoid arthritis), and autoimmune diseases (such
as type 1 diabetes) (Novina, Murray et al. 2002; Ren, Bai et al. 2005; Ye, De Leon et

al. 2005; Zhang, Zhang et al. 2005; Hong, Goins et al. 2006). Wang et al. (2005)
used siRNA against the HD gene to repress the transgenic mutant huntingtin

expression in an HD mouse model (R6/2) (Wang, Liu et al. 2005). Their study
showed that siRNA can improve the clinical and pathological abnormalities
manifested by the mouse HD model. Their result is extremely encouraging in that a
beneficial effect of one intraventricular injection of the siRNA was unexpectedly

long lasting. The effect sustained and prolonged the lifespan of the HD mouse.
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1.6 Aims of this Thesis
It is clear that a great deal of information and understanding has been gained

regarding the many aspects of mitosis and cytokinesis and the detrimental

consequence of their deregulation. The availability of the genome sequence of
mouse and human have proved invaluable resources for studying functions of genes.
RNAi has provided opportunities to use loss-of-function strategy for functional
studies.

The general aims of this thesis are to characterise the function(s) of a novel gene,
CLWD. The aim was achieved by exploring the following aspects:

i) Elucidate the molecular weight of Clwd and characterise its localisation in cells
and expression profile in tissues (Chapter 3 and 4).

ii) Analyse CLWD expression in breast and ovarian cancers and investigate its

potentially circadian rhythm-regulated nature (Chapter 5).

iii) Investigate CLWD function using RNAi and characterise the CLWD-depleted

phenotypes (Chapter 6).
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CHAPTER 2

Materials and Methods
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Chapter Two Materials & Methods

2.1 Materials

2.1.1 Chemicals

Common laboratory chemicals and reagents were obtained from BDH, Roche,

Pharmacia, Sigma and Invitrogen (Gibco BRL). Cell culture medium components

were purchased from Invitrogen. Antibiotics were from Invitrogen (Geneticin) and

Sigma (penicillin, streptomycin, ampicillin). Restriction endonucleases were

purchased from either New England Biolab (NEB) or Roche. All other enzymes
used in this study, and their suppliers, are listed in Table 2-1.

Specialised equipments and commercially available kits that were used in this study
are referred to in the Methods section (2.2) where appropriate.

Table 2-1 Enzymes

Enzyme Source
DNA Taq polymerase Invitrogen
Taq Sigma
Shrimp Alkaline Phosphatase Usb
T4 DNA ligase Roche

2.1.2 Solutions

Solutions used in the project are listed in Table 2-2.

Table 2-2 Common solutions

Solution Composition
PBS (Phosphate Buffered 1 PBS tablet (Sigma) was dissolved in 100ml of dP^O
Saline) and autoclaved.
TBE (Tris Borate-EDTA) 90mM Tris-Borate

2mM EDTA (pH 8.0)
TAE (Tris Acetate-EDTA) 40mM Tris-acetate

2mM EDTA (pH 8.0)
1 OX Laemmli Running 250mM Tris HC1 (pH8.3)
Buffer (Western blots 1.9M Glycine
running buffer) 10% SDS

Bejerrum & Schaefer- 48mM Tris
Nielsen Buffer (Western 39mM Glycine
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blots transfer buffer) 20% Methanol
0.0375% SDS

PBST PBS with 0.1% (v/v) Tween-20 (Sigma)
Western blots blocking PBST with 5% milk
solution
RIPA buffer 150mM NaCl

1% NP-40
0.5% Sodium deoxycholate
0.1% SDS
50mM Tris HC1 pH8.0

Protein loading buffer (2X) 1.5M Tris (pH 6.8)
30% glycerol
20 % SDS
2M P-mercaptoethanol
0.0018% bromophenol blue

DNA loading dye 20g of Picoll
20ml of 500mM EDTA

AdddH20 to 100ml
Add Orange G

Coommassie Blue Stain 45ml dH20
45ml Methanol
10ml Glacial Acetic acid

0.25g Brilliant Blue R250 (Coomassie)
Coommassie Blue destain 45% methanol
solution 10% acetic acid
Citric acid solution (antigen 0.1M Citric acid, pH 6.0
retrieval)
Lithium carbonate solution 67.7mM Li2C03 in dH20
Citrate Buffer (FACS) 85.5g sucrose

11.76g trisodium citrate
50ml DMSO
made up to 1000ml with distilled water
pH 7.6

Stock Solution (FACS) 2000mg trisodium citrate
121mg Tris
1044mg spermine tetrahydrochloride
2ml Nonidet P40
made up to 2000ml with distilled water
pH 7.6

Solution A (FACS) 15mg trypsin dissolved in 500ml Stock Solution
pH 7.6

Solution B (FACS) 250mg trypsin inhibitor
50mg ribonuclease A
made up to 500ml with Stock Solution
pH 7.6

Solution C (FACS) 208mg propidium iodide
500mg spermine tetrahydrochloride
made up to 500ml with Stock Solution
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pH 7.6
Ethanol Fixative for BrdU 50mM glycine solution
assay 70% Ethanol

pH2.0
Freezing medium for tissue DMSO +10% FBS
culture cells

Trypsin solution 1 volume of trypsin and 1 volume of versene
Mowiol mounting solution Dissolve 7.5g of Mowiol (Aldrich) and 10ml glycerol

in 25ml dFFO, leave at room temperature overnight.
Add 50ml of 0.2M Tri-HCl (pH 8.5), mix and heat in
boiling water for 20 minutes. Allow to cool and add
1.75g DABCO (Sigma), mix to dissolve. Aliquot out
in small amount and stored at -20°C. DAPI was

added at 50pg/ml when used.

2.1.3 DNA

Plasmid DNA used in this study are listed in Table 2-3.
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Table2-3Plasmid Name

InsertDNA

Vector

Note

dORF-myc

165bpofthe5'UTRofmouseClwd(notincludingthe uORF)andthesequenceofthedORFofmouseClwd
pcDNA3.1mycHisA

mClwd-myc

207bpofthe5'UTRofmouseClwd(includingtheuORF) andthesequenceofthedORFofmouseClwd
pcDNA3.1mycHisA

Kozak-dORF-myc
No5'UTR,butincludestheKozaksequenceaddedinfront

ofthedORFofmouseClwd

pcDNA3.1mycHisA

LacZ-myc

pcDNA3.1mycHisA
Invitrogen

Zeta-myc

Theinsertincludesthe14-3-3proteinisoformzeta
pcDNA3.1mycHisA
GiftfromDrShaun MacKie(MMC, UniversityofEdinburgh, UK)

pcDNA3.1MycHisA

pcDNA3.1mycHisA
Invitrogen

HClwd-GFP

KozaksequenceandthedORFofhumanCLWD
pEGFP-N1

MClwd-GFP

KozaksequenceandthedORFofmouseClwd
pEGFP-N1

pEGFP-N1

pEGFP-N1

Clontech

GFP-HClwd-2XFlag
ThedORFofhumanCLWD

GFP2XFlagvector

GFP-MClwd-2XFlag
ThedORFofmouseClwd

GFP2XFlagvector

GFP2XFlagvector

GiftfromDrNGilbert (MRC,Universityof Edinburgh)
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2.1.4 Animals

Mice used in this project were maintained in the small animal facility (Western
General Hospital, Edinburgh, UK) and all procedures performed complied with the

project licence held by Dr Cathy Abbott (The University of Edinburgh, UK).

2.1.5 Tissue culture

Mammalian cell lines used in this study are listed in Table 2-4.

Table 2-4 Mammalian Cell lines

Line Species Cell Type Medium Source
NIH-3T3 Mouse Fibroblast DMEM+10%FCS ATCC
HeLa Human Epithelial DMEM+10%FCS ATCC
MCF7 Human Epithelial DMEM+10%FCS+ O.lmM ATCC

Non-essential amino acids

HepG2 Human Epithelial DMEM+10%FCS ATCC

2.1.6 DNA Primer

DNA primers used in this study were synthesised by Invitrogen (Table 2-5).

Oligonucleotide stocks were stored at a concentration of l|ig/pl dH20 at -20°C. The
stock was diluted to a concentration of 0. lltg/pil and this was used as the working
concentration for PCR unless otherwise specified.
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Table 2-5 Primers

Primer names Sequence
Primer uF 5' GGAATTCCTTGCAAATGGGC 3'
Primer r 5' GCTCTAGAGCAAAGGTCCCTG 3'
MdORFF 5' GGAATTCCACGAAGCCTGCA 3'
MdORFR 5' GCTCTAGAGCAAAGGTCCCTG 3'
MdORF Kozak F 5' GGAATTCCACCATGGCAGCCATC 3'
HClwd GFP F 5' GGAATTCGCCACCATGGCGGCCATCCCCTCCAG 3'
HClwd GFP R 5' CGGATCCGACGGGGGCCCAGCGCTGGCT 3'
MClwd GFP F 5' GGAATTCGCCACCATGGCAGCCATCCCTTCCA 3'
MClwd GFP R 5' CGGATCCGAAAGGTCCCTGGGGTTGGT 3'
HClwd Flag F 5'GATCGCGGCCGCCACCATGGCGGCCATCCCCTCCAG3'
HClwd Flag R 5' CCGCTCGAGCGGGGGCCCAGCGCTGGCTGT 3'

MClwd Flag F 5' GATCGCGGCCGCCACCATGGCAGCCATCCCTTCCA 3'
MClwd Flag R 5' CCGCTCGAGGGAAAGGTCCCTGGGGTTGGT 3'
GFP HCLWD 5' CGCGGATCCGCGGCCATCCCCTCCAGC 3'

2XFlag F
GFP HCLWD 5' CGCGGATCCGGACGGGGGCCCAGCGCTGGC 3'

2XFlag R
GFP MCLWD 5' CGCGGATCCGCAGCCATCCCTTCCAGC 3'

2XFlag F
GFP MCLWD 5' CGCGGATCCGGAAAGGTCCCTGGGGTT 3'

2XFlag R
HClwd uORF 5' CCCAAGCTT CTCTGTCGTGGCGCGGCTTCC 3'
Hind F
HClwd uORF 5'CCCAAGCTTCTCTGTCGTGGCGCGGCTTCCCGCGGTCTTCT
Hind mut F CTGCAACTGGGCTCCG3'

HClwd Ncol R 5' CATGCCATGGGCTTTAGCTTGCTGGCTGGTGGGAT 3'
MClwd uORF 5' CCCAAGCTT TGGGTCCTAAAGTGGTGTTTCGTGGG3'
Hind F
MClwd uORF 5'CCCAAGCTTTGGGTCCTAAAGTGGTGTTTCGTGGGTTATCT
Hind Mut F TTGCAACTGGGCTCCG 3'

MClwd Ncol R 5' CATGCCATGG GCTTCAGGACCGAGGCGCTGCGG 3'

pGL3B Seq F 5' GCCTCGGCCTCTGAGCTATTC 3'

pGL3B Seq R 5' GCGGTTCCATCTTCCAGCGGA 3'
RT HClwd F 5' GACTACTACCGGCGCCGCCT 3'
RT HClwd R 5' ACTCCAACACCGTGGCCATG 3'
18s rRNA F 5' GTAACCCGTTGAACCCCAT 3'
18s rRNA R 5' CCATCCAATCGGTAGTAGCG 3'
RT MClwd F 5' GACTACTATCGGCGACGCCTG 3'
RT MClwd R 5' GATTCTGCCGAGCGCTCAGGA 3'
mBmall F 5' GAGAGGTGCCACCAACCCATA 3'
mBmall R 3' ATATCGGTCTTACTGGAATAAC 5'

mCryl F 5' GACCTGGACAAGATCATAGAAC 3'

mCryl R 5' TGTATCAAAGCCGAGCTCTTCC 3'

CycloB F 5' GCTGCTTTCGCCTCCGCCTG 3'

CycloB R 5' CTGGATCATGAAGTCCTTG 3'
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2.1.7 Antibodies

A list of antibodies and their working dilution used in this study is presented in Table
2-6 unless otherwise specified in individual chapters.

Table 2-6 Antibodies

Name Source Species Dilution

Anti-Cyclophilin B AbCam Rabbit polyclonal 1:1000 for WB
Anti-GAPDH Chemicon Rabbit polyclonal 1:1000 for WB

Anti-alpha tubulin Sigma Mouse monoclonal 1:1000 for IF
Anti-Beta tubulin Abeam Rabbit polyclonal 1:200 for IF

Anti-gamma tubulin Sigma Mouse monoclonal 1:1000 for IF
Anti-CLWD Abbott's Group Sheep polyclonal 1:2 for IHC,

1:50 for IF,
1:20 for IF on

cryostat slides*
Anti-Myc Invitrogen Mouse monoclonal 1:1000 for IF,

1:1000 for WB

Anti-Myc AbCam Rabbit polyclonal 1:200 for IF
Anti-GM130 mAb Transduction Mouse monoclonal 1:1000 for IF

Laboratories
Anti-Paxillin Transduction Mouse monoclonal 1:3000 for IF

Laboratories
Anti-Calreticulin Abeam Rabbit polyclonal 1:200 for IF

Anti-Llag Invitrogen Mouse monoclonal 1:5000 for WB

Anti-Caspase-3 Cell Signaling Rabbit polyclonal 1:1000 for WB

Technology
Anti-GFP Invitrogen Rabbit polyclonal 1:5000 for WB

Note.
1. WB = Western blots;
2. IF = Immunofluorescence;
* = different dilutions were sometimes required as the concentration of the anti-
CLWD antibody often varies from batch to batch.

2.1.8 Slides

MaxArray™ Human Normal Tissue Microarray slides (ZYMED Laboratories Inc),

MaxArray™ Mouse Tissue Microarray Slides (ZYMED Laboratories Inc), and
CBA2 Human Breast Cancer (SuperBioChips Laboratories) were used in this study.
Other slides used in this study were cut by myself using a microtome (Leitz 1512) or

by Dr Robert Morris (Division of Pathology, University of Edinburgh, UK) as a

service.
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2.2 Methods

2.2.1 Cell culture

HeLa, NIH3T3, and HepG2 cells were grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% (v/v) FBS (Foetal bovine serum). MCF7
cells were grown in DMEM supplemented with 10% (v/v) FBS and 0.1mM NEAS

(Non-essential amino acids). Cells were maintained at 37°C in incubators (with 5%

CO2 supply). Cells were split when cells were about 90% confluent. Cell culture
medium was removed from the tissue culture flask (Cellstar) and the cell surface was

rinsed with the prewarmed trypsin solution briefly. Next, 5ml of the trypsin solution
was added and the flask was returned to a 37°C incubator till the cells were rounded

up. 5ml of prewarmed cell culture medium was added to the trypinised cells. 1ml of
the 10ml cell suspension was added to a new flask containing 19ml of fresh cell
culture medium. The cells were returned to the 37°C incubator.

2.2.1.1 Transfection

In a 24-well plate, cells were plated at a density of 4 x 104 cells per well and 0.8pg

plasmid DNA and 1.2pl FipofectAMINE reagent (Invitrogen) were used for
transfection (unless otherwise specified). Cells were plated 24h prior to transfection.

Transfection was performed by diluting 0.8pg of the plasmid DNA in 50pl

OptiMEM (Invitrogen), mixing and incubating at room temperature for 5 min. 1.2pl

LipofectAMINE reagent was mixed in 50pl OptiMEM and incubated at room

temperature for 5 min. The diluted LipofectAMINE was added to the diluted DNA,
mixed and incubated at room temperature for 20 min. After 20 min of incubation,

400pl OptiMEM was added to the tube and mix.

All medium from wells was removed. 500pl of the DNA/LipofectAMINE mix was

added per well. The DNA/LipofectAMINE mix was replaced with 500pl fresh cell
culture medium 6h after transfection. Cell lysates were collected 48h post-

transfection, unless otherwise specified.
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In a 6-well plate, cells were plated at a density of 1.5 xlO5 cells per well and each
well contained 4ml of cell culture medium. 1.5pg of plasmid DNA and 6pl of

LipoFectAMINE was used for transfection per well. 1.5pg of plasmid DNA was

mixed with 250pl prewarmed OptiMEM and incubated at room temperature for 5
min. 6pl of LipofectAMINE was mixed with 250pl OptiMEM and incubated at

room temperature for 5 min. The diluted LipoFectAMINE was added to the diluted

DNA, incubated at room temperature for 20 min. Medium from wells were removed
and replaced with 2ml ofOptiMEM. Then 506pl ofDNA/LipoFectAMINE mix was

added drop by drop to the well. The transfection mixture was replaced with fresh
cell culture medium (4ml per well) 6h after transfection.

2.2.2 Construct Cloning

Subcloiiing steps in all of my cloning slialegies weie made by geneialiug the insert
DNA fragments by PCR. Primers for amplifying the insert DNA were designed to

incorporate compatible restriction enzyme sites with the restriction enzyme sites

present in the vectors. The vector DNA was linearised by restriction enzyme

digestion and resolved on a low melting point agarose gel. The correct bands were

cut out and purified using QIAquick gel extraction kit (Qiagen). The linearised
vector DNA was treated with Shrimp Alkaline Phosphatase (USB) for lh at 37°C,
followed by 15 min inactivation at 65°C. The insert DNA was amplified by PCR and

digested with restriction enzymes. The amplified insert DNA was run on a low

melting point agarose gel to verify the size. The correct size band was cut out and

purified using QIAquick gel extraction kit (Qiagen). The concentration of the
linearised vector DNA and the insert DNA was quantified using spectrophometry or

by eye-balling the gel. The amount of vector DNA and insert DNA to put in a

ligation reaction was derived using the following formula:

(ng of vector) x (kb size of insert) ^3 - ng of insert
(kb size of vector) i
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The vector and the insert DNA were ligated using T4 DNA ligase (Roche) at 16°C

overnight. Next day, the ligated DNA was transformed into competent cells

following the transformation protocol (see section 2.2.2.6). PCR screening was used
to select positive colonies. Mini-Prep DNA was prepared from positive colonies

using Qiagen plasmid mini kit (Qiagen) and the identity of the colony was verified

by restriction digestion. The clones were then verified by sequencing using both
forward and reverse primers and the BigDye Terminator v3.1 Cycle Sequencing Kit

(see Section 2.2.2.7) to ensure that there were no PCR generated errors. The DNA of
the verified clones was prepared using the EndoFree Plasmid Maxi Kit (Quiagen) and
the glycerol stocks were made for each final complete clone. Glycerol stocks were

stored at -70°C freezers.

2.2.2.1 Generation of the C-terminally myc-tagged mouse Clwd
constructs

To find out the molecular weight of Clwd and for the subsequent subcellular
localisation studies, I decided to make myc-epitope tagged mouse Clwd constructs in
the pcDNA3.1MycHisA expression vector (Invitrogen). The mouse Clwd cDNA
was cloned in frame with the myc-epitope, where the myc-epitope is at the C-
terminal of the mouse Clwd. Three different myc-tagged mouse Clwd constructs

were made and they are:

Construct Name Insert DNA Insert
Size

mClwd-myc 207 bp of the 5'UTR ofmouse Clwd (includes the

sequence of the uORF) and the dORF of mouse
Clwd

550 bp

dORF-myc 165 bp of the 5'UTR ofmouse Clwd (without the

uORF) and the dORF ofmouse Clwd

508 bp

Kozak-dORF -myc Does not include any 5'UTR or uORF, just the
dORF with an artificial Kozak sequence put in
front of the starting codon of the dORF of mouse
Clwd

346 bp
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Simplified diagrams of these constructs are shown in Figure 2-1. The mClwd-myc
construct was cloned by inserting sequences encoding from -207 to +343 of mouse
Clwd (the A of the start codon of the dORF is position +1) in frame with the C-
terminal myc-tag. The FcoRI and Xbal restriction enzyme sites were incorporated in
the sequence of the primers. PCR primers used to make this construct are "Primer
uF" (forward) and "Primer R" (reverse). The sequence of primers is listed in Table
2-5. The PCR fragment contains sequence from 6 bp prior to the uORF, to the end of
the dORF (the stop codon and the 2 bp prior to the stop codon ofmouse Clwd is not
included so that a continuous translation of the mouse Clwd and the myc-epitope can

be achieved). See Figure 2-1 for illustration. PCR products were digested with
EcoKVXbal and ligated into EcoR\IXba\ digested pcDNA3.1MycHisA vector

(Invitrogen). This construct was made by a previous PhD student in our group

(O'Donoghue, J. 2004, PhD thesis).

To make the 'dORF-myc' construct, sequences from -165 to +343 of mouse Clwd
were PCR amplified using primers 'MdORF F' and 'MdORF R' (see Table 2-5).
This PCR amplified fragment does not contain the uORF, but it includes 165 bp of
the 5'UTR of mouse Clwd. The PCR product was also ligated into the EcoKUXbal
sites in pcDNA3.1MycHisA.

To make the 'Kozak-dORF-myc' construct, a similar strategy was taken. The dORF
of mouse Clwd was cloned into the EcoRVXbal sites of the pcDNA3.1MycHisA

vector, except a Kozak sequence (ACC) was added prior to the start codon of the
dORF by incorporating the Kozak sequence in the forward primer (MdORF Kozak

F). The reverse primer is the same primer used to make the dORF-myc construct

(MdORF R; See Table 2-5 and Figure 2-1).

All the constructs were sequenced and I confirmed that the insert DNA is in frame
with the myc-tag epitope at the C-terminal of Clwd.
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+1 +348

uORF
ATG dORF TGA

mClwd-myc -2071- i +343

dORF-myc -165 1 1 +343

ATG

Kozak-dORF-myc ACCl 1 +343

Figure 2-1 Generation of the C-terminally myc-tagged mouse Clwd constructs. To generate the
'mClwd-myc' construct, the sequence including 207 bp of the 5'UTR of mouse Clwd, which includes
the uORF, and the sequence of the dORF of mouse Clwd is cloned into the pcDNA3.1MycHisA
vector. The similar strategy was used to make the 'dORF-myc' and the 'Kozak-dORF-myc'. The
insert DNA used to clone the 'dORF-myc' construct contains 165 bp of the mouse Clwd 5'UTR (no
uORF was included) and the dORF. The insert DNA to make the 'Kozak-dORF-myc' construct
contains a Kozak sequence which was added in front of the mouse Clwd dORF. The myc-tag is
cloned at the C-terminal of the insert DNA.

2.2.2.2 Generation of the C-terminally GFP-tagged human and
mouse Clwd constructs

To put a GFP-tag at the C-terminal of human CLWD (HClwd-GFP), a DNA

fragment including the full-length human CLWD was obtained by PCR. The

amplified PCR product has an £coRI restriction site introduced into the 5' end and a

BamWl site in the 3' end and was cloned into the pEGFP-Nl vector (Clontech).
Primers used for this PCR were designed that the amplified sequences include the
Kozak sequence added in front of the human CLWD dORF, but the last four
nucleotides of the human CLWD including the TGA stop codon were deleted . The
TGA stop codon of CLWD was deleted in order to keep the insert DNA being
translated continuously and in frame with the GFP. Primers used to amplify the
insert DNA are "HClwd GFP F' and 'HClwd GFP R' (see Table 2-5). The same

strategy was used to make the C-terminally GFP-tagged mouse Clwd (the construct

is called 'mClwd-GFP'). Primers used to amplify the mouse Clwd inserts are called
'MClwd GFP F' and 'MClwd GFP R'.
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2.2.2.3 Generation of the C-terminally Flag-tagged human and
mouse Clwd constructs

To tag Clwd with a Flag-epitope at the C-terminal, the human and mouse Clwd

sequence including the dORF, with Kozak sequence incorporated in front of the
ATG start codon of Clwd, was cloned into the pCMV-Tag 4A vector (Stratagene, gift
from Dr Shaun Mackie). PCR inserts were cloned at the NotVXhol sites. The last
six nucleotides of human CLWD dORF and the last three nucleotides of mouse Clwd

dORF were deleted to make the ORF in frame with the Flag-tag. Primers used for

amplifying the human CLWD are 'HClwd Flag F' and 'PIClwd Flag R' and primers
for amplifying the mouse Clwd are 'MClwd Flag F' and 'MClwd Flag R' (Table

2-5). The constructs are called 'HClwd-Flag' and 'MClwd-Flag'.

2.2.2.4 Generation the N-terminally GFP-tagged and the C-

terminally Flag-tagged human and mouse Clwd constructs

So far, all the Clwd constructs I made were epitope-tagged at the C-terminal of Clwd.
I then wanted to make some N-terminally tagged versions of Clwd. The first ones I
made were by sandwiching Clwd between a N-terminal GFP tag and a C-terminal

2XFlag tag. To make the insert DNA, the mouse or humam CLWD was PCR

amplified and ligated into the pCMX-GFP-2Flag-Stop vector at the BamWl site (gift
from Dr Nick Gilbert, MRC Fluman genetics Unit, Edinburgh). Primers used to

amplify the human CLWD insert DNA are 'GFP HCLWD 2XFlag F\ 'GFP HCLWD

2XFlag R', and 'GFP MCLWD 2XFlag F' and 'GFP MCLWD 2XFlag R' for the
mouse Clwd. (Table 2-5). To make a continuous translation of the tag protein and

CLWD, the start and stop codons of Clwd sequence were deleted.

2.2.2.5 Cloning the 5'UTR region of Clwd into a luciferase reporter
construct

To access whether the uORF of Clwd has any inhibitory effects on Clwd translation,
the 5'UTR of human and mouse Clwd was cloned into a luciferase reporter construct

(pGL3B-promoter, Promega). Different sections of the human or mouse Clwd
5'UTR were PCR amplified and cloned directly after the Simian virus 40 promoter
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and before the start codon of the luciferase gene in the vector. A brief overview of
the cloning plan is shown in Figure 2-2. To clone the construct which includes the
uORF of the human CLWD (the construct is called 'HClwd-uORF-Luc'), primers

incorporated with Hindlll and Ncol were designed to amplify the region from -140

bp to -1 bp of the human CLWD 5' UTR (where the first nucleotide of the start codon
of the human CLWD dORF is position +1).

To make a construct which would include the human CLWD 5'UTR without the

uORF, the uORF was eliminated by PCR. Mutations eliminating the human CLWD
uORF were introduced into the sequences by using a modified oligonucleotide
forward primer. Bases altered were the initial residue of the ATG of the uORF (A to

C) (Pentecost, Song et al. 2005) giving the construct called 'HClwd-mut-Luc'. The
same cloning strategy was used to make the 'MClwd-uORF-Luc' and the mutated
'MClwd-mut-Luc' constructs (primers amplify the mouse Clwd 5'UTR from -239 bp
to -1 bp).
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HCIwd 5'UTR

(b)

"119 uORF

gJcggcccccgcgcatataagtgggcgcgtccgcgcgtgc^caccccgcgcgcgcc
tctctgtcgtggcgcggcttcccgcggtcttctctgcaaatgggctccgtggcctag
cgcccccgtccccgccacccgtgatcgtgcgccgaggcccgcgaggggtcgccgc
ccagatcccaccagccagcaagctaaagcatggcggccatcccctccagcggctcg
ctcgtggccacccacgactactaccggc ^

+1, dORF

SV40 -119 uORF "1 Luc

HCIwd-uORF-Luc

ctg

t
SV40 -119 ATG "1 Luc

HCIwd-mut-Luc [

(c)
MClwd 5'UTR

-239
uORF ^gcggtgcaggaaagctactaagt^cgcgcgtgcgcatagcgcgcgtgggtcctaaagtgg

tgtttcgtgggttatctttgcaaatgggctccgcggcctagcgccctggtggcctaaaaac
gaagcctgcaaggaaggggttctccgccgagccggaccgggctggttggagccgcttgg
aaacctggcactgtcaggacccgggagactcggggaaccctccggtgtgcggtgaccagg
gcccacattctgctctcgtctccgcagcgcctcggtcctgaagcatggcagccatcccttc
cagcggctcgctcgtggctacc |

+ 1, dORF
(d)

MClwd-uORF-Luc
SV40 -239 uORF -1 Luc

MClwd-mut-Luc
SV40 -239

ctg

+
atg Luc

Figure 2-2 Cloning the uORF of Clwd into the Luciferase reporter construct, (a) The partial
sequence of the human CLWD 5'UTR is shown. The sequence of the uORF is shown in blue. The
primers used to generate the HCIwd-uORF-Luc construct are underlined in the figure, (b) A
simplified diagram showing that the 5'UTR of human CLWD (including the uORF) is cloned between
the SV40 promoter and the luciferase gene (Luc). To make the "HClwd-mut-Luc"construct, the
uORF is abolished by mutating the start condon of the uORF from ATG to CTG. (c) The partial
sequence of the mouse Clwd 5'UTR is shown. The uORF is shown in blue and the sequence of the
primers used to make the "MClwd-uORF-Luc" construct is underlined in the figure, (d) To make the
"MClwd-uORF-Luc", the sequence from -239 to -1 of mouse Clwd 5'UTR (including the uORF) is
cloned between the SV40 promoter and the luciferase gene. The start codon of the mouse Clwd uORF
is mutated from ATG to CTG in the 'MClwd-mut-Luc' construct.
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2.2.2.6 Transformation of competent cells

JM109 competent cells (Promega) were transformed by the addition of plasmid DNA
or ligation mixture (l-20ng) to lOOpl of the cells. The competent cell/DNA mix was

incubated on ice for 10 min, and then heat shocked at 42°C for 45 sec. The cells

were cooled on ice for 2 min, after which 900pl of ice-cold LB Broth (Lennox L

Broth; Invitrogen) was added. The transformed cells were incubated at 37°C for 60

min without antibiotics. The transformed cells (approximately lOOpl of the
transformation/media mix) were spread onto LB agar plates containing the

appropriate antibiotics. Ampicillin was used at a concentration of 100mg/l and

kanamycin was used at a concentration of 50mg/l. Plates were incubated at 37°C for
12-18h until colonies were approximately l-2mm in diameter. Colony PCR

screening was performed to identify the positive colonies (See section 2.2.7.2).

2.2.2.7 Sequencing ABI Prism® BigDye Terminator Cycle

Sequencing Kit

Sequencing reactions were set up in 0.5ml PCR tubes and each reaction contained

45ng of sequencing primer, approximately 200ng of the template DNA, lpl of the

BigDyeR terminator ready reaction mix (BigDyeR Terminator v3.1 Cycle Sequencing

Kit, Applied Biosystems) and deionised water was added to a total reaction volume
of 1 OjliI. The reaction was mixed and collected by brief centrifugation. The

sequencing process was carried out on a MJ Research Peltier Thermal Cycler (PTC-
225 Gradient Cycler), and comprised of 1 cycle of 96°C for 1 min, and 24 cycles of
96°C for 30 sees, 50°C for 15 sees and 64°C for 4 min. The sequencing products
were cleaned by ethanol/EDTA precipitation.

The ethanol/EDTA precipitation involved adding 2.5pl of 125mM EDTA to each

10pl reaction, followed by adding 30pl of 100% ethanol and incubating at room

temperature for 15 min. The tube was spun at 13K rpm for 20 min. Ethanol was
removed and 30pl of 70% ethanol was added to each tube, followed by

centrifugation at 13K rpm at 4°C for 5 min. Ethanol was carefully removed and the
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tube was allowed to dry. These dried samples were then stored at -20°C until

sequenced by the sequencing service.

Sequencing gels were run by Alison Condie (Genetics Core, Wellcome Trust
Clinical Research Facility, Edinburgh, UK) on an ABI 3100 Capillary Sequence

Analyser. The resulting sequence traces were then analysed using the Chromas

program.

2.2.3 Electrophoresis

2.2.3.1 DNA electrophoresis

Agarose was dissolved and melted in 0.5X TBE buffer or IX TAE buffer by

microwaving. Ethidium bromide was added to the gel in the fume hood, lkb DNA
ladder (Invitrogen) was loaded beside DNA samples as an indication of DNA sizes.
The gel was run at ~100V till the DNA bands were resolved. Gel images were

visualised using a Gel-Doc 2000 system (Bio-Rad).

2.2.3.2 Protein Electrophoresis

Protein extraction

Mouse tissues were homogenised in 0.32M sucrose supplemented with protease

inhibitor (Complete Protease Inhibitor Cocktail, Roche). Cell crude and debris were

removed by centrifuging the homogenate at 13K rpm at 4°C for 3 min. Protein
extracts from tissue culture cells were lysed in RIPA buffer, supplemented with

protease inhibitor, by pipetting up and down and vortexing. The DC protein Assay
Kit (Bio-Rad) was used to measure protein concentrations following the
manufacturer's protocol. All protein extracts were stored at -20°C.
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Preparation of the SDS-PAGE gel
The casting plates from Bio-Rad Mini PROTEAN 3 mini-gel set were assembled.
The 12% separating SDS-PAGE gel was prepared as follows:
30% Acrylamide 12ml
1.5M Tris HC1 (pH 8.8) 7.5ml
dfhO 9.9ml
10% SDS 0.3ml
10% APS 0.3ml
TEMED 0.012ml

Isopropanol was layered on top of the separating gel. The stacking gel was prepared
as follows:

30% Acrylamide 1.45ml
0.5M Tris HC1 (pH 6.8) 2.5ml
dPEO 5.95ml
10% SDS 0.1ml
10% APS 0.125ml
TEMED 0.005ml

After the gel was set, plates were assembled into the gel tank apparatus. Protein

samples (10-15pg) together with the protein loading dye (2X) and 1M DTT (Sigma)
was denatured by boiling for 10 min. The gel was run using IX Laemmli running
buffer at 100V. Pre-stained SDS-PAGE Standards, Broad Range (Bio-Rad) was run
beside the samples aid to assess protein size.

Two types of transferring systems were used: the semi-dry blotter system (Bio-Rad)
and the wet-transfer system (Bio-Rad). The procedures for blotting differed slightly
for each system and they were as follows:

The semi-dry blotter system

After SDS-PAGE electrophoresis, the gel was soaked in Bejerrum Schafter-Nielsen
transfer buffer for 5 min. Hybond™-P membrane (Amersham Pharmacia Biotech)
was wet by immersing in methanol for 2 min, rinsed in dP^O for 2 min, and

equilibrated in Bejerrum Schafter-Nielsen transfer buffer for 5 min. Four pieces of
filter paper were soaked in Bejerrum Schafter-Nielsen transfer buffer. The transfer
blot was assembled in the following order: two pieces of pre-soaked filter paper, the
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transfer membrane, the gel, and two pieces of pre-soaked filter paper. Protein was

blotted to membrane at 15V for 30 min.

The wet-transfer system

The SDS-PAGE was soaked in the Bejerrum Schafter-Nielsen transfer buffer for 5
min. The Hybond™-P membrane was wet in methanol, washed in water, and

equilibrated in the Bejerrum Schafter-Nielsen transfer buffer. Two pieces of sponge
and two pieces of filter paper were also wet in the Bejerrum Schafter-Nielsen transfer
buffer. The transfer blot was assembled into the transfer apparatus as follows: one

piece of sponge, one piece of filter paper, the transfer membrane, the gel, one piece
of filter paper, and one piece of sponge. The protein was transferred by running in a

transfer tank at 100V for 2h (or 30V overnight in a cold room). An ice-block was

included in the transfer tank and the transfer tank was covered with ice to prevent

overheating.

After blotting, the gel was stained with Coommassie Blue Stain and the transfer
membrane was stained with Ponceau S to visualise the transferred proteins. The
membrane was blocked in PBST (5% milk) overnight at 4°C. Next day, the transfer
membrane was incubated with the primary antibody in PBST (5% milk) for 2h at

room temperature with shaking. The transfer membrane was washed with PBST (10
min x3) and incubated with the secondary antibody (HRP conjugated, 1:1000 to

1:5000) for lh at room temperature with shaking, followed by washing with PBST

(10 min x3). ECL™ or ECL-Plus™ solution (Amersham Pharmacia Biotech) was
used to visualise the protein signal.

2.2.4 Immunoaffinity purification of the anti-CLWD antibody
Two anti-peptide CLWD antibodies are available (made by a previous PhD student
Jean O'Donohoue in our group). The peptides used for immunising the sheep

correspond to the sequence that is conserved between mouse and human CLWD.
The peptides were chemically synthesised with a cysteine added to the N-terminus to
allow for the addition of keyhole limpet haemocyanin (KLH) which would increase
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the immunogeneicity of the peptide. Post-immune serum from the immunised sheep
was stored at -70°C for long term storage.

The serum was centrifuged at 3000g for 30 min. Saturated ammonium sulphate
solution was added to the centrifuged serum (1/2 volumes of the serum) drop by

drop. The solution was stirred slowly at 4°C for 6h (or overnight) before being

centrifuged again at 3000g for 30 min. Another Vi volume of saturated ammonium

sulphate solution was added to the supernatant, and stirred slowly at 4°C for 6h or

overnight before the centrifugation was repeated again. This time, the supernatant

was discarded and the pellet was kept. The pellet was resuspended in 0.3-0.5
volumes of PBS. The solution was dialysed (seamless cellulose tubing, Sigma)
versus three changes of PBS at 4°C overnight.

The ammonium sulphate precipitated anti-serum was further purified by running

through an immunoaffmity column (SulfoLink Kit, Pierce Biotechnology). The
column was prepared following the manufacturer's instructions. The purified

antibody was stored in small aliquots at -20°C.

2.2.5 Immunohistochemistry (IHC)

The slides used for IHC were either paraffin-embedded or cryostat-cut. The methods
used for each type of the slides differed slightly and are described as follows.

2.2.5.1 Paraffin embedded sections

The slides were deparaffinised by soaking slides in xylene twice, 5 min each time.
Slides were then rehydrated by letting slides go through graded ethanol: 100%
ethanol twice, 70% ethanol, and distilled water, 5 min at each step. Formalin fixed
tissues were treated with pictric acid for 15 min. Antigen retrieval was applied by

microwaving slides for 15 min in lOmM citric acid (pH 6.0). The slides were cooled
to room temperature and washed in running tap water.

The slides were treated with 3% hydrogen peroxide for 10 min to remove the

endogenous hydrogen peroxidase activity. Slides were washed with running tap
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water for 5 min followed by a 5 min wash in PBS. Slides were assembled into a

Sequenza rack (Shandon).

The slides were incubated with the blocking serum for 10 min. The blocking serum

was made by diluting serum 1:5 in PBS. The serum is from the same species of
animal in which the secondary antibody is raised. Slides were incubated with lOOpl

primary antibody (diluted to desired concentration in PBS) for 30 min, followed by a

30 min incubation with 1 OOjul biotinylated secondary antibody (1:200, diluted in

PBS), and a 5 min wash in PBS between and after the incubation.

Strep ABC solution (Dako) was added to the slides and they were incubated for 30
min. Slides were washed with PBS for 5 min followed by 2 min incubation in DAB
solution (Sigma). Slides were washed in running tap water and counterstained in

haematoxylin and lithium carbonate solution. The slides were dehydrated (70%

ethanol, 100% ethanol twice and xylene twice) and mounted using pertex. The slides
were observed using the light microscope (Olympus BX51).

Slides incubated with no primary antibodies but just the biotinylated secondary

antibody was used as the secondary antibody only negative control. Slides incubated
with the primary antibody which have been preabsorbed against the peptide used to

raise the antibody was used as a control to verify the staining was specific, termed

'preabsorbed antibody control'.

2.2.5.2 IHC on Cryostat cut sections

The method used to stain paraffin sections (2.2.5.1) was modified and used on

cryostat cut sections. Cyrostat cut slides were soaked in running tape water for 5 min
and treated with 0.3% hydrogen peroxide (diluted in methanol) for 10 min. No

antigen retrieval step was required for the cryostat cut sections. Slides were washed
with water and 0.1% triton X-100 (in PBS), 5 min for each step.
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The blocking serum was applied to slides and washed off with PBS after 30 min.
Slides were incubated with the primary antibody (diluted to the desired concentration

using PBS) for lh and with the biotinylated secondary antibody (1:200, diluted in

PBS) for 45 min, with a PBS wash between and after each antibody incubation.

Slides were then incubated in Strep ABC solution (Dako) for 30 min followed by a 5
min wash in PBS. DAB (Sigma) solution was added to the slides for 2 min and
rinsed off in running tap water. Slides were counterstained in haematoxylin and
lithium carbonate solution, dehydrated, and mounted in pertex. Slides were observed
under a light microscope (Olympus).

2.2.6 In Vitro Translation and Immunoprecipitation

The In Vitro translation assay of Clwd was performed using the TnT rabbit

reticulocyte lysate system (Promega). Myc-tagged mClwd was cloned downstream
of a T7 promoter (pcDNA3.1MycHisA, Invitrogen). The endogenous mRNA in the
rabbit reticulocyte lysate has been removed by micrococcal digestion, so the only
mRNA to exist in this system would be the one transcribed from the plasmid DNA
introduced into the system.

35s-methionine (Amersham) and T7 polymerase were added to the reaction mixture.
The reaction mixture was incubated in a 30°C water bath for 90 min. Protein loading

dye (containing 3-mecapthaethanol) was added to 3pi sample and boiled for 3 min
before being resolved on a 12% SDS-PAGE gel. The gel was stained with
Coommassie Blue Stain for 10 min before it was destained in destaining solution.
The gel was immersed in Amplified solution (Amersham) for 15 min before it was
dried (Gel Drier Model 583, Bio-Rad) and exposed to an autoradiogram.

For immunoprecipitation, IP buffer was added to the reaction mixture to make up the
volume to 600pl. lpl of anti-myc antibody (Invitrogen) was added and left on a

rotating wheel overnight at 4°C. Next morning, 12pl was withdrawn and stored at

-20°C as a 'pre-input' sample. Protein G beads were added and the samples were put
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on a rotating wheel over night at 4°C. The samples were spun at 7K rpm for 2 min

(4°C) and the supernatant was discarded. The beads were washed three times with IP

Buffer (supplemented with 330mM NaCl), with a 2 min spin at 7K rpm between
each wash. Finally, the beads were washed with PBS (with Triton X-100) for 5 min
and spun at 7K rpm for 2 min. 2X protein loading dye (with (3-mecapethanol) was
added to the beads and boiled for 3 min before resolved on a SDS-PAGE gel. The

gel was dried and exposed to an autoradiogram.

2.2.7 PCR

2.2.7.1 PCR with Taq polymerase
Taq DNA Polymerase (Invitrogen) was used for routine PCR amplifications and

performed as described in the manufacturer's protocol. PCR reactions (20pl)
contained 0.5mM dNTPs, 5ng/pl sense primer and 5ng/pl antisense primer, IX PCR
buffer and varying concentrations of template or RT reaction. 10% DMSO was

sometimes included in the PCR reactions for difficult PCRs (e.g. primers with high

melting points etc). A Hybaid MBS 0.5S PCR System (Hybaid) was used for the
PCR thermocycling. Specific PCR cycling temperatures and times are described the
Materials and Methods ofChapters 3, 4, 5 and 6 in which PCR was used.

2.2.7.2 PCR for screening positive bacterial colonies

Single colony was picked using sterile toothpicks and resuspended in lOOpl dH20 by

vortexing. The mix was boiled for 5 min and spun at 13K rpm for 10 min. The

supernatant was used for PCR. The PCR reaction was set up as described in section
2.2.7.1.

The positive single colonies were transferred to 5ml of LB Broth (with antibiotics)
for mini-prep DNA preparation. The mini-prep DNA was sent for sequencing to

verify the sequence of the insert DNA in the cloning. Glycerol stocks were prepared
from the positive colonies and stored at -70°C.
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2.2.7.3 Real-Time PCR

Total RNA was extracted from samples using RNeasy mini Kit (Qiagen). RNA

samples were quantified using spectrophotometer and were treated with DNase

(DNA-Free, Ambion) before first strand cDNA synthesis was performed

(RetroScript, Ambion) according to the manufacturer's protocol.

Analysis of the human CLWD expression in tumours was performed using TaqMan

System from Applied Biosystems. All the other experiments were performed using
the SYBR Green system purchased from Bio-Rad. The double delta method was

used when the TaqMan system was used while the relative standard curve method
was used when the SYBR Green system was used.

2.2.7.2.1 The Taq Man System

The Real-Time reaction was carried out in MyCycler™ Thermal Cycler (Bio-Rad).

Taq Man Assay-on-Demand gene expression pre-designed primer and probe sets

from Applied Biosystems (Cheshire, UK) were used for human CLWD (Assay #

Hs00225594_ml) and GAPDH (Assay #Hs99999905_ml), where GAPDH was used
as an endogenous control. A lOpl reaction contains 5pl of the TaqMan PCR Master
Mix (no AmpErase UNG), 0.5pi of primers, and 4.5pi of cDNA (dilutions were

sometimes required). The thermocycling conditions were as follows: 2 min at 50°C

(1 cycle), 10 min at 95°C (1 cycle), 15 s at 95°C, 1 min at 60°C and 1 min at 72°C for
40 cycles.

2.2.7.2.2 SYBR Green System (Bio-Rad)

Real-Time PCR was performed using MyCycler™ Thermal Cycler (Bio-Rad).
Accumulation of the PCR product was monitored by the fluorescent dye SYBR

green. PCR primers were designed with one primer of each pair spanning an exon-

exon junction whenever possible to prevent the amplification from contaminating

genomic DNA. Quantitative Real-Time PCR was carried out in a final volume of

20pl, containing lOpl of 2X iQ™ SYBR Green Supermix (Bio-Rad), 0.8pl of each
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primer (primer stock concentration was 5 pM), 5.5pl of the template (dilution were

sometimes required), and 2.9pl of df^O, under the following conditions: 95°C 3 min,
followed by 50 cycles each of 95°C 30 sec, 63°C 30 sec, and 72°C 30 sec. The

melting curve analysis was performed from 55°C to 95°C. The 18S rRNA was

quantified as an internal standard. A standard curve was generated by plotting the

logio of control template on the X axis against the Ct value from serial dilutions of
Human CLWD or 18S rRNA target DNA on the Y axis. The standard curve, linear

equation, and correlation coefficient (R2) are automatically computed with MyiQ
software (Bio-Rad). The standard curve is linear over 5 logs (101 to 105 dilutions)
with a correlation coefficient R greater than 0.99. The relative level of expression
of unknown samples was determined according to standard curve equation. No

signals were observed in the No Template Control or in the NO RT Control.

All Real-Time PCR was performed in triplicate (unless otherwise stated), and the
standard curve method was used to calculate relative mRNA levels normalised to

18S rRNA. The No Template Control and the No RT Control were included in every

experiment. The Melting Curve was performed when SYBR Green was used to

ensure the set primers are amplifying a single PCR product.

2.2.8 Immunofluorescence (IF)

2.2.8.1 IF on culture cells

Cells grown on autoclaved glass coverslips (Menzel-Glaser) in 24-well plates were

transfected as described in section 2.2.1.1. To fix cells, they were washed twice with
PBST and fix with 200pl methanol/acetone (1:1) for 10 min at -20°C, followed by a

PBS wash (twice) and a PBST wash (three times). 4% paraformaldehyde (PFA) was
used to fix cells if the fluorescence came from GFP (green fluorescence protein).
When 4% PFA was used for fixing cells, an extra step of permeabilising the cells

using 0.1% Triton X-100 (diluted in PBS) for 30 min at room temperature was

included.
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Blocking solution (3% BSA diluted in PBST) was added to cells and they were

blocked for lh at room temperature with shaking. Moisturised paper towel was laid
on inner side of the lids in order to reduce evaporation. Cells were washed three
times in PBST and incubated with the primary antibody (diluted in PBST) for lh
followed by three washes in PBST. Finally, cells were incubated with fluorescence-
labelled secondary antibody (Alexa Fluor, 1:1000 diluted in PBST, Molecular

Probes) for 30 min, followed by three washes with PBST (protected from light by

wrapping in tin foil). Cells were mounted using Mowiol (with DAPI) and observed
under fluorescence microscope (AxioSkopz MOT, Zeiss, Welwyn Garden City, UK).

2.2.8.2 IF on cryostat sections

Cryostat cut mouse SCN sections were brought to room temperature from -70°C by

immersing in PBS for 5 min. Blocking solution (serum, same species in which the

secondary antibody was raised, diluted 1:5 in PBS) was added to slides and blocked
for 10 min, followed by PBS wash. The primary antibody (anti-CLWD antibody,

1:20) was added and the slides were incubated at 4°C overnight in a humid chamber.
The next day, the slides were washed in PBS before incubating with the secondary

antibody (Alexa Fluora donkey anti-sheep 594, 1:200) for 30 min, followed by a PBS
wash (twice). The slides were mounted using Mowiol (including DAPI) and
observed on a fluorescence microscope (AxioSkopz MOT, Zeiss, Welwyn Garden

City, UK).

2.2.9 RNAi

2.2.9.1 siRNA transfection

Cells were plated at a density of 4xl04 cells /well on coverslips in 24-well plates 24h

prior to transfection. SMARTpool siRNA reagents were purchased from
Dharmacon. siRNA oligos were resuspended in IX siRNA Buffer (Dharmacon,

Inc.) to 20pM (stock). The stock solutions were stored in small aliquots at -20°C.
Unless specified, lOnM of siRNAs together with siLentFect (BioRad) were used for
transfection. Cells in 24-well plates were transfected with lOnM siRNA oligos
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(0.25pi of siRNA stock solution) by mixing the siRNA oligos with 50pl OptiMEM,
and incubated at room temperature for 5 min. 1.2pl of siLentFect (Bio-Rad) was

mixed with another 50jul OptiMEM and incubated at room temperature for 5 min.
The diluted silentFect mix was added to the diluted siRNA oligos and the mixture
incubated at room temperature for 20 min. The mix was added to cells plated on 24-
well plates, containing 400pl cell culture medium per well.

On 6-well plates, lOnM of siRNA oligos (2pl of siRNA stock solution) was added to

50pl of OptiMEM and incubated at room temperature for 5 min. 3pl of siLentFect
was added to 50pl OptiMEM and incubated at room temperature for 5 min. The two
mixes were added together and incubated at room temperature for 20 min before

adding to the cells plated on 6-well plates; each well contains 3.9ml cell culture
medium.

2.2.9.2 RNA extraction for analysing CLWD knockwdown

Cells were trypsinised and pelleted by centrifugation. Total RNA was extracted from
cell pellets using RNeasy mini (Quiagen), following the manufacturer's protocol.
RNA was eluted in RNase-free water. RNA was kept at -70°C for storage.

2.2.9.3 First strand cDNA synthesis

Total RNA was treated with DNase before first strand cDNA synthesis was carried
out (DNA-Free kit, Ambion). RetroScript kit (Ambion) was used for first strand

synthesis, following the manufacturer's protocol. cDNA was kept at -20°C for

storage.

2.2.9.4 Cell count

The cell number in the siRNA transfected cells was determined using FACS (FACS

Calibur, BD Biosciences). HeLa cells plated on 6-well plates were transfected with
siRNA. Transfection for each treatment was performed in duplicate. To harvest

cells, cells were trypsinised using 1ml of trypsin solution at appropriate post-
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transfection time points. The trypsinised cells were divided into two parts, one part

was used for cell number analysis and the other part was used for RNA analysis to

assess CLWD knockdown in these cells. The cells for cell number counting were

pelleted by centrifugation and resuspended thoroughly in 500pi of PBS. The cell
number was determined by counting the number of cells for 60s using FACS.

2.2.9.5 BrdU Proliferation Assay by indirect immunofluorescence

microscopy
The BrdU labelling kit (5-Bromo-2'-deoxy-uridine Labeling and Detection Kit I,

Roche) was used to measure cell proliferation in cells transfected with siRNA oligos.
Cells were plated on coverslips grown in 24-well plates and transfected with siRNA

oligos. At appropriate post-transfection time points, the cell culture medium was

removed and cells grown on coverslips were incubated with the BrdU Labeling
Medium (diluted 1:1000 in prewarmed cell culture medium) for lh at 37°C. The

coverslips were washed three times in Washing Buffer (supplied with the kit). The
cells were fixed with the Ethanol Fixative for 20 min at -20°C. The coverslips were

washed three times in Washing Buffer. The cells were incubated with anti-BrdU
solution at 37°C for 30 min. The coverslips were washed three times with the

Washing Buffer. The coverslips were then incubated with anti-mouse-Ig-fluorescein
solution at 37°C for 30 min, followed by three washes in Washing Buffer. The

coverslips were mounted using Mowiol (including DAPI) and examined under a

fluorescence microscope. The cell proliferation rate was worked out by counting the

percentage of BrdU-staining cells on the coverslips. The transfection was carried out

in triplicate.

2.2.9.6 Cell cycle analysis by flow cytometry

The DNA content at stages of the cell cycle was measured using a flow cytometer

(Coulter EPICS XL/XL-MCL, Beckman Coulter). Cells were plated at a

concentration of 2.7 xlO5 cells/well on a 6-well plate. Cells in culture medium were

collected by centrifuging at 1200 rpm for 5 min. Cells from one well of the 6-well

plates were harvested by trypsinising in 1ml of trypsin:versene (1:1) solution. The
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lml cell suspension was divided into three portions: 500pl for FACS, 250pl for RNA

analysis to assess CLWD knockdown, and the other 250pl for protein analysis.

500pl cell suspension was pelleted by spinning at 3000 rpm for 10 min (4°C) and cell

pellet was resuspended in 50pl Citrate Buffer. Then 225pl of Solution A was added,
mixed gently by inverting the tube, and incubated at room temperature for 10 min.

Next, 162.5pl of Solution B was added, inverted to mix and the mixture incubated at

room temperature for 10 min. Finally, 125pl Solution C was added and the samples
were incubated on ice for 10 min.

Flow cytometric DNA analysis was performed by acquiring 10000 nuclei with a

Facscan flow cytometer (Coulter EPICS XL/XL-MCL). Cell cycle analysis was

performed using EXP032 ADC software package.

2.2.9.7 Apoptosis assay

2.2.9.7.1 Annexin-V by FACS

In early stages of apoptosis, changes occur at the cell surface. One of the plasma
membrane alterations is the translocation of phosphatidylserine (PS) from the inner

part of the plasma membrane to the outer layer, by which PS becomes exposed at the
external surface of the cell. Annexin V is a phospholipid-binding protein with high

affinity for PS. Annexin V is used as a sensitive probe for PS exposure and is
therefore suited for detecting apoptotic cells. The Annexin V apoptotic assay was

performed using the Annexin-V-FLUOS Staining Kit (Roche) according to the
manufacturer's protocol.

HeLa cells grown in 6-well plates were transfected with siRNA oligos and subjected
to Annexin V assays. Cells were pelleted by trypsinising 72h after transfection. Cell

pellets were resuspended in lml of fresh cell culture medium where half of the pellet
was used for Annexin V assay, a quarter of the pellet was used for RNA analysis to

assess CLWD knockdown and the rest was stored for protein analysis. To prepare

the Annexin-V-FLUOS labelling solution, 20pl Annexin-V-Fluos labelling reagent
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was diluted in 1ml incubation buffer with 20pl Propidium iodide solution added.
The cell pellet was resuspended in lOOpl of the Annexin-V-FLUOS labelling
solution and incubated at room temperature for 15 min. After 15 min of incubation,
0.5ml of incubation buffer was added to the cell suspension and analysed using
FACS (Coulter EPICS XL/XL-MCL). Cells treated with lOOnM staurosporine

(which induces apoptosis) for 48h were included in the experiments as a positive
control for apoptosis. Other controls in the experiment included cells stained with

only Annexin-V-FLUOS, only the Propidium iodide or no staining. High FITC and
low propidium idodide staining indicates apoptosis.

2.2.9.7.2 Detection of the activation of the Caspase-3 pathway by
Western blots

The activation of the caspase-3 pathway was determined by the presence of a 17kDa
band on Western blots detected using the anti-caspase 3 antibody (Cell signaling

technology). 10-15jug of total protein per lane was run on a SDS-PAGE gel. The gel
was transferred to a Hybond-P membrane (Amersham) by semi-dry blotting (Bio-

Rad) or wet-transfer (Bio-Rad). The membrane was probed with the anti-caspase 3

antibody (1:1000, Cell Signalling Technology) at 4°C overnight. The blot was

washed with three changes of PBST (10 min each) before being incubated with the

secondary antibody (anti-rabbit HRP, 1:2000, Dako) for lh at room temperature.

The blot was washed again with three changes of PBST before the signal was

visualised using ECL.

2.2.9.8 Quantification of the nuclei morphology using
immunoflourescence

To assess the nuclear morphology of the siRNA transfected cells,
immunofluorescence was performed on the siRNA transfected cells at different time

points post-transfection (24, 48, 72, and 96h). Microtubules were stained with the
anti-a tubulin antibody (Sigma) and nuclei were stained with DAPI. The percentage

of cells with abnormal nuclear morphology was assessed by counting under a
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fluorescence microscope. The characterisation of the abnormal nuclear morphology
is described in detail in Chapter 6.

2.2.9.9 Mitotic Index Determination

The mitotic index of cells transfected with siRNA was determined by counting the

percentage of cells at mitosis. Microtubules of the transfected cells were stained
with an anti-a tubulin antibody (Sigma) and nuclei were stained with DAPI, using
immunofluorescence as described in section 2.2.8.1.

Coverslips were examined under a fluorescence microscope and at least 200 cells
were counted on each coverslip for determination of the mitotic index. Only cells
with distinct interphase nuclei and mitotic appearance were counted. Each treatment

(siRNA) was carried out on six different coverslips. Results pooled from three

independent experiments were analyzed.

2.2.9.10 Metaphase spreading of siRNA transfected HeLa cells for
chromosome counts

HeLa cells were grown on 6-well plates at density of 1.5 x lO3 cells per well. Cells
were transfected with siClwd (lOnM) or control siRNAs (Non-targeting siRNAs) as

described previously (section 2.2.9.1). Cells were trypsinised 48h or 120h after
transfection. A quarter of the cells from the same well were pelleted for RNA

analysis to assess CLWD knockdown. The rest of the cells were also pelleted by

spinning down briefly and resuspended in 0.075M KC1 for incubation at room

temperature for 10 min before being pelleted by centrifugation. The pellet was

resuspended in fixative (methanol:glacial acetic acid; 3:1) and spun. This fixing step

was repeated three times. In the last fixing step, the cells were left in the fixative.

Microscope slides were treated with ethanol (0.5% HC1). To spread the

chromosomes on slides, cells in the fixative were dropped onto the slides from a

distance (~50cm). As the slides dried, the slides were observed briefly using a light

microscope. The slides were dried overnight at room temperature and mounted
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under coverslips in antifade Vectorshield (Vector Laboratories, Peterborough, UK)

containing 1.5pg/ml DAPI (4,6-diamidino-2-phylindole). Slides were wrapped in
tin-foil and stored at 4°C until chromosome counts were performed.

The DAPI-labelled metaphase spreads of the siRNA transfected HeLa cells were

visualised using a fluorescence microscope (Zeiss, Welwyn Garden City, UK) and

images captured with a digitial camera (Axiophot 2, Zeiss). Chromosome counting
was performed using a fluorescent microscope, using the karyotyping function in the
Smart Capture software. Only spreads with clearly identifiable chromosomes were

included for analysis; those with clumped, broken, and overlapping chrosomes were

excluded. Eight samples were counted for each siRNA transfection.

2.2.10 Luciferase Assays

Cells for transfections were plated at 2 x 105 cells per well in a 6-well plate, 24h

prior to transfection. The pGL3B-promoter plasmid was used as the positive control
for the luciferase assay and a plasmid encoding myc-tagged LacZ was used as an

internal transfection control. The experimental constructs (l ,5pg each) and the myc-

tagged LacZ construct (1.5pg) were transiently co-transfected into cells using

Lipofectamine (Invitrogen) in OptiMEM. After 6h, the medium was replaced with
cell culture medium and cells were cultured for a further 48h. To harvest cells, cells

were washed twice in PBS before adding 300pl of the 1 X RLB (Reporter Lysis

Buffer, Promega) per well. The cells were incubated with the RLB for 10 rnin at

room temperature (protected from light exposure). Cells were scraped off from the

plates and freeze thawing on dry ice to help lyse the cells. Cellular debris was

removed by centrifugation at 13K rpm for 15 sec. Cell lysates were stored at

20°C until future analysis.

Luciferase activity was analysed using Promega's Luciferase Reporter Assay System

according to the manufacturer's protocol. lOOpl of Luciferase Reagent was added to

20pl of lysate. Luciferase activity was measured as relative light units using a

luminometer (Turner Designs). Luciferase expression was normalised to 0-

70



galactosidase activity. The transfection for each treatment was performed in

duplicate and the experiment was repeated independently three times. The values

represent the mean luminescence ratio ± S.E. (standard error) of three independent

experiments, where each transfection was performed in duplicate. The average

luciferase activities in cells transfected with different constructs were compared

using a one-tailed Student's t test (p-values < 0.05 were considered to be statistically

significant).

2.2.11 p-galactosidase assays

The P-Galactosidase Enzyme Assay System (Promega) was used to analyse the level
of p-galactosidase expression in HeLa cells transfected with the myc-LacZ construct

according to the manufacturer's protocol. To measure the P-Galactosidase activities
in the protein extract, 25pi of cell lysate (dilutions were sometimes required) was

pipetted into a 96-well plate (Nunc). The standards, (0 to 5 milliunits of P-

galactosidase enzyme) were added to different wells in the 96-well plate. All

samples and standards were run in duplicate. Next, 25pl of 2X Assay buffer was
added to the cell extracts and the plate was incubated at 37°C for 30 min (the length
of incubation sometimes required adjusting). The reactions were stopped by adding

150pl of 1M Sodium Carbonate. The absorbance was measured using an EL 311

microplate autoreader (Bio-Tek Instruments) at 420 nm. The P-galactosidase activity
in each sample was determined by comparing p-galactosidase unit to the standard
curve.
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CHAPTER 3

From gene to protein

72



Chapter Three From gene to protein

3.11ntroduction

Human CLWD cDNA is 345 bps long, encoding a protein with 115 amino acids with
a predicted molecular weight (MW) of 12kDa. A previous PhD student in our group

(O'Donoghue, J. 2004, PhD thesis) made two anti-peptide CLWD antibodies and
detected a band of 28kDa on Western blots. However, this 28kDa band could not be

repeated despite numerous efforts. The molecular weight of Clwd remained a

mystery when I started my PhD. One strategy to elucidate the MW of Clwd was to

tag Clwd with a small epitope then use the commercially available antibodies against
the epitope to detect the epitope-tagged Clwd. The epitopes are generally small in
size so the molecular weight of the fusion protein would be a close approximation to

the molecular weight of Clwd. In this chapter, I describe experiments in which I
made several constructs tagging human and mouse Clwd with epitopes at either C-
terminus or N-terminus to clarify the size of Clwd. These constructs are also useful
for characterising the cellular localisation of Clwd.

Little was known about the localisation of CLWD in cells. Despite the failure of the
anti-CLWD antibodies to work on Western blots, I showed that both anti-CLWD

antibodies worked specifically on cells using immunofluorescence. This has yielded
vast amount of information about the intracellular localisation ofCLWD.

In this chapter, I have described the work relevant to the elucidation of the MW of
Clwd using various approaches including epitope tagging and in vitro translation.
Cellular localisation studies using immunofluorescence unveiled the surprising
location of CLWD in interphase and mitotic cells, which consequently led to the
work of characterising the functions of Clwd in later chapters.
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3.2 Methods

3.2.1 Clwd expression plasmids

The construction of various Clwd-GFP and Clwd-myc fusion protein mammalian

expression plasmids were described in Section 2.2.2. Constructs used in this chapter
are mClwd-myc, dORF-myc, pCI-Neo HClwd, HClwd-GFP, MClwd-GFP, GFP-

HClwd-2XFlag, and GFP-MClwd-2XFlag. The cloning of these constructs is
described in Chapter Two.

Construct Name uORF

+1

ATG dORF

+348

I
TGA

+343

mClwd-myc -207I""™™■■■

dORF-myc -165 !■

myc

+343

lummyc

MClwd dORF

MClwd-GFP

HClwd-GFP

GFP-MCIwd-2xFlag

GFP-HCIwd-2xFlag

HClwd dORF GFP

GFP MClwd dORF 2xFlag

Gfjf HClwd dORF 2xFlag

Figure 3-1 Schematic diagram of epitope-tagged Clwd constructs.

3.2.2 Cell culture and transfection

HeLa and NIH3T3 cells were cultured in DMEM (Invitrogen) with 10% FBS

(Gibco) at 37°C in a 5% CO2 incubator. For transfection, cells were plated at 1.2xl05
cells/well in 6-well plates or 4 xlO4 cells/well in 24-well plates. Plasmid DNA used
for transfection was prepared using EndoFree Plasmid Maxi Kit (Qiagen) and was

quantified using spectrophotometer. On a 6-well plate, a total of 1.5pg plasmid DNA
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together with 6pl Lipofectamine 2000 (Invitrogen), diluted in OptiMEM, was

transfected into cells. The medium in the wells was replaced with OptiMEM just
before transfection was performed. Six hours after transfection, the medium was

removed and replaced with fresh DMEM+ 10% FBS. After 48h, cells were washed
with PBS, trypsinised, and lysed in RIPA buffer (supplemented with protease

inhibitor, Roche).

3.2.3 Immunoblotting

Cells transfected with plasmid DNA were harvested by trypsinising. RIPA buffer

(with protease inhibitor) was used to lyse cells. Cells were further lysed by vortexing
or pipetting. Cell lysates were clarified by centrifugation (13K rpm for 15 sees).

Protein concentrations were determined using DC Protein Assay (BioRad). 10-15pig
total protein were resolved by SDS-PAGE and transferred to Hybond-P membrane

(Amersham). Membranes were blocked in 5% milk (made in PBST) at 4°C

overnight before immunoblotted with anti-GFP antibody (1:5000, Invitrogen), anti-

Flag antibody (1:5000, Invitrogen), or anti-myc antibody (1:1000, Abeam) for 2h at

room temperature. The membranes were washed three times with PBST (5 min each

wash) before being immunoblotted with the HRP-conjugated secondary antibody

(1:1000, Dako). Immunoblots were developed by chemiluminescence (ECL,

Amersham).

3.2.4 In vitro translation and the subsequent immunoprecipiation

Plasmids encoding 'mClwd-myc' (Myc-tagged mouse Clwd) and 'dORF-myc' (myc-

tagged mouse Clwd without the uORF) under the control of T7 promoter in

pcDNA3.lMycHisA vector (Invitrogen), 'pCI-neo FIClwd' encoding human CLWD
also under the control of T7 promoter in the pCI-neo vector (Promega) (final
concentration 20ng/pl) were incubated for 90 min at 30°C in a micrococcal nuclease-
treated transcription-translation coupled rabbit reticulocyte lysate system (Promega)
in the presence of T7 RNA polymerase and [35S] methionine. After incubation, the
in vitro translation reaction mixture (3pi) was resolved by SDS-PAGE gel and

protein synthesis was visualised by washing the gel with Amplify™ Fluorographic
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Reagent (Amersham). The gel was then dried and exposed to fdm at room

temperature.

The in vitro translation mixture (15pl) was diluted with 585jli 1 IP buffer (PBS+1%
Triton X-100 containing protease inhibitors). Immunoprecipiation was carried out

using anti-myc antibody (mouse monoclonal, fnvitrogen). 1.3pg of anti-myc

antibody was incubated with the reaction mixture on a rotary wheel at 4°C overnight.
l/50lh of the volume (i.e. 12pl) was removed and stored at -20°C for later use as a

'pre-input' control. The rest of the reaction was incubated with 10pl of Protein G
beads (Sigma) overnight at 4°C, with rotation. Next day, the Protein G Sepharose

complexes were spun at 7K rpm for 2 min (4°C) and the supernatant was discarded

carefully. The beads were washed three times with 0.5ml of IP buffer (+330mM

NaCl), 5 min for each wash with rotation. Finally, the beads were washed once with
IP (immunoprecipitation) buffer and spun at 7K ipm for 2 min. Supernatant was
discarded and proteins were recovered by adding 2X protein sample buffer

(containing |3-mecapethanol) to the beads. Retained immunocomplexes and the pre-

input samples were resolved on SDS-PAGE gel. The signals were visualised by

exposing the dried SDS-PAGE gel to film.

3.2.5 Immunoprecipitation of the myc-tagged CLWD

HeLa cells grown in 10cm dishes were transfected with myc-tagged Clwd and the
control vectors, using 6pg of plasmid DNA and 40pl of Lipofectamine 2000 Reagent

(Invitrogen) per dish. Protein lysates were collected from the cells 36h post-

transfection by scrapping off the cells from dishes. Cells were lysed in 1.2ml of
RIPA buffer (with protease inhibitor) for 2h at 4°C with rotation. The cell lysate was

centrifuged at 13K rpm for 30 min at 4°C. The supernatant was used for the

immunoprecipiation (IP) step. For the experiment investigating CLWD in the
insoluble fraction of cell lysate, the cell pellet was resuspended in RIPA buffer (with

protease inhibitor) and also used for the IP process.
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The IP step involved incubating the cell lysate with 5pg of anti-myc antibody per

reaction (Abeam) overnight at 4°C, with rotation. Next day, 1 Opl of Protein G beads

(in PBST, Sigma) were added to the lysate and allowed to incubate for 2h (or

overnight) at 4°C, with rotation. The lysate was spun at 7K rpm for 2 min at 4°C and
the supernatant was discarded. The beads were washed four times with 0.5ml PBST

per wash. Finally, the proteins were recovered by resuspending the beads in 30pl of
2X protein loading buffer (with |3-mercapethanol). 1 5jli1 of the protein was resolved
on SDS-PAGE gels and transferred to Hybond-P membrane. The membrane was

immunoblotted with anti-myc antibody (1:3000, rabbit polyclonal, Abeam) for 2h at

room temperature, followed by three washes with PBST (5 min per wash), and
immunoblotted with HRP-conjugated secondary antibody (1:2000, Dako) for lh.
The membrane was washed three times with PBST and signal was detected using
ECL reagent (Amersham).

3.2.6 Subcellular localisation of CLWD (immunofluorescence)
Cells were plated on cover slips (Fisher Scientific) in 24-well plates. The cell
culture medium was removed, coverslips were washed with PBS, and fixed by either
incubation for 5 min at room temperature in 4% paraformaldehyde (PFA) or 15 min
at -20°C in methanol/acetone fixatives. Cells were permeabilised in 0.1% Triton X-
100 (diluted in PBS) for 30 min when 4% PFA was used for fixing. Subsequently,

coverslips were washed three times with PBST and blocked in 3% BSA (diluted in

PBST) for lh at room temperature. The coverslips were incubated with primary

antibody (diluted in PBST) for lh at room temperature, followed by three times
washes with PBST. Afterwards the coverslips were incubated with secondary
antibodies (diluted in PBST) for 30 min (wrapped in tin foil to protect from exposure

to light) and again washed three times with PBST. Finally, coverslips were mounted
on glass slides using Mowiol (including DAPI).

The anti-CLWD antibody (polyclonal sheep) was used at 1:50. Anti-a tubulin

antibody (1:1000, mouse monoclonal) was purchased from Sigma. Anti-p tubulin

antibody (1:200, rabbit polyclonal), anti-myc antibody (1:200, rabbit polyclonal), and

77



anti-Calreticulin (1:200, rabbit polyclonal) were bought from Abeam. Anti-paxillin

(1:3000, mouse monoclonal) and anti-GM 130 (1:1000, mouse monoclonal)
antibodies were purchased from Transduction Laboratories. Anti-myc antibody

(1:1000, mouse monoclonal) was obtained from Invitrogen.

Fluorescent Alexa Fluor secondary antibodies (goat anti-mouse 488, goat anti-mouse

594, donkey anti-sheep 594, and goat anti-rabbit 488) were purchased from
Molecular Probes (Invitrogen) and used at 1:1000 dilution.

Mitochondria in live cells were labelled with MitoTracker Texas red (Molecular

Probes). Stocks were dissolved in DMSO to a final concentration of lOOnM and then
were diluted 1:1000 in tissue culture growth medium. Cells were incubated with the

growth medium with MitoTracker added at 37°C for 30 min and were washed twice
with fresh growth medium. Actin in cells was stained using Alexa Fluor Phallotoxin
594 (Molecular Probes). Phallotoxin stock was dissolved in methanol to give
concentration of 6.6pM. To stain actin, cells were washed with PBS before fixed

using 3.7% PFA (made in PBS) for 10 min at room temperature. Cells were further
treated with acetone for 5 min at -20°C. Cells were blocked in 3% BSA for lh before

incubated with Phallotoxin (0.165pM diluted in PBS) for 30 min at room

temperature (protected from light). Three times PBS wash was applied between

steps and the coverslips were mounted using Mowiol (with DAPI).

3.2.7 Cell treatment with Nocodazole and Taxol

Nocodazole and Paclitaxel were both purchased from Sigma. Nocodazole was added
to cell culture medium to make up various concentrations (stock concentration was

5mg/ml dissolved in DMSO). Cells were treated with nocodazole for 2h at 37°C
before being fixed using methanol/acetone.

Paclitaxel was dissolved in DMSO to make the 1 pM stock. Paclitaxel was diluted in
tissue culture medium to give concentrations of 0, 0.1, 10, and 30nM. Cells were

treated with paclitaxel 5h till fixed by methanol/acetone.

78



3.3 Results

3.3.1 Elucidate the molecular weight of Clwd

3.3.1.1 In Vitro Translation of Clwd suggested CLWD was ~20kDa

Clwd mRNA was detected ubiquitously in various tissues including brain, muscle,
liver, and spleen etc using RT-PCR (O'Donoghue, J. 2004, PhD Thesis). However,
the anti-CLWD antibodies did not work on Western blots. I therefore used the in

vitro translation system as it has many advantages allowing the synthesis of protein
in a cell free system including minimising problems such as toxicity or rapid protein

degradation in cells.
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Figure 3-2 Coupled in vitro translation of myc-tagged mouse Clwd cDNA clone. Fluorogram of
35S methionine-labeled proteins separated on a SDS-PAGE gel. Translation of "dORF-myc" (myc-
tagged mouse Clwd without the uORF sequence; lane 1) and "mClwd-myc" (myc-tagged mouse Clwd
including the uORF sequence; lane 2) produced a band at ~20kDa. Lane 3 and 4 were irrelevant
samples. Lane 5 was a positive control (LacZ-myc) for the in vitro translation system which produced
a protein at ~150kDa.

The mouse Clwd cDNA was in vitro transcribed/translated as described in Materials

and Methods. In Figure 3-2, in vitro translation of dORF-myc (lane 1) and mClwd-

myc (lane 2) produced a band just above the 20.6kDa marker. A weaker band at

~38kDa was also observed in lane 1 and 2. The smear underneath the 20.6kDa band

was likely to be globin, which is present in abundance in the rabbit reticulocyte

lysates.
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3.3.1.2 Immunoprecipiation of the in vitro translated myc-tagged
CLWD detected a ~20kDa band

In order to find out which band was CLWD, immunoprecipitation using anti-myc

antibody was performed on the myc-tagged in vitro translation CLWD reaction
mixture. In Figure 3-3, it showed that the band just above the 20.6kDa marker was
the myc-tagged CLWD (lane 1 and 2) while this ~20kDa band was not seen in the

negative control (lane 3). The negative control was protein from the in vitro
translation reaction using a plasmid DNA which encodes CLWD but without a myc-

tag. The band was also seen in the pre-immunoprecipitated sample (lane 4 and 5),
but the signal was weaker.

These results suggested that the size of CLWD protein was about 20kDa. The
observed 20kDa protein was bigger than its theoretical size (12kDa) but smaller than
the 28kDa seen previously (ODonoghue, J. 2004 PhD Thesis). The difference of
size between the CLWD protein observed here and its theoretical size was likely due
to post-translational modification as there are several potential post-translational
modification sites present in CLWD sequence.

80



I
s
o
T3

o

B
T3

j*

IP

T3
£
u

I
o
-a

o

?
T3
£S n

No IP

-a
$
U

6

49.1

34.8

28.9

20.6

7.1

Figure 3-3 Immuoprecipiation of the in vitro translated myc-tagged CLWD proteins detected a
~20kDa band. Anti-myc antibody (1.3pg per reaction, Invitrogen) was used to precipitate myc-
tagged mouse CLWD proteins produced from the in vitro translation system (lane 1 indicates the
reaction from dORF-myc and lane 2 indicates the reaction from mClwd-myc). Protein G beads were
used to retain the immunocomplexes. No bands were detected in the negative control (lane 3, where
proteins were made from the in vitro translation of Clwd in pCl-Neo vector which did not have any
myc-epitopes). The ~20kDa band was weaker in the corresponding pre-input samples (lane 4-6)
where the in vitro translated proteins were not retained using Protein G beads.
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3.3.1.3 Immunoprecipitation of the ectopically expressed myc-tagged
CLWD detects a ~20kDa protein in the insoluble fraction of cell

lysates

No bands were detected on Western blots when myc-tagged Clwd was expressed

ectopically in HeLa or NIH3T3 cells. Positive controls included in this experiment
are myc-tagged LacZ (Invitrogen) and myc-tagged Zeta (the insert includes the 14-3-
3 protein isoform zeta; constructed by Dr Shaun Mackie, University of Edinburgh).
Both produced strong and specific bands on Western blots, suggesting the antibody
and the transfection technique were working. Due to the small size ofCLWD, I also
tried using Transfer membrane (Immobilon™-PSQ Transfer Membrane, Millipore)
which is designed for smaller size proteins. However, there were still no detectable
bands.

The transfection efficiency of the myc-tagged Clwd construct was always much
lower than in the positive controls, when assessed by indirect immunofluorescence.
The low percentage of transfected cells or low level of expression may explain the
absence of signal on Western blots. Hence I scaled up the transfection from 6 well

plates to 10cm dishes. I then used anti-myc antibody to immunoprecipiate the myc-

tagged CLWD proteins from the protein lysates.

HeLa cells were transfected with plasmid DNA encoding myc-tagged mouse Clwd

(dORF-myc) and a myc-tagged Zeta construct which was used as positive control

(encoding zeta protein with a size of ~35 kD). 5pg of anti-myc antibody (rabbit

polyclonal, Abeam) and lOpl of Protein G beads were used for immunoprecipitation

per reaction. The proteins from the IP process were resolved on SDS-PAGE gels and
immunoblotted with anti-myc antibody.

In Figure 3-4A, the myc-tagged CLWD protein was still not detected in cells
transfected with the dORF-myc construct (lane 1) despite the large scale of
transfection. A 35kDa band was detected in the positive control for transfection
where cells were transfected with Zeta-myc (lane 5). The sample in lane 6 was Zeta-

82



myc protein extract which has been used on Western blots and therefore served as a

positive control for the antibody. The bands appeared at 50kDa and 28kDa were

likely to be non-specific bands (IgG heavy chain= 50kDa; light chain= 25kDa)

(Nucifora, Sasaki et al. 2001).

The continuing lack of success of detecting the myc-tagged CLWD protein provoked
an attempt to look in the insoluble fractions of cell lysates from the transfected cells.

Here, proteins from the insoluble fractions (i.e. pellets) of cell lysate from the
transfected cells were also immunoprecipiated with anti-myc antibody. After

immunoprecipiation, the proteins were resolved on SDS-PAGE gels and allowed to

react with anti-myc antibody. Surprisingly, a ~20kDa band was detected in the cell

lysate transfected with dORF-myc (Figure 3-4B, lane 1). In cells transfected with the

empty vector (pcDNA3.1mycHisA, lane 3) or cells transfected with plasmid

encoding human CLWD with no myc epitopes attached (lane 4), no bands were

detected. The experiment was repeated several times and the ~20kDa band was

repeatedly seen in the insoluble fractions of the cell lysate.
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Figure 3-4 Immunoprecipitation detected myc-tagged CLWD in the insoluble fraction of cell
lysate. HeLa cells grown in 10cm dishes were used for transfection. Protein lysates were collected
36h after transfection. Proteins from both the supernatant and the insoluble fraction of the cell lysate
were subjected for immunoprecipitation. Anti-myc antibody (5pg, rabbit polyclonal, Abeam) and
lOpl of Protein G beads (Sigma) were used for immunoprecipitation per reaction. The proteins
recovered from the IP process were resolved on SDS-PAGE gels. (A) Immunoblots of proteins from
the supernatant of transfected cell lysates was probed with anti-myc antibody (1:3000, Abeam). Lane
1 shows the protein extracts from cells transfected with dORF-myc, lane 2 is an irrelevant sample,
lane 3 is the vector (pcDNA3.1mycHisA), and lane 4 is Clwd (without myc-tag). Lane 5 & 6 show
positive controls for the transfection protocol and the antibody respectively, where cells were
transfected with a myc-tagged Zeta construct. The expected 20kDa band was not detected when cells
were transfected with dORF-myc (lane 1). (B) Immunoblots of proteins from the insoluble fractions
of the lysate of the transfected cells were probed with anti-myc antibody (1:3000, Abeam). A ~20kDa
band was detected in cells transfected with dORF-myc (lane 1) while no signals were detected in cells
transfected with the empty vector (lane 3) or cells transfected with human CLWD which did not have
a myc-epitope (lane 4). Lane 5 shows the positive control (myc-tagged Zeta protein was ~ 35kDa).
Lane 2 is an irrelevant sample.
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3.3.2 Cellular localisation of the endogenously and ectopically

expressed myc-tagged Clwd in tissue culture cells

To elucidate the localisation of endogenous CLWD in HeLa cells, anti-CLWDl and
anti-CLWD2 antibodies were used. Both CLWD antibodies produced identical

expression patterns in cells (Figure 3-5a-d). Clwd was expressed mainly in the

cytoplasm and its expression was stronger around the peri-nuclear area. Some

expressions were also detected in the nucleus. The signal disappeared when the anti-
CLWD2 antibody was pre-absorbed with the CLWD2 peptide used to immunise

sheep for anti-CLWD2 antibody production (Figure 3-5e & f).

The cellular localisation of ectopically expressed CLWD was detected by

transfecting HeLa cells with the dORF-myc plasmid DNA. Cells transfected with

dORF-myc were stained red while no red signal was detected in the adjacent non-
transfected cells (Figure 3-5g & h). The pattern of a cellular localisation of

ectopically expressed myc-tagged mouse CLWD was similar to the expression

pattern of the endogenous CLWD.
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(a) (b)

(c) (d)

(e) (f) ml

(g) (h)

Figure 3-5 Immunofluorescence showing the cellular localisation of CLWD in HeLa cells, (a)
The localisation of endogenous CLWD was detected using the anti-CLWDl antibody. CLWD (red)
was mainly cytoplasmic, with stronger expression around the peri-nuclear area, (b) with DAPI. (c)
The endogenous CLWD was detected using the anti-CLWD2 antibody, (d) with DAPI. Both anti-
CLWDl and anti-CLWD2 antibodies produced similar expression pattern in the cells, (e) Cells were
stained with preabsorbed anti-CLWD2 antibody, (f) with DAPI. (g) Immunostaining with anti-myc
antibodies of HeLa cells transfected with dORF-myc (red), and (h) merged image with DAPI (blue).
The localisation of the endogenous and ectopically expressed CLWD was similar.
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3.3.4 Laddering pattern of GFP-tagged CLWD on Western blots

suggested presence of possible cleavage sites or alternative
initiation sites

To further characterise the molecular weight of CLWD, I generated another four
constructs where I put a GFP tag either at the C-terminal (HClwd-GFP and MClwd-

GFP) or at the N-terminal (GFP-HClwd-2xFlag and GFP-MClwd-2xFlag) of human
and mouse Clwd. In the N-terminally GFP-tagged version of Clwd, CLWD was

sandwiched between a GFP tag at the N-terminal and two Flag tags at the C-terminal.
A schematic diagram of these construct is shown below:

MClwd-GFP

HClwd-GFP

MClwd dORF GFP

HCIwd dORF GFP

GFP-MCIwd-2xFlag
GFP MClwd dORF 2xFlag

GFP-HCIwd-2xFlag
HCIwd dORF 2xFlag

Surprisingly, multiple bands were detected using an anti-GFP antibody when the
fusion proteins were resolved on SDS-PAGE gels. HCLWD-GFP showed three

bands, with molecular weight (MW) at 50, 40, and 35kDa (Figure 3-6A, lane 1 and

2). The MW of GFP protein is 30kDa (lane 3 and 4), suggesting the MW for
HCLWD is 20, 10, and 5kDa. MCLWD-GFP also showed three bands at MW of 49,

40, and 33kDa (Figure 3-6B, lane 1), suggesting the MW of MCLWD was

approximately 19, 10, and 3kDa.

This laddering pattern ofmultiple bands was interesting, so I repeated the experiment

using the N-terminally tagged GFP-CLWD protein. Again, multiple bands were seen

with the N-terminally tagged GFP CLWD-2xFlag proteins. The patterns of the
bands were similar using either anti-GFP antibody (Figure 3-7A) or anti-Flag

antibody (Figure 3-7B). Four bands were detected when the N-terminally GFP-

tagged human CLWD protein was run on the gel, at the MW of 42, 37, 34, and
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30kDa. Four bands were also seen when the N-terminally GFP-tagged mouse

CLWD was run on the gel, at the MW of 42, 37, 34, and 30kDa.

The N-terminally GFP-tagged CLWD proteins were similar in size to the C-

terminally tagged CLWD-GFP proteins, but not identical. Analysing the human and
mouse Clwd sequence, multiple initiation sites (ATG) were found. The length of and
the predicted MW of the possible transcripts deriving from alternative imitation is
listed in Figure 3-8, compared with the MW of the bands which were observed on

Western blots.
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Figure 3-6 Western blots showing C-terminally tagged CLWD-GFP. (A) Proteins from HeLa
cells tranfected with HClwd-GFP were run on Western blots (lane 1 & 2), detected using anti-GFP
antibody (1:5000, Invitrogen). Three bands were seen at molecular weights of approximately 50, 40,
and 35kDa. A 30kDa band was seen in cells transfected with the GFP vector (eGFP, lane 3 and 4).
(B) A similar pattern of bands was seen in HeLa cells tranfected with MClwd-GFP (lane 1). Three
bands are seen at MW of 49, 40, and 33kDa. Lane 2 shows proteins from cells transfected with the
empty vector (eGFP).
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Figure 3-7 Western blots showing proteins from HeLa cells transfected with the GFP-Clwd-
2xFlag constructs. (A) Proteins from HeLa cells transfected with GFP-HClwd-2xFlag were shown
in lane 1. The ectopically expressed GFP-MClwd-2xFlag proteins were run in lanes 2 & 3 while the
empty vector was shown in lanes 4 & 5 (GFP in the vector has a MW of 30kDa). The signals were
detected using anti-GFP antibody. A shorter exposure of the film showed that the band from GFP-
MCLWD-2xFlag run at the molecular weight just below 50kDa was actually a doublet. For an
unknown reason, a band at the same size of the GFP (~30kDa, lane 4 and 5) was also seen in cells
transfected with the GFP-CLWD-2xFlag plasmid DNA (lane 1-3). (B) The same blot was reprobed
with anti-Flag antibody, showing similar patterns to when the anti-GFP antibody was used.
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(A) Human CLWD alternative initiation products

ATG TGA

ATG TGA

ATG TGA

Length
(bps)

Length
(amino
acid)

Predicted
MW

(kDa)

Observed
MW

(kDa)

345 115 11.8 20, 15

144 48 4.6 10, 10

87 29 2.7 5,4

(B) Mouse CLWD alternative initiation products

ATG TGA

ATG TGA

ATG TGA

ATG TGA

Length
(bps)

Length
(amino
acid)

Predicted
MW

(kDa)

Observed
MW

(kDa)
348 116 12.3 20, 15

147 49 5.2 10,10,

84 28 3.0 3,7

57 19 2.0 4

Figure 3-8 Molecular weights of the predicted CLWD products resulting from alternative
initiation. (A) Human CLWD products derived from alternative initiations. Alternative initiation is
able to produce three possible products, with predicted molecular weights (MW) of 11.8, 4.6, and
2.7kDa. The molecular weights observed from the Western blots are listed in the last column in the
table. (B) Mouse CLWD products derived from alternative initiations. Four products are possible,
with MW of 12.3, 5.2, 3, and 2kDa. The observed molecular weights on Western blots are listed in
the last column.
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3.3.5 Subcellular localisation of CLWD: Both the endogenous
CLWD and the myc-tagged CLWD show a possible partial
colocalisation with tubulin

Indirect immunofluorescence showed that CLWD was expressed in the cytoplasm
and with stronger expression around the peri-nuclear area (Section 3.3.2). To further

investigate the subcellular localisation of CLWD, double immunofluorescence using
anti-CLWD antibody and various organelle markers (mitochondria, Golgi bodies,

paxillin and tubulin) was performed. In Figure 3-9, endogenous CLWD shows some

degree of colocalisation with mitochondria and a possible colocalisation with a-

tubulin. HeLa cells showed the characteristic staining at the focal adhesion when
stained with the anti-paxillin antibody (at the edges of the cells, indicated by arrows

in Figure 3-9). It looked like CLWD and paxillin showed a high degree of
colocalisation in the merged picture (Figure 3-9); however, very little colocalisation
was observed at the focal adhesion (indicated by arrows in the merged picture).

Similar double-immunofluorescence colocalisation experiments were performed

comparing the localisation patterns of organelle markers and myc-tagged CLWD.

Images of cells stained with the organelle markers are illustrated in the top row,

images of cells stained with the ectopically expressed myc-tagged CLWD are

presented in the second row, while the bottom row shows the merged images (Figure

3-10). Consistent with the results seen with the endogenous CLWD, the ectopically

expressed myc-tagged CLWD shows possible colocalisation with a-tubulin while the
colocalisation with mitochondria was restricted to the peri-nuclear area.

However, the pattern of expression of the endogenous CLWD varied considerably in
the double-immunofluorescence studies. When interpreting these results I have been
cautious as I cannot be confident that the colocalisation results are genuine. There is
a possibility that it may be due to bleed through between channels of the microscope.
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Figure3-9SubcellularlocalisationofendogenousCLWDandorganellemarkersinHeLacells.Localisationofvariousorganellemarkers(toprowofimages:Paxillin, mitochondria,Golgi,microtubule,andactin)andendogenousCLWD(secondrowofimages)inHeLacells.Thebottomrowofimagesshowsthemergedimagesof endogenousCLWDandtheorganellemarkers.Yellowindicatesco-localisation.NucleiwerevisualisedwithDAPI(blue).EndogenousCLWDshowsahighdegreeof colocalisationwithmitochondriaandmicrotubules.
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CLWD-myc Merged
Figure3-10Subcellularlocalisationstudiesofectopicallyexpressedmyc-taggedCLWDandvariousorganellemarkersinHeLacells.HeLacellsstainedwithvarious organellemarkersareshowninthetoprow(Paxillin,mitochondria,Golgi,microtubule,andER),localisationofthemyc-taggedCLWDisshowninthesecondrow,while themergedimagesareshowninthebottomrow.Theectopicallyexpressedmyc-taggedCLWDshowsahighdegreeofcolocalisationwithtubulin.
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3.3.6 Disruption of tubulin by microtubule drugs does not alter the

pattern of CLWD localisation

The results from previous section (section 3.3.5) suggest that both the endogenous
and ectopically expressed CLWD show a high degree of colocalisation with tubulin.
To clarify the relationship between CLWD and microtubule staining, I performed
colocalisation studies of endogenous CLWD in the presence and absence of the

microtubule-disrupting drug nocodazole (Figure 3-11). Before microtubule

disruption, there was extensive CLWD and tubulin colocalisation (Figure 3-11,

Opg/ml of nocodazole). Increasing the concentration of nocodazole however did not

change the subcellular localisation of endogenous CLWD in the cells (from O.lpg/ml
to lOOpgl/ml).

Next, I repeated the experiments in the absence and presence of Paclitaxel (taxol),
which is a microtubule-stabilising drug (Figure 3-12). In the absence of Paclitaxel

(OnM), endogenous CLWD showed a significant colocalisation with tubulin. After
stabilisation with Paclitaxel, the microtubules formed a prominent basket-like
structure on either side of the nucleus (O.lnM, lOnM, and 30nM). Apart from a

slight decrease in CLWD immunoreactivity, the expression pattern of CLWD
however did not change in accordance with the stabilised microtubule structures.

Paclitaxel (Taxol) and Nocodazole are microtubule-disrupting agents. Paclitaxel

polymerises while Nocodazole depolymerises microtubules. Tubulin structures

change dramatically when FleLa cells are treated with these two drugs. However, the

staining pattern of CLWD was unaffected by microtubule disruption (Figure 3-11
and 3-12).

The microtubule structure-disruption experiments suggested that CLWD was

unlikely to bind microtubules directly. However, the possibility of CLWD as a

microtubule-binding protein should not be excluded completely as the dramatic
alteration of microtubule structures may cause the dissociation of CLWD from
microtubules.
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Figure 3-11 Colocalisation studies of endogenous CLWD in microtubule-disrupted HeLa cells.
Nocodazole was added to the cell culture medium to disrupt microtubules. In the absence of
nocodazole (Opg/ml), the endogenous CLWD (red) shows some levels of colocalisation with tubulin
(green). The localisation of CLWD in cells did not seem to be affected by the disruption of
microtubules (0.1pg/ml- lOOpg/ml). Nuclei were stained with DAPI (blue).

OnM 0.1 nM 10 nM 30 nM

Tubulin

CLWD

Figure 3-12 Colocalisation study of endogenous CLWD and tubulin in microtubule-stabilised
HeLa cells. Paclitaxel was added to the cell culture medium to stabilise microtubules. Endogenous
CLWD was visualised using anti-CLWD antibody (red) and tubulin was stained using anti-a-tubulin
antibody (green). CLWD shows a possible colocalisation with tubulin in the absence of paclitaxel
(OnM). The subcellular localisation ofCLWD is not altered in the same manner when the microtubule
structure is changed.
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3.3.7 Localisation of CLWD during mitosis

The potential colocalisation of CLWD and tubulin made me look at the location of
CLWD at mitosis. To examine the localisation of endogenous CLWD at different

stages of the cell cycle, MCF7 cells were subjected to immunofluorescence analysis
with the anti-CLWD antibody (stained with red). The stages of the cell cycle were

assessed based on cell morphology and tubulin staining. DNA and microtubules
were stained with DAPI (blue) and anti-a-tubulin antibody (stained with green),

respectively. The cell cycle consists of interphase, prometaphase, metaphase,

anaphase, and telophase/cytokinesis. Immunofluorescence staining showed that

during prometaphase, CLWD was localised at the centrosome (Figure 3-13A) and
moved to the mitotic spindle during metaphase (Figure 3-13B). During early

anaphase (Figure 3-13C), CLWD was localised at the spindle. In telophase, CLWD
formed a distinct fine band extending across the spindle mid-zone and became more

concentrated around the two opposing sites of the separating DNA (Figure 3-13D).
The localisation was repeated in HeLa and Hek293 cells and similar pattern was

observed.

The location of CLWD during mitosis was similar to the location of tubulin (Figure

3-13E-H), however, it was not exactly identical. The differences are as follows:

During anaphase, CLWD localisation lacked the spread in the midzone seen with
tubulin (i.e. central spindles, Figure 3-13G). In telophase/cytokinesis, the
localisation of CLWD at the mid-zone was much weaker compared with the stronger

staining observed with tubulin (Figure 3-13H).

A better resolution of images of CLWD localisation during mitosis (Figure 3-14)
were observed using a Deltavision deconvolution microscope (Swann Building,

University of Edinburgh). Deconvolution is a software-based process by which an

out of focus image is refocused. A single image taken by the Deltavision microscope
is made up of a stack of images to create a single, rotatable image in three
dimensions.
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Attempts were made to perform double immunofluorescence experiments to assess

whether CLWD colocalises with tubulin during mitosis, using the anti-CLWD and
anti-a-tubulin antibody. However, a 100% identical colocalisation was always
observed when double immunofluoresence was performed although the previous
result suggested the localisation pattern of CLWD and tubulin was not identical. The
exact colocalisation was not due to cross-reactivity of antibodies, confirmed by

switching the secondary antibodies for each primary antibody. The 100% match was

not due to leaky channels of the fluorescent microscope, tested by using a red
fluorescence filter. A similar problem was encountered when a different tubulin

antibody was used (Anti-P-tubulin, which was raised in a different species compared
with anti-a-tubulin). It is plausible that CLWD has the ability to bind to

microtubules in some way; hence the 100% colocalisation when the two antibodies
were put together.
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Figure 3-13 Comparison of CLWD and (X-tubulin localisation during mitosis in MCF7 cells. (A-
D) CLWD (green); (E-H) <x-tubulin (red); (DAPI=Blue). (A) & (E): prometaphase; (B) & (F):
metaphase; (C) & (G): anaphase; (D) & (H): telophase.
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Figure 3-14. Images taken by Deltavision microscope showing the dynamic localisation of
CLWD during mitosis. HeLa cells were immunostained with the anti-CLWD2 antibody (red) and
DAPI (blue). Images were taken using Delta Vision fluorescence microscope and the images were
deconvoluted to remove background. CLWD localised at centrosome in prometaphase, moved to
mitotic spindle in metaphase, and became more concentrated in the areas adjacent to midzone in
cytokinesis.
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3.4 Discussion

3.4.1 CLWD is a protein with a molecular weight of 20kDa
After many unsuccessful attempts to utilise the ani-CLWD antibodies on Western

blots, I adopted the in vitro translation and the epitope tagging strategies to elucidate
the molecular weight of CLWD. The results from these experiments suggested that
CLWD is a protein with a molecular weight approximately 20kDa.

In addition to the difficulties experienced when detecting endogenous CLWD using
anti-CLWD antibody, I was also unable to detect the ectopically expressed myc-

tagged Clwd using anti-myc antibody. However, the myc-tagged CLWD protein was

detected in the insoluble fraction of cell lysate after immunoprecipitation. Two

explanations may explain the absence ofmyc-tagged CLWD on Western blots:

1) Overexpressing Clwdmay be cytotoxic
If overexpression of Clwd is toxic to cells, this may explain the low yield of

ectopically expressed CLWD from cells, and hence the difficulty encountered
when detecting CLWD on Western blots. However, it was noted that some cells
do expressed myc-tagged CLWD using immunofluorescence, although the

percentage of transfection was always low compared with the positive controls.

In addition, the hypothesis that overexpressing Clwd may be toxic to cells is in
accordance with the difficulties experienced when attempted to generate stable
cell lines overexpressing Clwd. Two attempts were made involving Clwd cloned
in different vectors. Neither of the two attempts yielded any positive clones

overexpressing Clwd.

Although I was not able to detect the myc-tagged CLWD on Western blots, I was
able to detect the GFP-tagged CLWD on Western blots. CLWD is a small

protein (the theoretical size is 12kDa and the result from my study suggests that
its molecular weight is ~20kDa) which makes the GFP relatively large in size

compared with CLWD (GFP is 30kDa). The CLWD-GFP fusion protein may

have lost some of CLWD's properties (e.g. cytotoxicity), although GFP has been

102



routinely used as a tag for proteins with sizes even smaller than CLWD (e.g.

histone).

2) CLWD may be a component of cytoskeleton of the cells
From the immunoprecipiation experiment (section 3.3.1.3), the myc-tagged
CLWD was found in the insoluble fraction of the cell lysate which may suggest

CLWD is likely to be associated with cytoskeleton of the cells. Proteins that
make up the cytoskeleton of the cells are known to be difficult to dissolve in

ordinary protein lysis buffer (RIPA buffer in this case). This speculation also fits
with the high degree of colocalisation of CLWD with tubulin in the subcellular
localisation studies (section 3.3.2 and 3.3.7).

3.4.2 Is CLWD a new component of the mitotic spindle?

In interphase cells, CLWD shows a possible localisation with tubulin. A strikingly
similar but not identical localisation pattern of CLWD and tubulin during mitosis

suggested CLWD may be a new component of the mitotic spindle. However,

disruption of microtubules using nocodazole and Paclitaxel did not alter the
localisation of CLWD in the interphase cells. The concentration of the microtubule-

modifying drugs is known to be crucial for their effects. One way to find out whether
CLWD binds to microtubules is to perform immunoprecipitation of CLWD with the
microtubule proteins, although there is no known microtubule-binding motif found in
CLWD. Characterisation of tubulin structure in CLWD-depleted cells will be
discussed in a later chapter (Section 7.3.4).

Several proteome analyses of human mitotic spindles, centrosomes, and metaphase
chromosomes are available (Andersen, Wilkinson et al. 2003; Sauer, Korner et al.

2005; Uchiyama, Kobayashi et al. 2005). The proteomic approach is an efficient

way to identify novel components of the mitotic structures. In the study carried out

by Sauer G et al., they identified 151 proteins previously known to associate with the
mitotic apparatus, and 644 other proteins, including 154 uncharacterised components

that did not show any obvious homologies to known proteins and did not contain
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motifs indicative of a particular localisation (Sauer, Korner et al. 2005). CLWD,
however is not on the list of any of the novel components published by these studies.
It was thought that the relatively small size of CLWD might be under the cut-off
limit identified by mass spectrometer. However, several proteins with sizes smaller
than CLWD are seen on the list (e.g. histone)(Sauer, Korner et al. 2005). One

speculative explanation for the absence of CLWD on the lists may be that the

experimental conditions did not favour the association of CLWD with the mitotic

apparatus. Although these studies claim that they have obtained almost complete

coverage of the structural proteins, several proteins known to associate with these

apparatus were not detected, e.g. tubulins epsilon, TACC2, and Nip etc (Andersen,
Wilkinson et al. 2003). It is plausible that CLWD was not detected for purely
technical reasons.

A microarray database showed a highly significant association (p= 5.3lx 10"12) of
human CLWD (C20ORF149) with a gene called DCTN3. DCTN3 encodes the

protein P24, which is a subunit of a large protein complex called Dynactin (Schroer

2004). Dynactin binds the cellular motor dynein and is essential for dynein to

function. Dynein is a microtubule motor and its functions include prometaphase
chromosome movement, axonal transport, endosomal, lysosome, and Golgi transport

(Vaughan, Tynan et al. 1999). The significant association of CLWD with the P24
subunit ofDynactin adds further weight to the suggestion of the likelihood ofCLWD
as a component of cytoskeletal/microtubule system of cells.

3.4.3 Alternative translation initiation, a plausible mechanism

explaining the laddering pattern of CLWD-GFP fusion proteins on

Western blots?

The laddering pattern of the GFP-tagged CLWD on Western blots was interesting.
The laddering patterns of bands of the GFP-tagged CLWD proteins on Western blots
could well be caused by protein degradation, as this is essentially a random process.

However, the same size and pattern of bands seen in different experiments (mouse
and human CLWD as well as the N-terminal or C-terminal tagged experiments)

suggested the bands were unlikely to be caused by degradation.
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Another explanation of the multiple bands may be the re-initiation of translation. If
the context of the ORFs is suboptimal, the ribosomes read through the ORFs and
initiate translation at the proximal AUG, generating a long isoform. In contrast,

ribosomes may recognise and translate the uORF, resume scanning and re-initiate
translation at the distant downstream AUG, generating a smaller isoform

(Wiesenthal, Leutz et al. 2006).

In the sequence of human CLWD transcript, there are three other start codons that are
in frame with the dORF. Therefore it is possible to produce four different sizes of

proteins: 115 aa, 48 aa, 29 aa, and 5 aa. On the other hand, in the sequence ofmouse
Clwd transcript, there are also three ATG sites that are in frame with the dORF of
mouse Clwd. As a result, it is also possible to produce four different sizes of proteins
if alternative initiation is used. The proteins of mouse CLWD are 116 aa, 49 aa, 28

aa, and 19 aa long.

The number and size of bands seen on Western blots seem to be a close match with

the number of bands predicted to result from possible alternative initiation sites.
Three bands were seen on Western blots while alternative initiation sites are able to

generate four different proteins. On the Western blots, it was difficult to be absolute
about the number of bands as some bands appear as a doublet. Also, four bands

represent the maximum number of proteins that could result from alternative
initiation. Not all initiation sites will be necessarily utilised, and the efficiency of

usage is likely to be different.

In summary, the number and the molecular weights of these bands seen on Western
blots was a close match with the alternative initiation hypothesis.
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3.4.4 Do we need another anti-CLWD antibody?
Antibodies are useful tools for molecular biologists. The two anti-CLWD antibodies
we have in our group are polyclonal anti-peptide antibodies and they do not work on

Western blots despite many attempts. Anti-peptide antibodies have the advantages
of being less likely to cross-react with other proteins. However, their usefulness

depends on whether the chosen sequence turns out to be a good immunogen, as well
as on whether this particular epitope is available for interaction with the antibody
under the experimental conditions. An anti-CLWD antibody to the whole protein

hopefully would be more likely to recognise multiple epitopes on the target CLWD

protein. Having an antibody that recognises several epitopes, there is a better chance
that at least one epitope will be exposed on the surface of solubilised protein and thus
be available for interaction with antibodies (Ausubel 1987).
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CHAPTER 4

C/wd expression in tissues
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Chapter Four Clwd expression in tissues
4.1 Introduction

Clwd mRNA has been shown to be ubiquitously expressed using RT-PCR

(O'Donoghue, J. 2004 PhD Thesis). Gene expression information derived from

techniques such as RT-PCR or Western blots analysis is based on using homogenised
tissues. Since there are no other publications on Clwd, information about Clwd

expression in vivo is non-existent at present. For the identification of potential sites
of Clwd activity in tissues, I performed a comprehensive expression analysis in
mouse and human tissues. Clwd expression analysis was performed on mouse and
human tissue arrays using immunohistochemistry (IHC). These tissue arrays have

multiple tissues on the same slide, allowing direct comparison of the level of Clwd

expression in different tissues. The interesting and surprising pattern of Clwd

expression from the IHC studies is presented in this chapter. The level of Clwd
mRNA in mouse tissues was quantified using Real-Time PCR. Possible mechanisms

by which Clwd translation is controlled were investigated by looking at the effect of
the uORF present in the 5'UTR of Clwd using luciferase reporter assays.

4.2 Methods

4.2.1 Polyclonal anti-CLWD antibody
Two polyclonal sheep anti-CLWD antibodies (anti-CLWD 1
available in our group (O'Donoghue, J. 2004 PhD Thesis),
was used unless specified.

4.2.2 Immunohistochemistry (IHC)
Tissue arrays containing mouse or human tissues were purchased from Zymed

(MaxArray™ Mouse Tissue Microarray Slides and MaxArray™ Human Normal
Tissue Microarray slides). The IHC procedure is the same as described in Chapter
two.

and anti-CLWD2) were
Anti-CLWD2 antibody
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4.2.3 Construction of reporter plasmids for uORF analysis

To assess whether the uORF of Clwd has any inhibitory effects on Clwd translation,
the 5'UTR of human and mouse Clwd were cloned into a luciferase reporter

construct (pGL3B-promoter, Promega). Segments of the human or mouse Clwd
5'UTR were PCR amplified and cloned directly after the simian virus 40 promoter

and before the start codon of the luciferase gene.

A simplified outline of the constructs is illustrated in Figure 4-1. To clone the
construct which includes the uORF of human CLWD (the construct is called

'HClwd-uORF-Luc'), primers with Hindlll and Ncol sites incorporated were

designed to amplify the region from -140 bp to -1 bp (where the first nucleotide of
the start codon of the dORF is position +1). Mutations eliminating the uORF were

introduced into the sequence using modified oligonucleotide forward primers. Bases
altered were the initial residue of the ATG of the uORF (A to C) (Pentecost, Song et

al. 2005) giving the construct called 'HClwd-mut-Luc' . The same cloning strategy

was used to make the 'MClwd-uORF-Luc' and the mutated 'MClwd-mut-Luc'

constructs (primers amplifying from -239 bp to -1 bp).

The primers used to amplify the insert DNA are listed in Table 4-1. The

amplification protocol was as follows: denaturation at 95°C for 3 min, followed by
35 cycles at 95°C for 30 s, 58°C for 30 s, 72°C for 1 min, and final extension at 72°C

for 10 min. Every construct was sequenced from both ends to ensure fidelity. The

primers used for sequencing the inserts are 'pGL3B Seq F' and 'pGL3B Seq F'. The

sequence of these primers is listed in Chapter 2 (Table 2-5).

Table 4-1. Primers used in the cloning of the uORF luciferease reporter constructs.

Construct Name Forward Primer Reverse Primer

HClwd-uORF-Luc HClwd uORF Hind F HClwd Ncol R

HClwd-mut-Luc HClwd uORF Hind mut F HClwd Ncol R

MClwd-uORF-Luc MClwd uORF Hind F MClwd Ncol R

MClwd-mut-Luc MClwd uORF Hind Mut F MClwd Ncol R
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<a> HCIwd 5'UTR

"119 uORF

GJCGGCCCCCGCGCATATAAGTGGGCGCGTCCGCGCGTGC^CACCCCGCGCGCGCC
TCTCTGTCGTGGCGCGGCTTCCCGCGGTCTTCTCTGCAAATGGGCTCCGTGGCCTAG
CGCCCCCGTCCCCGCCACCCGTGATCGTGCGCCGAGGCCCGCGAGGGGTCGCCGC
CCAGATCCCACCAGCCAGCAAGCTAAAGCATGGCGGCCATCCCCTCCAGCGGCTCG
CTCGTGGCCACCCACGACTACTACCGGC |

+1, dORF
(b)

HCIwd-uORF-Luc

SV40 -119 uORF "1 Luc

CTG

i
SV40 -119 ATG "1 Luc

HCIwd-mut-Luc I ^

(c)

(d)

MClwd 5'UTR

-239
uORF ^GCGGTGCAGGAAAGCTACTAAGT^CGCGCGTGCGCATAGCGCGCGTGGGTCCTAAAGTGG

TGTTTCGTGGGTTATCTTTGCAAATGGGCTCCGCGGCCTAGCGCCCTGGTGGCCTAAAAAC
GAAGCCTGCAAGGAAGGGGTTCTCCGCCGAGCCGGACCGGGCTGGTTGGAGCCGCTTGG
AAACCTGGCACTGTCAGGACCCGGGAGACTCGGGGAACCCTCCGGTGTGCGGTGACCAGG
GCCCACATTCTGCTCTCGTCTCCGCAGCGCCTCGGTCCTGAAGCATGGCAGCCATCCCTTC
CAGCGGCTCGCTCGTGGCTACC |

+1, dORF

MClwd-uORF-Luc
SV40 -239 uORF Luc

MClwd-mut-Luc
SV40 -239

CTG

i
ATG Luc

Figure 4-1 Simplified cloning scheme for the luciferase reporter constructs, (a) The sequence of
the 5'UTR region of human CLWD is presented, where the uORF is shown in blue and the start codon
of the dORF is shown in black (bold). The primers amplifying the 5'UTR of human CLWD including
the uORF (from -119 to -1) are underlined, (b) A schematic illustration showing the 5'UTR
(including the uORF) of human CLWD is cloned after the SV40 promoter and in front of the
luciferase gene to make the construct 'HClwd-uORF-Luc'. To make the construct 'HCIwd-mut-Luc',
the ATG of the uORF of human CLWD is abolished by mutating ATG to CTG. (c) The sequence of
the 5'UTR of mouse Clwd is shown, where the uORF is shown in blue and the start codon of the
dORF is shown in black (bold). The primers used to amplify the region of -239 to -1 of the mouse
Clwd 5'UTR is underlined, (d) A schematic illustration of cloning the 5'UTR of mouse Clwd
(including the uORF) to make the 'MClwd-uORF-Luc' construct is shown. The start codon of the
uORF ofmouse Clwd in the 'MClwd-mut-Luc' construct is abolished by mutating the ATG to CTG.
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4.2.4 Luciferase reporter assays and (3-galactosidase assays

Please see section 2.2.10 for the cell lysate collection for the luciferase reporter

assays. Details of luciferase and [3-galactosidase assays are described in details in
section 2.2.10 and 2.2.11.

4.2.5 Data analysis

For the uORF studies, transfections in each treatment group were performed in

duplicate. Luciferase and P-galactosidase assays were also performed in duplicate
for the same samples. The experiment was repeated independently three times. All
data were expressed as mean ± SE. When statistical analyses were performed, data
were compared by using Mann-Whitney Test, and P-values <0.05 were considered

significant.
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4.3 Results

4.3.1 Clwd expression matched/comparable in human and mouse

tissues

One step towards increasing our understanding of the function(s) of Clwd is to

resolve where Clwd is expressed. Despite the previous study showing the ubiquitous

expression of Clwd in tissues, most of the results come from studies using RT-PCR
of homogenised mouse tissues (O'Donoghue, J. 2004, PhD thesis). Thus, it was my
desire to characterise a detailed expression profile of Clwd using IHC. I found that,
in addition to the original finding that Clwd has ubiquitous expression, Clwd was in
fact present in all the tissues studied but with a spatially restricted pattern. In
addition to the secondary antibody only control, which gives negative signals,

preabsorbed antibody, where the anti-CLWD antibody was absorbed with the CLWD

peptide used to immunise animals for antibody production, also shows absence of

staining.

For the sake of simplicity, I will first present Clwd expression in the tissues which
are included on both the mouse and human tissue arrays. I will then present Clwd

expression in the tissues for which I do not have equivalent examples in the other

species. The following table aims to provide a guide about the sections where each
tissue is discussed (Table 4-2). IHC of Clwd on the mouse and the human tissue

array was performed in two independent experiments; therefore, intensity of Clwd

expression cannot be compared between mouse and human. However, levels of
Clwd in different tissues in the same species (i.e. on the same array) can be directly

compared. This table aims to give a rough comparison of intensity of Clwd

expression in different tissues, where the number of sign is used as an indication
of the intensity of Clwd staining. This table is only a rough indication as Clwd is
often seen expressed at a high level but in only restricted regions within the tissues.

Expression of Clwd in these tissues is described in separate section, referred to in
Table 4-2.
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Table 4-2 Comparison of intensity of Clwd staining in different tissues

Tissue Mouse Human Comments

Bone marrow * * See section 4.3.1.3

Stomach ** N/A See section 4.3.1.1

Skin *** * See section 4.3.1.1

Liver * See section 4.3.1.3

Kidney N/A See section 4.3.1.3

Heart muscle * * See section 4.3.1.2

Spleen * * See section 4.3.1.3

Ovary ** * See section 4.3.1.1

Skeletal muscle *** * See section 4.3.1.2

4.3.1.1 Epithelial tissues
Skin

In the skin of mouse tissue, immunoreactive Clwd was localised in the epidermis

(Figure 4-2A, epi) but not in the dermis (Figure 4-2A, der). The epidermis is the
outer covering of the skin. The epidermis comprises a multilayered epithelium,
associated hair follicles, sebaceous gland and sweat glands. No staining was found in
the layer of subcutaneous fat and strong staining was seen in the muscle (Figure

4-2A, mus). Intense staining was also found in the cells of sebaceous glands around
hair follicles (Fig 4-2A, sg). In the sebaceous gland, Clwd staining showed a

gradient of intensity. Clwd staining was stronger in the cells at the base of the
sebaceous glands while the staining gradually decreased in the cells at the apical
area. The cells located at the base of the sebaceous glands are the actively

proliferating cells. In addition, Clwd staining in the cells at the base of the sebaceous

glands was found both in the cytoplasm and in the nucleus while its expression in the

upper cells was mainly cytoplasmic. CLWD expression in human skin is shown in

Figure 4-2B. This human skin sample however does not include any structures of
sebaceous glands to allow comparison between mouse and human. The images

showing negative staining when the mouse skin and human skin were stained with
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the preabsorbed Anit-CLWD2 antibody are shown in Figure 4-2(C) and (D)

respectively.

Ovary

In mouse ovaries, Clwd was expressed in the germinal epithelium (Figure 4-3A, ge)
which lines the ovarian surface. Ovarian follicles in various stages of development
are located in the stroma of the cortex. Clwd was expressed in the follicular cells of

primary follicle (Figure 4-3A, pf) (Ross, Kaye et al. 2003). In the human ovary, the
ovarian epithelial cells were not included in the sample. CLWD expression was

detected in some of the stromal cells (indicated by the asterisk sign in Figure 4-3B).
The mouse and ovary human slides stained with the preabsorbed anti-CLWD2

antibody showing negative staining is shown in Figure 4-3C and D, respectively.

Stomach

The stomach is lined by a simple columnar epithelium. The surface of the stomach is

perforated by conical invaginations called gastric pits. The gastric pits, in turn, are

channels that lead to the gastric glands. In mouse stomach, Clwd was expressed in
the columnar epithelium of the mucosa (Figure 4-4A, ce). Strong expression of Clwd
was also detected in the parietal cells (Figure 4-4A, pc) of the gastric glands, which
secrete hydrochloric acid. The preabsorbed antibody control for the mouse stomach

showing negative staining is shown in Figure 4-4C. In the human stomach, CLWD

staining was also observed and is shown in Figure 4-4B. However, no conclusions
were able to be drawn about whether CLWD was expressed in the human stomach
because the preabsorbed antibody also gave a high intensity of staining (Figure 4-

4D). The staining of CLWD in human stomach is unspecific because the secondary

antibody only control in the human stomach also produced positive signals.

4.3.1.2 Muscle

Skeletal muscle

Clwd was expressed abundantly in mouse skeletal muscle (Figure 4-5A). A higher

magnification of the longitudinal section of a skeletal muscle fiber demonstrating
characteristic cross striation and strong Clwd expression is illustrated in the insert in
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Figure 4-5A. Similar expression pattern of CLWD in human skeletal muscle is
shown in Figure 4-5B. The preabsorbed antibody controls are shown in Figure 4-5C
and D.

Cardiac muscle

Cardiac muscle fibers are long, cylindrical cells with one or two nuclei, centrally
located within the cell. Like skeletal muscle, cardiac muscle is composed of

myofibrils. Clwd staining in the cross-sectioned cardiac muscle fibers is shown in

Figure 4-6A (mouse) and B (human). Many of the cardiac myofibrils have rounded

polygonal profiles. Some fibers are generally more irregular and elongated in

profile. No staining was detected in the preabosrobed antibody controls (Figure 4-6C
and D).

4.3.1.3 Other organs

Kidney and Liver

In the mouse kidney, Clwd was expressed in the epithelial cells of the distal tubules

(Figure 4-7A, dt). The negative staining of the preabsorbed antibody control in the
mouse kidney is shown in Figure 4-7C. The preabsorbed antibody control however
stained positively in the human kidney section (Figure 4-7D), suggesting CLWD

staining in the human kidney was non-specific (Figure 4-7B).

Expression of Clwd was widespread in the mouse liver (Figure 4-8A) and the

preabsorbed antibody produced a negative signal (Figure 4-8C). Interestingly,
CLWD expression was almost undetected in the human liver (Figure 4-8B). The

preabsorbed antibody control gave negative signal in the human liver (Figure 4-8D).

Spleen

The level of Clwd expression in both the mouse and human spleen was much lower

compared with its expression in other tissues examined (Figure 4-9A & B). Clwd

expression was slightly higher in some of the neutrophil cells present in the spleen

(Figure 4-9A, indicated by the asterisk sign). The preabsorbed antibody control
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produced clean signals in both the mouse and human spleen tissues (Figure 4-9C and

D).

Bone Marrow

Bone marrow consists of a meshwork of vascular sinuses and highly branched
fibroblasts with the interstices packed with haemopoietic cells. The bone marrow is
also rich in adipocytes (Figure 4-1 OB, adi). Clwd was detected in the

megakaryocytes (Figure 4-1OA, mk). Megakaryocytes are responsible for platelet

production and are the largest cells seen in the bone marrow smear. They are

characterised by their large irregular multilobular nuclei. The small round cells

present in large numbers were likely to be erythrocytes (Figure 4-1 OA, er). H & E

(hematoxylin and eosion) or Giemsa staining is necessary to tell the exact identity of
these cells.

4.3.2 Clwd expression in the unmatched mouse tissues

After discussing Clwd expression in the tissues which are presented both on the
mouse and the human tissue arrays, I want to present some slides of tissue samples
which are only present on the mouse tissue array.

Lung

The pulmonary system contains a variety of epithelial cell populations that each
reside in distinct locations. Here I observed an intense staining of Clwd in the airway

epithelial cells (Figure 4-11 A). The staining seemed to be restricted to the airway

epithelial cells while the adjacent alveolar epithelium did not show any positive

staining. The airway epithelial cells serve protective functions. The goblet cells and
submucosal glands cells synthesise mucus which help to protect the individual from

damage by inhaled irritants. The preabsorbed antibody control is shown in Figure
4-1 IB.
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Bladder

Clwd was detected in the transitional epithelia in bladder (Figure 4-12A, te) while its

expression was not detected in the connective tissue underneath the transitional

epithelia. The transitional epithelium is found exclusively in the excretory passages

of the urinary system. The major function of the transitional epithelium is to allow
distension in the urinary organs during urine accumulation and contraction during the

emptying of the urinary passages. It also forms an important osmotic barrier
between urine and the underlying tissue fluids (Eroschenko 2000).

Colon

The principal function of colon is the recovery ofwater from the liquid residue of the
contents of the small intestine. A transverse section of mouse colon is shown in

Figure 4-13A, showing the closely packed arrangement of glands in the mucosa.

Clwd was detected in the columnar epithelium of the mucosa. The preabsorbed

antibody control is shown in Figure 4-13B.

Testis

An image illustrating the mouse seminiferous tubules is shown in Figure 4-14A. The
seminiferous tubules are lined by a striated epithelium which consists of two

populations of cells: 1) cells in various stages of spermatogenesis; 2) Sertoli cells
which are non-spermatogenic cells whose function is to support and nourish the

developing spermatozoa. Clwd expression was detected in the cells undergoing

spermatogenesis (Figure 4-14A, cs). Clwd was also detected in the endocrine cells
called Leydig cells (Figure 4-14A, lc) which are found in the interstitial spaces

between the tubules (Burkitt, Young et al. 1993). The preabsorbed antibody control
is shown in Figure 4-14B.

Cerebellum

In the mouse cerebellum, Clwd was detected in the molecular layer (Figure 4-15A,

ml) but not in the granular layer (Figure 4-15A, gl). The area in cerebellum showing
Clwd expression in the Purkinje cells is enlarged and shown in Figure 4-15B. The

preabsorbed peptide control is shown in Figure 4-15C.
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Tongue

The tongue is a muscular organ covered by oral mucosa. The striated muscle of the

tongue is arranged in bundles that run in three planes, with each arranged at right

angles to the other two, allowing flexibility of movement of the tongue (Ross, Kaye
et al. 2003). Clwd staining in the muscle of the mouse tongue is illustrated in Figure
4-16A and the preabsorbed antibody control is shown in Figure 4-16B.

4.3.3 CLWD expression in the unmatched human tissues

Next, I want to present the IHC results of CLWD staining in the human tissues which
are not included on the mouse tissue array.

Breast, cervix, and the prostate gland

Each breast consists of 15 to 25 independent glandular breast lobes. The lobes are

embedded in a mass of adipose tissue. Each breast lobe is divided into a variable
number of breast lobules and each lobule consists a system of ducts (the alveolar

ducts). CLWD expression was detected in the cuboidal or low columnar epithelial
cells that lined the duct system (Figure 4-17A) while its expression was not detected
in the interlobular connective tissue.

CLWD expression was also detected in the striated squamous epithelium of the
cervix (Figure 4-17C) which has the function of barrier and protection (Ross, Kaye et

al. 2003). CLWD expression was not detected in the underlying fibrous connective
tissue. The preabsorbed antibody control is shown in Figure 4-17D.

The prostate is the largest sex accessory sex gland of the male reproductive system.

It consists of 30 to 50 tubuloalveolar glands (Ross, Kaye et al. 2003). CLWD was

detected in the epithelium of the tubuloalveolar glands (Figure 4-17E). These glands
tend to be irregular and branched in shape and embedded in the surrounding
fibromuscular stroma (Eroschenko 2000) where little expression of CLWD was

detected. The preabsorbed antibody control is shown in Figure 4-17F.
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Small intestine and the pituitary gland

The small intestine is extremely long (4- 6 meters in human). The information about
which part of the small intestine where the specimen was taken from is not available

(e.g. duodenum, jejunum or ileum). It is clear that CLWD was expressed in the
columnar epithelium that covers the villi (Figure 4-18A) while the preabsorbed

antibody control gives a clean signal (Figure 4-18B).

The pituitary gland is a pea-sized endocrine gland in human. It has two functional

components: the anterior lobe which is a glandular epithelial tissue and the posterior
lobe which is the neural secretory tissue (Burkitt, Young et al. 1993). No
information was available about whether this specimen was taken from the posterior
or the anterior lobe. Weak expression of CLWD was detected throughout the

specimen (Figure 4-18C). The stronger staining at the upper region of the section is

likely to be an edge-effect. The preabsorbed antibody control is shown in Figure
4-18D.

Thymus and tonsil

The thymus is a large lymphoid organ. The thymus gland has a highly cellular
cortex (Figure 4-19A, ex) and a less cellular medulla (Figure 4-19A, md). The
cortex is packed with lymphocyte whereas the medulla contains fewer lymphocytes.
The epithelial framework of the medulla is relatively coarse and bulky. No

expression of CLWD was detected in the cortex region and only a few cells in the
medulla stained positively for CLWD (Figure 4-19A, indicated by the asterisk). The

preabsorbed antibody control is shown in Figure 4-19B.

The tonsils are masses of lymphoid tissues and its surface is covered by striated

squamous epithelium. CLWD expression was not detected in the lymphocytes

(Figure 4-19C). The preabsorbed antibody control is shown in Figure 4-19D.
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Figure 4-2 Expression of Clwd in mouse and human skin. (A) In mouse skin, Clwd is expressed in
the epidermis (epi), sebaceous glands (sg) and not in the dermis (der) of skin. Clwd is also detected in
the muscle (mus) but not in the subcutaneous fat (fat). In the sebaceous gland, Clwd shows a gradient
in its intensity of expression where its staining is stronger in the cells at the base and the staining
becomes weaker in the cells at the apical area. The staining of Clwd in the basal cells is both
cytoplasmic and nuclear while its expression becomes mainly cytoplasmic in the cells at the top. (B)
CLWD expression in human skin. Preabsorbed antibody controls for the mouse skin is shown in (C)
and in the human skin is shown in (D).
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Figure 4-3 Clwd expression in mouse and human ovaries. (A) In mouse ovaries, Clwd is expressed
in the germinal epithelium (ge) and the primary follicles (pf). (B) In human ovaries, CLWD is
detected sparsely in some of the stromal cells indicated by the asterisk. Preabsorbed antibody control
for the mouse ovary is shown in (C) and for the human ovary is shown in (D).
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Figure 4-4 Clwd expression in the mouse and human stomach. (A) In the mouse stomach, Clwd is
expressed in the columnar epithelium of the mucosa (ce) and is expressed at high levels in the parietal
cells (pc) of the gastric glands. (B) In the human stomach, the slide shows CLWD staining in a cross-
sectioned mucosa region of the stomach. However, the staining of CLWD in the human stomach is
likely to be unspecific because the preabsorbed antibody control for the human stomach also detected
positive signals as shown in (D). The preabsorbed antibody control for the mouse stomach is clean
(C).
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Figure 4-5 Clwd expression in mouse and human skeletal muscle. (A) A cross-section of mouse
skeletal muscle fibers showing Clwd expression. In the insert of (A), an image shows the longitudinal
skeletal muscle fibers, where the cross-striations and Clwd staining of the muscle fibers are readily
seen. (B) Similar expression pattern of CLWD in the human skeletal muscle is observed. The
preabsorbed antibody controls for the mouse and human skeletal muscles are shown in (C) and (D),
respectively.

123



(B)

I GiMfu

(D)

6.D Hit®

Figure 4-6 Clwd expression in mouse and human cardiac muscle. (A) Clwd expression in the
mouse cardiac muscle and in the human cardiac muscle (B). The preabsorbed antibody controls for
the mouse cardiac and human cardiac muscle are shown in (C) and (D), respectively.
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Figure 4-7 Clwd expression in mouse and human kidney. (A) A section showing Clwd staining in
the mouse kidney. Clwd is detected in the distal tubules of the kidney (dt). The preabsorbed antibody
control for the mouse kidney tissue gave negative signal, as shown in (C). (B) A section showing
CLWD expression in the human kidney. The staining is unspecific because the preabsorbed antibody
control in the human kidney also produced a high signal, as shown in (D).

125



©.flBniGw @.'fl GiniGiAi

©.1) GiiiiGiiil

Figure 4-8 Clwd expression in mouse and human liver. (A) Clwd is expressed intensely in the
mouse liver. On the other hand, (B) CLWD expression is almost undetectable in the human liver
sample analysed. The preabsorbed antibody controls for mouse and human liver tissues are shown in
(C) and (D), respectively.
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Figure 4-9 Clwd expression in mouse and human spleen. (A) Clwd expression in mouse spleen
tissue is low throughout the tissue, except some staining are seen in the neutrophills, as indicated by
the asterisk signs. (B) CLWD expression in human spleen tissue is also relatively low, compared with
its expression in other human tissues. The preabsorbed antibody controls for mouse and human
spleen tissues are shown in (C) and (D), respectively.

127



(C)

*

>.

(D)
, 11 it

OiiitlMi mm

Figure 4-10 Clwd expression in mouse and human bone marrow. (A) A section of mouse bone
marrow is illustrated. Clwd expression is detected in the megakaryocytes (mk) and some of the
erythrocytes (er). (B) A section of human bone marrow is illustrated, where "adi" indicates adipose
cells. The preabsorbed antibody controls for mouse and human bone marrow are shown in (C) and
(D), respectively.
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Figure 4-11 Clwd expression in mouse lung. (A) In the lung, Clwd is expressed in the airway
epithelial cells. (B) The section illustrates the preabsorbed antibody control gives a clean signal.

(A)

te

(B)

Figure 4-12 Clwd expression in mouse urinary bladder. (A) In the mouse bladder, Clwd is
expressed in the transitional epithelium (te) and not in the connective tissues underneath. (B) The
section showing the preabsorbed antibody control.
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Figure 4-13 Clwd expression in mouse colon. (A) Image showing transverse section through the
colon, highlighting the closely packed arrangement of the glands in the mucosa. Clwd expression is
detected in the columnar surface epithelium of the mucosa. (B) Preabsorbed antibody control gives
negative staining in mouse colon tissue.

Figure 4-14 Clwd expression in mouse testis. (A) Clwd is detected in the cells of spermatogenesis
(cs) and the Leydig cells (lc) of the testis. (B) The preabsorbed antibody control gives negative
staining.
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Figure 4-15 Clwd expression in mouse cerebellum. (A) Clwd is expressed throughout the molecular
layer (ml) of the cerebellum while its expression is not detected in the granular layer (gl). Clwd is
expressed at a higher level in the Purkinje cells compared with the adjacent molecular layer. An area
showing Clwd expression in the Purkinje cells is enlarged (rectangle) and shown in (B). (C) The
secondary antibody only control shows negative staining.
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Figure 4-16 Clwd expression in the muscle of mouse tongue. (A) Clwd expression is detected in
the mouse tongue muscle. (B) The preabsorbed antibody control shows negative staining.
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Figure 4-17 CLWD expression in human breast, cervix, and prostate gland tissues. (A) CLWD
expression is detected in the cuboidal or columnar epithelial cells that lined the duct system while its
expression is not detected in the interlobular connective tissue. The preabsorbed antibody control for
breast tissue is shown in (B). (C) In the cervix, CLWD expression is detected in the striated squamous
epithelium of the cervix. The preabsorbed antibody control for cervix is shown in (D). (E) In the
prostate gland, CLWD is detected in the epithelium of the tubuloalveolar glands. The preabsorbed
antibody control for the prostate gland is shown in (F).
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Figure 4-18 CLWD expression in human small intestine and pituitary gland. (A) In human small
intestine, CLWD is expressed in the columnar epithelium that covers the villi while the preabsorbed
antibody control gives clean signal shown in (B). (C) In pituitary gland, CLWD is expressed at low
levels throughout the tissue. The stronger staining at the top side of the specimen is likely to be an
edge-effect. (D) The preabsorbed antibody gives a clean signal.
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Figure 4-19 CLWD expression in human thymus and tonsil. (A) In thymus, no expression of
CLWD was detected in the cortex region (cx) and only a few cells in the medulla stained positive for
CLWD (md). Cells in the medulla staining positively for CLWD is indicated by asterisk. (B) The
preabsorbed antibody shows negative signal in the thymus. (C) CLWD expression is not detected in
the tonsil tissue analysed. (D) The preabsorbed antibody control shows negative staining in the tonsil.
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4.3.4 Quantification of Clwd mRNA in mouse tissues

In section 4.3.1, I have shown that CLWD protein is expressed in a wide range of
both mouse and human tissues and that the expression seems to be restricted to

certain areas within the tissues. Here I wanted to quantitatively compare Clwd

expression at mRNA level in the mouse tissues using Real-Time PCR. Mouse
tissues were used because of the similarity of Clwd expression in the mouse and
human tissues and also because the difficulties of obtaining human tissues.

The level of Clwd expression was normalised with the level of the 18S rRNA. Clwd
mRNA was detected in all the mouse tissues analysed, with the highest expression
found in the brain, followed by the kidney and the heart (Figure 4-20). Clwd

expression was lower in tissues such as thymus, lung, and spleen, relative to its level
in other tissues analysed. The lower level of Clwd mRNA expression in thymus and

spleen was consistent with the results seen in the IHC studies (section 4.3.1). In the
mouse IHC study, CLWD protein was expressed at abundance in the liver and

kidney but at a much lower level in the spleen. However, the Real-Time PCR results
showed that Clwd expression in the liver was as comparably low as it was in the

spleen. The difference between protein and mRNA expression of Clwd suggests that
translational control of Clwd may be involved in regulating the expression in some

tissues, such as liver.
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Thymus Lung Spleen Liver Muscle Ovary Heart Kidney Brain

Figure 4-20 Real-Time PCR quantitatively measuring Clwd mRNA expression in mouse tissues.
Level of ClwdmRNA expression in mouse tissues was quantified using Real-Time PCR, where Clwd
mRNA level was normalised against with the 18S rRNA. Clwd was expressed at a higher level in
brain and kidney compared with other tissues. Error bars indicate standard errors.
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4.3.5 The inhibitory effect of uORF on regulating Clwd translation
In previous sections (section 4.3.1), Clwd expression has been shown to be detected
in a wide range of tissues but in a restricted manner. Regulation of protein

expression may occur at any of several steps, including transcription, post-

transcriptional mRNA stability, translational efficiency, and post-translational

protein stability. In silico analysis of the Clwd 5'UTR sequence revealed a uORF
that encodes a putative five amino acid peptide (O'Donoghue, J. 2004 PhD Thesis).
The presence of the uORF is highly conserved between species and the sequence of
the uORF is conserved from human, mouse, rat, xenopus, and zebrafish. The
conservation of this uORF across species suggests a functional role. The presence of
uORFs has been demonstrated to affect the translation of a variety of mRNAs from

Saccharomyces cerevisiae, Neurospora crassa, Xenopus laevis, and several
mammalian species including humans. Here I wanted to investigate whether the
uORF present in the 5'UTR of Clwd has any effects on regulating Clwd translation.

Different segments of the 5'UTR of human or mouse Clwd including the uORF were

cloned into luciferase reporter vectors (Promega). Mutant luciferase constructs were

generated by mutating the start codon of the uORF (from AUG to CUG). The

reporter constructs used in this study contained the firefly luciferase ORF fused to

the 5'UTR of Clwd at the location where the endogenous Clwd dORF occurs in the
native mRNA sequence. Consequently, reporter gene expression should reflect the
effect of the Clwd uORF on the downstream luciferase and, by inference, Clwd in its
native context. Details of the generation of the Clwd-luciferase constructs are

illustrated in Figure 4-1 in material and methods in this chapter. The luciferase
constructs were cotransfected with a p-galactosidase construct in HeLa cells. The
luciferase activity was normalised with p-galactosidase activity and the normalised
luciferase readings were used as a measure of the amount of translation.
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In Figure 4-21, I show that abolishing the uORF in the 5'UTR of human CLWD by

mutating the start codon (ATG) of the uORF to CTG led to a three-fold increase in
translation (p-value <0.05), determined by luciferase activity ('H-mut-Luc'

compared with 'H-uORF-Luc'). A similar pattern of translational regulation was

also seen when the start codon of the uORF of mouse Clwd was mutated from ATG

to CTG (approximately two-fold increase in translational activity, p-value <0.05).
Cells transfected with the empty luciferase reporter construct and the (3-galactosidase

constructs, or the empty luciferase reporter construct or the p-galactosidase construct

alone were included as the controls.

The results suggest that the uORF of Clwd has an inhibitory effect on Clwd
translation. The evidence is convincing because a similar pattern of translational
inhibition by the uORF is seen in both mouse and human CLWD. The sequence of
the amino acids encoded by the uORF in Clwd is highly conserved between species,

suggesting a functional role for the uORF.

The small but significant (two to three fold) increase in translation after abolishing
the uORF suggests that the regulation mechanism is critical for a precise regulation
of the amount of CLWD in cells. Tight regulation would be a way to avoid possible
detrimental consequences from having too much or too little CLWD in the cells.
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Figure4-21MutatingtheuORFofClwdincreasestranslation.HeLacellswerecotransfectedwiththeluciferaseconstructincludingtheuORFofhumanormouse Clwdandap-galactosidaseconstruct.Celllysateswereobtained48haftertransfeclion.Translationactivitywasaccessedbymeasuringluciferaseactivityusinga luminometer,normalisedagainstP-galactosidaseactivity.TheblackbarsindicatewheretheuORFwasabolishedbymutatingthestartcodonofuORFfromATGto CTG.Theresultswereobtainedfromthreeindependentexperiments,whereeachtransfectionwasperformedinduplicate.Errorbarsindicatestandarderrors.
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4.4 Discussion

4.4.1. The strong expression of Clwd in epithelium

The use of anti-CLWD antibody on tissue arrays provided a lot of information about
Clwd expression in various tissues. These arrays also allowed simultaneous

comparison of the level of expression in different tissues. Clwd is expressed in a

wide range of tissues in a specific manner. Widespread staining of Clwd is detected
in tissues such as liver and muscle (skeletal muscle, tongue, and cardiac muscle). A

general theme obtained from expression analysis is that Clwd expression is always

stronger in epithelial and secretory cells. This distinctive staining in epithelial cells
is easily seen in tissues such as ovary (germinal epithelium), urinary bladder

(transitional epithelium), lung (airway epithelial cells) and the epidermis of skin.

Epithelial tissue consists of sheets of cells that cover the external surfaces of the

body, line the internal cavities, line the ducts, and form various organs and glands.

Depending on the types and locations, epithelium can have various functions: it can
aid in the smooth movement of viscera, allow for fluid transport, provide for efficient

gaseous exchange, and secrete mucus which protects the lining from corrosive
secretions (Eroschenko 2000). The origins of epithelial cells in various

organs/tissues depend on three major cell lineages during gastrulation, e.g. ectoderm
to skin, mesoderm to epithelial linings of the body cavities, and ectoderm to

epithelial linings of the digestive, respiratory, urinary tracts, and urethra. Despite the

complexity and lack of connection between these origins, Clwd seems to be

expressed in all these tissues.

The expression of Clwd in secretory cells is best illustrated in the pepsin-secreting
cells of gastric glands in stomach and sebaceous glands in skin. In particular,

expression of Clwd forms a striking gradient in sebaceous glands where expression is

stronger at basal area and gradually decreases in the cells at the top region of the
sebaceous glands. Sebaceous glands are normally located at the base of hair
follicles. They secret sebum into hair follicles via a holocrine mechanism. Basal
cells located at the bottom of the gland are mitotically active, and they generate new
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cells and push up the old cells along the way. As the cells move up, they are filled
with lipids and gain a foamy look. As cells mature and die, they rupture and empty

lipids into the space. Interestingly, Clwd seems to be expressed at a higher level at
the base where the mitotically active cells are. The staining seems to be both nuclear
and cytoplasmic in these basal cells. In the cells at the top of the sebaceous glands,
the staining becomes weaker and the staining in the nucleus almost disappears.

The higher level of expression of Clwd in the mitotically active basal cells is
consistent with its putative role in mitosis. The role of Clwd in mitosis/cytokinesis
will be discussed in detail in Chapter 6. The change of the subcelluar location of
Clwd in sebaceous glands is fascinating. This result suggests that the localisation of
Clwd in nucleus or cytoplasm may depend on the proliferation and differentiation
status of cells.

4.4.2 Levels of Clwd mRNA expression in mouse tissues

Real-Time PCR results showed that Clwd mRNA is detected in all the mouse tissues

analysed. In addition, Clwd seems to be expressed at different levels in these tissues.

Among the mouse tissues analysed, Clwd expression was at the highest in the brain
and lowest in the thymus, lung, and spleen. The low level of Clwd mRNA in thymus
and spleen is consistent with the low level of Clwd protein detected in these tissues

using IHC. In the mouse brain, Clwd protein is expressed strongly in the Purkinje
cells and at a lower level in the molecular layer. Clwd protein was also detected in
the cerebral cortex but the level of expression was lower compared with what was
observed in the Purkinje cells. The brain tissue used for the Real-Time PCR
consisted of half of the entire mouse brain. The mouse brain was cut sagittally
therefore the sample included half of the cerebral cortex and half of the cerebellum.

On the other hand, widespread expression of Clwd protein was detected at a high
level (in relative to its expression in the brain) in the mouse liver. The Real-Time
PCR results suggest that Clwd mRNA level in the brain was approximate nine fold

higher than in the liver while the IHC results showed that there were more CLWD in
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the liver than in the brain. The lower level of Clwd mRNA detected in the mouse

liver is surprising, suggesting Clwd expression may be under translational control in
some tissues (e.g. liver and brain).

The Real-Time PCR measures the Clwd mRNA expression in tissues which have
been homogenised. Any region specific information of Clwd mRNA expression in
tissues would be unavoidably lost. The Real-Time PCR result as well as the IHC
result using tissue array is based on the tissues from one mouse each. Performing
RNA in situ in the same mouse tissue array which has been used for the IHC study
and expanding the Real-Time PCR results using more mice will help clarify whether
the translational control is involved in regulating Clwd expression.

4.4.3 Effect of the uORF on Clwd expression

In an attempt to delineate the molecular mechanisms underlying Clwd expression, I

analysed the effect of the uORF in the 5'UTR of Clwd on regulating translation. I
showed that abolishing the start codon of the uORF increased translation by

approximately three-fold and two-fold in human and mouse Clwd, respectively. The
increase is not dramatic, but it is statistically significant (p-value <0.05) and is
consistent in both human and mouse Clwd. Translational control enables a cell to

increase or decrease the concentration of a protein rapidly and therefore appears to be

particularly suited to regulating genes that are implicated in crucial cellular

processes, e.g. cell proliferation (Pesole, Mignone et al. 2001).

The AUG of the uORFs in both mouse and human are in a weaker context compared
with the AUG of the dORFs. In mammals, the optimal context for recognition of the
AUG codon is GCCRCCaugG. Within this motif, an 'A' or 'G' in position -3 and a

'G' in position +4 are the most highly conserved and functionally the most important

positions. From the table below (Table 4-3), the AUG codon in the uORF of both
mouse and human CLWD is in a weak context (i.e. lack of A or G in position -3),
while the AUG codon in dORF Clwd is in a slightly better context (i.e. presence ofA
in position -3). Perhaps some ribosomes initiate at the AUG of the uORF but most
continue scanning and initiate further downstream ('leaky scanning').
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Table 4-3 The context of the uORF and dORF in mouse and human CLWD.

uORF dORF

Mouse Clwd TTGCAAatgG TGAAGCatgG
Human CLWD CTGCAAatgG TAAAGCatgG

The size of the uORF in Clwd also suggests that reinitation is likely to happen. It is
known that the size of the first ORF is a major limitation on reinitation in eukaryotes.
Reinitation can normally occur following translation of a small first ORF but not
after translation of a long ORF. Although there is no precise rule on the exact length
of uORF that will allow reinitiation to occur, it has been shown that reinitiation was

reduced when the size of the uORF was increased from 12 codon to 33 codons

(Kozak 2001). The reason why reinitation is usually restricted by the size of the first
ORF is however not known.

The leaky scanning mechanism and reinitiation may be involved in the translation of
Clwd. Abolishing the uORF of Clwd may therefore improve the efficiency of

translating the dORF Clwd. Further experiments such as mutating the cds are

required to answer this question.

4.4.4 Future work

The data presented here provide a framework for further analysis of the functional
role of Clwd in mouse and human tissues. The following work will further add to the

understanding of the role of Clwd in multicellular organisms.

4.4.4.1 Transcription vs. translation

It will be very interesting to find out whether Clwd transcription follows a similar
restricted pattern as that seen with Clwd translation. To answer this question, RNA
in situ hybridisation will be required. The information from RNA in situ will help
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answer whether the restricted expression pattern of Clwd is due to transcriptional or
translational control.

4.4.4.2 The uORF

The finding that the uORF of Clwd has an inhibitory effect on regulating its
translation leads to many interesting questions waiting to be answered. What is (are)
the mechanism(s) adopted by the uORF in inhibiting the translation of the
downstream cistron? Mutagenesis studies such as mutating the adjacent sequence of
the start codon of the uORF will help demonstrate whether the context of the uORF
start codon is crucial in regulating translation. Altering the length between the uORF

stop codon and the start codon of the dORF will help answer whether a reinitiation
mechanism is involved. Mutating the coding sequence of the uORF will establish
whether the peptide encoded by the uORF is important in regulating the downstream
translation.

4.4.4.3 Characterisation of distribution of Clwd isoforms in tissues

To date, five human CLWD isoforms have been identified in the EST database

(Ensembl). Perhaps one of the best indications for functionality of a certain isoform
is its evolutionary conservation. No information about the conservation of CLWD
isoforms between species is yet available. In addition, there is no information about
whether the distribution of the variants is spatiotemporally specific. Alternative

splicing is now widely accepted as an important source of diversity of gene

expression, and an in-depth analysis of each CLWD variants in tissues and during

development will help in the understanding of the exact role(s) of CLWD.

One drawback to the functional studies of these variants at the protein level is the
lack of specific antibodies recognising certain variants, which would be extremely
useful for understanding their overlapping and distinct functions.
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In summary, I have characterised the expression profile of Clwd protein in mouse

and human tissues using IHC. Real-Time PCR results suggest that Clwd mRNA is
detected in a wide range ofmouse tissues analysed. Levels of ClwdmRNA varies in
the mouse tissues analysed, and some are not in accordance with the observed Clwd

protein level in tissues, suggesting translational control may be involved in

regulating Clwd expression. The uORF in the 5'UTR of Clwd has an inhibitory
effect on Clwd expression. The uORF is functional in both human and mouse Clwd.
Identification of the regulatory components of expression in specific tissues will

greatly advance the functional study of the expression of the Clwd gene in tissues.
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CHAPTER 5

Analysis of CLWD in breast and ovarian tumours and

exploration of Clwd as a circadian-regulated gene
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Chapter Five Analysis of CLWD in breast and ovarian
tumours and exploration of Clwd as a circadian-
regulated gene

5.1 Introduction

CLWD is located on human chromosome 20ql3.3. The region of 20ql2-13 is

frequently found amplified in many human cancers (Savelieva, Belair et al. 1997;

Werner, Mattis et al. 1999; Tanner, Grenman et al. 2000; Weiss, Snijders et al. 2003;

Weiss, Snijders et al. 2003). In addition, SAGE (Serial Analysis of Gene

Expression) data at NCBI suggests that CLWD is overexpressed in breast cancers

(unpublished observations, Figure 5-1). SAGE is the analysis of 14-bp tags derived
from a defined position of the cDNAs. The SAGE tag numbers directly reflect the
abundance of the mRNAs (Velculescu, Zhang et al. 1995).

Breast cancer is rarely caused by defects of one gene. It has been estimated that
about 5% or more of total breast cancer cases are linked to genetic predisposition.
BRCA1 and BRCA2 mutations account for 80-90% of the familiar breast cancers

(Yang and Lippman 1999). More studies are required to identify the relevant genes
involved in the sporadic form of breast cancers. In addition, CLWD is sandwiched
between two oncogenes, EEF1A2 and PTK6. EEF1A2 was shown to be

overexpressed in ovarian and breast tumours and cell lines (Anand, Murthy et al.

2002) and in lung cancer cells (Li, Wang et al. 2006). Result from our group has
shown that EEF1A2 is overexpressed in two-thirds of breast tumours (Tomlinson,

Newbery et al. 2005). PTK6 (Brk) is overexpressed in some breast carcinomas

(Barker, Jackson et al. 1997; Born, Quintanilla-Fend et al. 2005), melanomas, colon

cancers, and squamous cell carcinomas (Llor, Serfas et al. 1999; Petro, Tan et al.

2004; Kasprzycka, Majewski et al. 2006). It is possible that CLWD may be

overexpressed in cancers as a result of a contiguous expression from EEF1A2 to

PTK6. Therefore I decided to examine CLWD expression in breast tumours at both
the RNA and protein level. The anti-CLWD antibody does not work on Western
blots and no protein extracts from the tumour samples are available. I performed
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immunohistochemistry as an alternative method of assessing CLWD protein level in
breast tumours.

Several studies have revealed a role for the circadian clock in human cancer

development (Hansen 2001; Schernhammer, Laden et al. 2001). Disruption of
circadian cycle, such as in people who work night shifts or flight stewards, is a risk
factor for breast cancer development (Megdal, Kroenke et al. 2005). Work done in
mouse models showed that disruption of circadian rhythm accelerates tumour growth
and reduces survival time (Filipski, King et al. 2002). In addition, tumours grow

faster in mice bearing SCN (suprachiasmatic nuclei) lesions .

Microarray data from two papers (Panda, Antoch et al. 2002; Ueda, Chen et al. 2002)

suggested that levels of Clwd expression followed a circadian rhythm pattern. The

putative circadian nature of Clwd expression is consistent with its possible
involvement in cancers. However, these two papers presented opposite results where
one paper performed the experiments in BALB/c mice suggested Clwd showed

rhythmic expression in the liver but not in the SCN (Ueda, Chen et al. 2002) and the
other paper using C57BL/6J mice showed the opposite result (Panda, Antoch et al.

2002). To investigate whether Clwd expression follows a rhythmic pattern, I
collected liver and brain samples from mice culled every four hours for a 24 hours

period (this work was collaboration with Professor AJ Harmar's group at the
Neuroscience department, University of Edinburgh, UK).

In this chapter, two aspects of Clwd''s putative functions are explored. One is to

investigate levels of CLWD expression in breast and ovarian tumours and the other is
to answer the question whether Clwd expression follows a circadian rhythm.
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Figure 5-1 SAGE output at NCBI showing levels of CLWD expression in cancer and normal
tissues. CLWD appears to be overexpressed in breast, pancreas, peritoneum, and prostate cancers.
Nnumber of tags (per 200,000) in these cancers is shown in the table.
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5.2 Methods

5.2.1 Real-Time PCR assay of CLWD expression in breast tumours

Breast cancer samples were obtained in the Edinburgh Breast Unit (Western General

Hospital, Edinburgh) with patients' informed consent and ethical committee

approval. Biopsies were snap-frozen and stored in liquid nitrogen until RNA
extraction.

Total RNA from 31 breast cancer specimens was prepared using RNeasy-mini
columns (Qiagen). Spectrophtometry and electrophoresis confirmed purity and

integrity of RNA. The breast tumour RNA samples were kindly prepared by Dr

Alexey Larionov (University of Edinburgh, UK). CLWD expression level in the
tumour and normal breast or ovary tissues were measured using quantitative Real-
Time PCR (TaqMan). RNA samples were DNase-treated using DNA-free kit

(Ambion). cDNA synthesis was performed 0.5pg of RNA using RetroScript kit

(Ambion).

TaqMan Assay-on-Demand gene expression pre-designed primer and probe sets

from Applied Biosystems, Cheshire, UK were used for CLWD (Assay#

Hs00225594_ml) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH-,

control; Assay #Hs99999905 ml). In a lOpl reaction, 5pl TaqMan Universal PCR
Master Mix (2X), 0.5pl of primers and probes (20X), and 4.5pl of diluted cDNA
were used. Real-Time PCR was preformed using MyiQ iCycle (Bio-Rad). Thermal

cycling conditions were 10 min at 95°C followed by 40 cycles at 95°C for 30 s and
60°C for 1 min. Real-Time PCR assays were conducted in duplicate. Relative

quantifications of CLWD mRNA level in tumour and normal breast tissues were

carried out by comparative Ct method. Each sample was normalised to an internal
control (GAPDH) (Inokuchi, Ninomiya et al. 2003). The ratio of CLWD to internal
control GAPDH in the normal breast sample was defined as 1, and the ratio of each
tumour sample was normalised to the normal breast samples accordingly.
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5.2.2 Real-Time PCR assays of CLWD level in ovarian tumours

Ovarian tumour RNA samples (n= 46) and four normal ovary RNA samples were

kindly provided by Dr Grant Sellar (CRUK, Edinburgh, UK). RNA samples were

DNase-treated (DNA-Free, Ambion) before cDNA synthesis was carried out

(RetroScript, Ambion). Quantitative Real-Time PCR (TaqMan) was performed as

described in section 5.2.1.

5.2.3 Immunohistochemistry
Paraffin-embedded human breast cancer tissue arrays were purchased from

Superbiochip (details please see section 2.1.8). The slides were deparaffinised in

xylene and rehydrated in graded ethanol (xylene x 2, 100% ethanol, and 70% ethanol
x 2) and then immersed in running water for 5 min. For antigen retrieval, sections
were microwaved for 15 min in citric acid (pH 6.0). Sections were allowed to cool
to room temperature followed by 5 min wash in water. The endogenous peroxidase
was quenched by treating with 3% H2C>2 for 10 min, followed by 5 min wash in
water and PBS. Slides were blocked with blocking serum for 10 min (blocking
serum was made by donkey serum diluted 1:5 in PBS). Primary anti-CLWD sheep
antibodies were used at a concentration of 1:2 diluted in PBS, for 30 min, followed

by 5 min wash in PBS. Secondary antibody donkey anti-sheep IgG biotin conjugated

antibody (Dako Cytomation, Cambridgeshire, UK), was used at 1:200 for 30 min
followed by 5 min wash in PBS. Slides were then incubated with StrepABC

complex/HRP (Dako Cytomation, Cambridgeshire, UK) for 30 min, followed by 5
min PBS wash, before treated with diaminobenzidene (Sigma Fast DAB, Sigma,

Dorset, UK) for 2 min. Slides were counterstained in haematoxylin, dehydrated with
an ascending series of alcohol, cleared in xylene, and mounted in pertex.

5.2.4 Animals

Male C57BL/6J mice (8 weeks postpartum) used in the circadian experiment were
maintained in the Neuroscience Department (University of Edinburgh, UK). Mice
were maintained in a 12h/12h dark/light cycle for two weeks before being culled.
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Mice were culled and tissues were obtained under red light. Liver and brain samples
were obtained every four hours starting at 7am for a 24h period (n= 4 or 5 at each
time point). Samples were frozen immediately on dry ice and then transferred to

-70°C freezers for storage.

5.2.5 Real-Time PCR for circadian studies

RNA from liver samples was extracted using TRIzo1r Reagent (Invitrogen),

according to the manufacturer's protocol. RNA was treated with DNase using a

DNAFree Kit (Ambion) before first-strand cDNA synthesis was performed

(RetroScript kit, Ambion). Primers used were listed in Table 5-1.

Table 5-1 Primers used for clock gene Real-Time PCR

Gene Primer Sequence Size/notes

Clwd RT MClwd F 5'GACTACTATCGGCGACGCCTG3' Exon2/3

boundary
Clwd RT MClwd R 5'GATTCTGCCGAGCGCTCAGGA3' Exon4/5

boundary
Bmal 1 mBmall F 5'GAGAGGTGCCACCAACCCATA3' (Tsinkalovsky,
Bmal 1 mBmall R 5'CAATAAGGTCATTCTGGCTATA3' Rosenlund et

Per2 mPer2 F 5'AGCGGCTGCAGTAGTGAGCAG3' al. 2005)
Per2 mPer2 R 5' TCATTAGCCTTCACCTGCTTCAC3'

Cryl mCryl F 5'GACCTGGACAAGATCATAGAAC3'

Cryl mCryl R 5TGTATCAAAGCCGAGCTCTTCC3'
18S rRNA 18SF 5'GTAACCCGTTGAACCCCAT3' (Semo, Lupi et
18S rRNA 18SR 5'CCATCCAATCGGTAGTAGCG3' al. 2003)

PCR conditions were as follows:

95°C for 3 min, (95°C for 30 s, 63°C for 30 s, 72°C for 30 s) for 40 cycles, 95°C for 1

min, and 55°C for 1 min. The melting curve was programmed after the PCR step

where the set-point temperature was increased by 0.5°C from 55°C every time cycle
for 80 cycles. PCR was carried out in 20pl final volume including lOpl of 2X SYBR
Green SuperMix (BioRad), 0.8pl of forward and reverse primers (5uM), and 5.5ul of
cDNA (dilutions were sometimes required), and 2.9ul of dH20, using MyiQ Single-
Color Real-Time PCR Detection System (BioRad). The melting curve was checked
and the PCR product was run on 2% agarose gels to ensure primers amplifying single

product.
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5.2.6 Immunofluorescence of SCN slides

Serial sections of mouse brains including SCN (10pm) were cut using a cryostat

machine (Leica CM 3050S). Brain samples were cut and stained with crystal violet
solution for the purpose of orientating the SCN. Sections were collected from the
anterior SCN through to the posterior SCN. The counter stain procedure included

bringing sections to water for 15 s, 75% ethanol (EtOH) for 30 s, water for 20 s,

0.5% crystal violet (dissolved in water) for 45 s, water for 20 s, 75% EtOH for 15 s,

90% EtOH for 15 s, and 100% EtOH for 15 s, before immerse in xylene for 1 min.
The slides were mounted using DPX.

Slides were brought to room temperature by immersing in PBS for 5 min. Slides
were permeabilised in 0.1% Triton (in PBS) for 30 min. Donkey serum diluted 1:5
in PBS was used for blocking (10 min at room temperature). Anti-CLWD antibody

(1:20, diluted in PBS) was added to the slides and incubated at 4°C overnight in a

humid chamber. Next day, the slides were washed twice with PBS, followed by
incubation with secondary antibody (Alexa Fluora donkey anti-sheep 594, Molecular

Probes, diluted 1:1000 in PBS) for 30 min at room temperature (protected from

light). Slides were washed with PBS twice and mounted using Mowiol (including

DAPI). Signals were observed using a fluorescence microscope. Exposure time was

fixed when comparison of signal intensity was made.

Immunofluorescence using the ABC (Avidin/Biotinylated Enzyme Complex)
method

The ABC step was added in order to amplify the signal. The immunofluorescence

using the ABC method was identical to the normal immunofluorescence protocol
with some modifications. A biotinylated rabbit anti-sheep secondary antibody

(1:1000, Dako) was used to incubate the SCN slides for lh followed by three washes
with PBS. The slides were incubated with the Strep ABC solution (Dako) for lh at

room temperature followed by three washes with PBS. Next, the slides were

incubated with fluorescein-Streptavidin (1:500, Molecular Probes) overnight at 4°C

(protected from light). The slides were washed with PBS and mounted using
Mowiol (including DAPI).
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5.2.7 Statistical analysis
I have used the Mann-Whitney test compare the co-expression patterns of CLWD and
EEF1A2 mRNA between the normal and cancer group (SPSS, soft-ware, Version
12.0.1 for Windows, SPSS, Inc, Chicago, IL, USA). A correlation with p-value of
<0.05 was considered to be significant.
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5.3 Results

5.3.1 CLWD is not overexpressed in breast tumours

To use the comparative CT method, the PCR efficiencies of amplifying the target

gene (CLWD) and the internal control (GAPDH) have to be the same. PCR

efficiency is calculated by plotting a standard curve of Threshold cycle (y-axis) v.s.

log starting quantity (x-axis). Figure 5-2 and 5-3 showed that the PCR efficiencies of

amplifying CLWD and GAPDH are almost identical, 101.0% and 101.4%

respectively. Therefore it is acceptable to use the comparative CT method for

analysing the expression level of CLWD.
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Figure 5-2 PCR efficiency of amplifying CLWD (TaqMan). The PCR efficiency of amplifying
human CLWD is 101.0%, derived from the standard curve.
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Figure 5-3 PCR efficiency of amplifying GAPDH (TaqMan). Standard curve showing the PCR
efficiency of amplifying GAPDH is 101.4%.
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Figure 5-4 Relative quantification of CLWD levels in breast tumour samples (n=29) compared
with normal breast tissues (sample 4MC*, n=2). Tumour samples are grouped into benign, ERO,
and ER+. Error bars indicate standard error.

The level of CLWD expression in breast tumour samples relative to its expression in
normal breast tissue is illustrated in Figure 5-4 (i.e. the level of CLWD in normal
breast tissues is 1). In Figure 5-4, the samples are grouped into benign, ER-negative

(ERO), and ER-positive (ER+). I used the Mann-Whitney test to analyse whether
there is a difference of CLWD expression between tumour (ERO and ER+) and non-

tumour samples (Normal and Benign). The mean of CLWD expression level in the
tumour and non-tumour samples is 2.1 and 1.2, respectively. The difference in
CLWD expression between tumours and non-tumours is not statistically significant

(p-value= 0.074). The difference in level of CLWD expression between the ERO and
ER+ tumours are not statistically different (p-walue= 0.556).
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5.3.2 Analysis of GLWD expression at protein ieVei in breast
tumours using tissue array

Next I wanted to study CLWD expression at the protein level in breast tumours.
Anti-CLWD antibody does not work on Western blots and protein extracts from the
tumour samples were not available, so immunohistochemistry on a commercial tissue

array of normal and tumour breast samples using the anti-CLWD antibody was

performed.

The array contained sections from 46 cases of cancer and 7 normal breasts. In the 7
normal breasts samples, CLWD expression was stronger at the secretory cells of the
ducts (Figure 5-5A) compared with the adjacent connective tissues. Among the
tumour samples analysed, only one tumour sample showed overexpression (Figure

5-5B). The levels of CLWD expression in the rest of the tumour samples were

similar to that were seen in the normal breast tissues.
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Figure 5-5 Immunohistochemistry of CLWD in breast. (A) Normal breast; (B) Infiltrating duct
carcinoma. CLWD was overexpressed in only one of the tumour samples analysed, compared with its
level in the normal breast samples analysed. (C) Section showing the secondary antibody only
control.
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5.3.3 Real-Time PCR analysis of CLWD in ovarian cancers

Since the 20ql3.3 region is commonly amplified in ovarian tumours as well as in
breast tumours, I also wanted to analyse CLWD expression in ovarian tumours. A
total of 50 ovarian samples were analysed, including four from normal ovary. Some
of the tumour samples were primary ovarian tumour samples while others were from
ovarian tumour cell lines. The primary tumour samples have numerical IDs (the IDs
for tumour samples are not shown in Figure 5-6 for simplicity reason) while the
tumour cell line samples have IDs consisting of both numbers and letters.

CLWD expression level varied greatly in the four normal ovary samples tested, as

reflected in the large error bar in Figure 5-6. CLWD was not overexpressed in the
ovarian tumour samples compared with its level in the normal ovaries. Figure 5-6
shows the CLWD expression level in the tumour tissues relative to its level in the
normal ovary tissues (i.e. CLWD expression in normal ovaries is expressed as 1).
CLWD expression seemed to be lower in the majority of the ovarian tumour samples

compared with its level in the normal ovaries (the normal sample is indicated as

'Normal*' in Figure 5-6). This slight downregulation of CLWD in ovarian tumour

samples seemed to be consistent with the unpublished observation from the SAGE
database in NCBI, where they showed the level of CLWD expression was slightly
lower in ovarian tumour samples compared with its level in normal ovaries (Figure

5-1).

The large error bar in the 'Normal' sample is likely caused by the heterogeneous
nature between samples (Figure 5-6). Ovaries are complex in structure. The ovary is

composed of a cortex and a medulla. The medulla contains loose connective tissue,
blood vessels, lymphatic vessels, and nerves. The cortex contains the ovarian
follicles embedded in rich cellular connective tissues. The oocyte inside a follicle is
surrounded by a single layer of squamous follicle cells. The oocyte is separated from
the stromal cells and connective tissues by basal lamina (Ross, Kaye et al. 2003).
CLWD is expressed at high levels in epithelial cells and at low levels in connective
tissues (Chapter four). CLWD expression in the mouse ovary shows that CLWD is

stronger in the germinal epithelium compared with its level in the connective tissue
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beneath (Chapter 4). Depending on the sites where the samples were taken, the

composition of the sample is likely to be different and hence may explain the large
variation of CLWD expression observed in these samples. The fold difference of the

downregulation of CLWD in the tumour samples was small. Therefore I decided not

to analyse CLWD protein expression in ovarian tumour sections using

immunohistochemistry.
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5.3.4 Comparisons of CLWD and EEF1A2 mRNA overexpression
in breast and ovarian tumours

Genomic imbalances are commonly found in human malignancies. Studies of breast

cancer, where parallel microarray analysis of mRNA and DNA was carried out,

showed a consistent association between gene copy number and expression levels

(Hyman, Kauraniemi et al. 2002; Pollack, Sorlie et al. 2002). Their results showed
that gene copy number had major effects on transcription. In breast cancer, 44-62%
of amplified genes also showed overexpression. (Heidenblad, Lindgren et al. 2005).

CLWD is located on human chromosome 20ql3.3 and the region 20ql3 is known to

be amplified in many types of human cancers (Muleris, Almeida et al. 1995). The
common region of gain in breast cancer involves 20q 12-ql 3 and is present in 18 and
40% of primary breast tumours and breast cancer cell lines, respectively (Hodgson,
Chin et al. 2003). In the 20ql3 region, EEF1A2 is a putative oncogene shown to be

overexpressed in both breast and ovarian cancer (Anand, Murthy et al. 2002;

Tomlinson, Newbery et al. 2005). In order to analyse whether CLWD and EEF1A2
followed the same trend of expression, levels of CLWD and EEF1A2 mRNA

overexpression in the same tumour samples were compared (EEF1A2 mRNA

overexpression was performed by Victoria Tomlinson, University of Edinburgh,

UK).

Among the 28 breast samples analysed, 20 of them showed the same trend of CLWD
and EEF1A2 expression (Table 5-2). Although the trend of expressing CLWD or

EEF1A2 seemed to be similar in the same tumour sample, the fold change in

expression between CLWD and EEF1A2 was very different, i.e. CLWD and EEF1A2
were co-expressed but may not be coordinately regulated. In the ovarian tumour

samples analysed, 21 out the 33 ovarian samples showed the same trend of

expression of CLWD and EEF1A2 but again the fold of mRNA change was very

different (Table 5-3).
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The results from the analysis suggested that the expression of CLWD and EEF1A2
followed the same trend in these tumour samples analysed; however, CLWD and
EEF1A2 were co-expressed but may not be co-ordinately regulated because of the

large discrepancies seen between the fold of CLWD and EEF1A2 mRNA change. In
breast cancer, 44-62% of amplified genes showed overexpression (Heidenblad,

Lindgren et al. 2005). On the other hand, the results from Heidenblad's study also

suggested that approximately 40-60% of amplified genes would not show

overexpression in breast cancers. The lack of co-expression of CLWD and EEF1A2
in the breast and ovarian tumour samples analysed might not be surprising after all.
It may simply reflect the existence of gene-specific mechanisms which can lead to

different transcription within the amplicon. Although the 20ql3.3 region is

commonly amplified in breast and ovarian cancers, the question of whether CLWD is

amplified in breast and ovarian cancers awaits an answer.
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Table 5-2 Comparison of CLWD and EEF1A2 mRNA expression in the breast tumour samples
analysed

Sample ID
Fold ofCLWD
mRNA change

Fold ofEEF1A2
mRNA change

Normal 4MC 1.00 1.00

Benign ITW 0.32 0.11
5M4 4.41 0.10
10TF 0.22 0.04
JC1 1.25 0.05
JJ2 0.12 0.12

ERO 6MQ 2.53 1.29
9CW 2.72 3.21
JD6 2.68 4.53
JP 1.67 0.10
JL1 1.92 0.23
FC 0.46 0.34
MO 1.03 1.65
AK1 0.66 3.02
MCI 2.81 6.06
F4 3.08 6.26
F1 0.24 6.53
F15 3.12 7.09

ER+ F11 1.33 7.62
F12 1.85 7.86
F13 7.42 8.04
F14 1.41 11.17
F3 1.22 13.79
GA1 1.56 17.56
DL 0.78 17.67
F9 1.61 17.90
F8 1.51 23.45
MC3 3.12 29.34
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Table 5-3 Comparison of CLWD and EEF1A2 mRNA expression in the ovarian tumour
samples analysed

Fold of CLWD Fold of EEF1A2

Sample ID mRNA change mRNA change
180 0.30 0.04
183 0.19 1.29
21 0.62 0.01
270 0.10 0.10
278 0.14 0.06
295 1.05 4.08
300 0.36 1.47
304 0.17 0.02
308 0.06 0.09
481 0.29 0.27
496 0.19 1.27
5 0.50 0.02

512 0.37 0.62
524 1.00 0.28
530 0.28 0.34
531 0.11 0.03
540 1.30 0.29
545 0.20 0.22
59M 0.06 1.74
76 0.36 0.24
8 0.13 32.31
80 0.29 0.34
88 1.25 0.02
9 0.39 0.13

A2780 0.12 2.09
Normal 1.00 0.04
OAW28 0.20 19.21
OV3 0.15 0.57

Ovcar5 0.25 0.07
PEA1 0.24 1.72
PE014 0.47 0.07
PE016 0.20 17.32
SKOV3 0.28 13.58



5.3.5 Clwd expression in the mouse SCN

No characterisation of Clwd has been carried out in the mouse SCN. First of all, I

wanted to find out whether Clwd was expressed in the SCN. Sections including SCN
were cut by collecting approximately 50 sections from where the two optic nerves

jointed (the 'Y' shape). The approximate start and finish sites are indicated in Figure
5-7A. A typical slide containing SCN is shown in Figure 5-7B, where two clusters
of cells are located at either side of the third ventricle. Nuclei of cells were counter

stained using haemotoxylin (blue) while areas showing Clwd expression were stained
brown. Clwd was expressed in the SCN as well as in the epithelial cells which forms
the lining of the third ventricle (Figure 5-7B).

In the study carried out by Panda et al., Clwd expression peaked at CT 22:00 in the
mouse SCN which was the time in which Bmall expression was at its maximum

(Panda, Antoch et al. 2002). I wanted to see whether there was a difference in Clwd
levels in the SCN between the predicted peak and trough times. The Real-Time PCR
results (which are described in the next section, section 5.3.6) showed that there was

a 9 hour delay from the time at which Bmall is expected to peak in mouse liver, i.e.
Bmall was at its maximal expression at 7 am instead of 10 pm (Figure 5-12).
Therefore 1 decided to compare the level of Clwd expression at 7 am (adjusted

predicted peak time) and 7 pm (adjusted predicted trough time). Expression of Clwd
in the SCN was detected using immunofluorescence instead of IHC because the

exposure time of different samples can be fixed if immunofluorescence is used. At 7

am, the intensity of Clwd staining was stronger than its level at 7 pm (Figure 5-8).
This result was obtained from using one mouse at the 7 am and one mouse at the 7

pm time points. The images were taken at identical exposure time; therefore the

intensity of staining was a real reflection of the amount of expression. This result
was seen in more than one slide from each mouse.

In a separate experiment using different mice, the level of Clwd at 3 pm (also

expected to be low) was compared with level of Clwd at 7 am (the expected maximal

expression) and the result is shown in Figure 5-9. The intensity of staining was

weaker in this experiment compared with what was seen in the previous experiment.
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The signals were slightly stronger when the slides were observed under fluorescence

microscope. No staining was apparent when the figures are printed on paper. The

secondary antibody only control showing negative staining is shown in Figure 5-9C.

I tried to use an "ABC" method (Avidin/Biotinylated Enzyme Complex) to improve
the intensity of staining in these slides. The ABC method included an extra signal

amplification step compared with the ordinary immunofluorescence protocol. The

intensity of staining was improved slightly but there was no difference between
levels of Clwd expression at 3 pm and 7 am (Figure 5-10).

In addition to the mice to mice and experiment to experiment variation, I also noticed
some slide to slide variations. In the same experiment, consecutive SCN slides
obtained from the same mouse showed different levels of Clwd staining in no

particular order. Although the same amount of the anti-CLWD antibody was applied
to each slide and effort was made to keep the distribution of antibody on the section

even, the slide to slide variation was still not eliminated completely. I also tried to

use the 'Coverplate and Sequenza' method which was suggested to give a more

uniform staining between slides (personal communication with Heather Davison, CF

group, University of Edinburgh, UK). I found the handling involved when putting
on and taking off the slides in and out of the Sequenza considerably damaged the

morphology of the SCN.

Hamada et al. (2001) showed the heterogenous nature of SCN cell populations in

Syrian hamsters (Hamada, LeSauter et al. 2001). Their results showed that clock

gene oscillation is a property of some but not all SCN cells. The expression of the
clock gene, calbindin B, was highly restricted to the central posterior SCN. On the
other hand, the expression of vasopressin was found from the rostral to the caudal
area of SCN; however expression of vasopressin did not overlap with calbindin.

Endogenous rhythmic expression of Perl and Per2 mRNA was restricted to the

vasopressin expression region and was not detected in the areas expressing calbindin.
Per3 mRNA was expressed in the calbindin region but was not rhythmic in this area.
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I therefore performed immunofluorescence using the anti-CLWD antibody on slides
of the whole SCN of one mouse taken at 11 pm (the theoretical peak time of Clwd

expression). Clwd expression did not differ in area or intensity between the posterior
and anterior SCN.

In my study, there was a 9 hour delay from the time at which Bmall and Cryl are

expected to be at their maximal levels of expression in the mouse livers and that was
the reason I decided to compare Clwd expression in the SCN at the expected peak
and trough time adjusted after the 9 hour delay. Perhaps the 9 hour delay was only

specific to the livers and not to the SCN. I then decided to compare Clwd expression
in the SCN at the original expected peak time (11 pm) and the trough time (11 am).
One mouse was used at each time point. Clwd expression in the mouse SCN at 11
am is shown in Figure 5-11A and B and its expression at 11 pm is shown in Figure 5-
11C. I observed large slide to slide variation in the intensity of Clwd expression, as
shown in Figure 5-11A & B (slide A and slide B are collected from the same mouse).
The slide to slide variation makes it not feasible to draw any conclusions from this

experiment.
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Figure 5-7 Expression Clwd in mouse SCN using immunohistochemistry. (A) Mouse brain
showing the start and end sites where the sections containing SCN were obtained. (B) SCN section
was immunostained with anti-CLWD antibody (indicated by the brown staining) and the nuclei were
counterstained with haemotoxylin (dark blue). SCN (indicated by arrows) are located one at each side
of the third ventricle (indicated by arrows).
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Figure 5-8 Clwd expression in mouse SCN. (A) Immunofluorescence showing Clwd expression in
mouse SCN at 7 pm (the adjusted expected trough time of expression). (B) Immunofluorescence
showing Clwd expression in mouse SCN at 7 am (the adjusted expected peak time of expression).
Clwd is stained red using anti-CLWD antibody while DNA is stained blue using DAPI. The merged
images showing Clwd and DAPI staining are shown in the right column. The images were taken
using identical exposure time.
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Figure 5-9 Clwd expression in mouse SCN. (A) Immunofluorescence showing Clwd staining in
mouse SCN at 3 pm and 7 am (B). Clwd staining is indicated by red and DNA is indicated by blue.
(C) Image showing the secondary antibody only control. Images were taken using the same amount
of exposure time.
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Figure 5-10 Clwd staining in the mouse SCN using the ABC method. (A) Clwd staining in the
mouse SCN taken at 3 pm; (B) 7 am; (C) Slide showing the secondary antibody only control. Clwd is
stained red and nuclei are stained blue (DAPI). The merged pictures of Clwd and DAPI are shown at
the right hand side column.
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Figure 5-11 Clwd expression at theoretical trough (11 am) and peak (11 pm) time in the mouse
SCN. In (A), Clwd expression in the mouse SCN at 11 am (the theoretical trough time of expression)
is shown. In (B), a different SCN section from the same mouse (11 am) stained with the anti-CLWD
antibody is shown. It demonstrates slide to slide variation of Clwd expression. In (C), level of Clwd
expression in the SCN at 11 pm (the theoretical peak time of expression) is shown. CLWD staining is
indicated by red and the nuclei are stained with DAPI (blue).
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5.3.6 Real-Time PCR analysis of clock genes expression in mouse

livers

After exploring CLWD expression in breast and ovarian tumours, I wanted to look
into the putative function of Clwd as a circadian rhythm-regulated gene. Ueda et al.

suggested that Clwd expression was rhythmic in mouse liver, where CLWD

expression peaked at CT 22:30 pm, in the same cluster as Bmall (Ueda, Chen et al.

2002). Bmall and Cryl are two well known circadian clock genes, whose expression
was found to oscillate over a 24h period in mouse liver. The Cry 1 mRNA level
reached a maximum at ZT 6-8 (ZT=0 by convention, the time at which the light is
turned on) and declined to a minimum at ZT 24 (Sancar 2000). Bmall RNA

oscillation was antiphase to those of the Cryl rhythms, with peak values from CT 2 1
to CT 3 (Lee, Etchegaray et al. 2001).

I used Real-Time PCR to analyse Clwd mRNA level in mouse livers (C57BL/6J).

Analysis of Bmall and Cryl levels was also included to assess circadian rhythm in
these mice. In Figure 5-12, it can be seen that Cryl mRNA peaked at 3 pm while
Bmall mRNA peaked at 7 am. There seemed to be a delay of 9 hours from the time
at which Cryl and Bmall are expected to be at their maximal levels of expression.

Cryl and Bmall mRNA levels still showed an anti-phase pattern as expected. The
level of Clwd mRNA in mouse liver however did not follow a circadian rhythm

pattern. The non-rhythmic expression of Clwd in mouse liver is consistent with the
results seen in Panda's study where C57BL/6J mice were used (Panda, Antoch et al.

2002); however this is opposite to results seen in Ueda's study where BALB/c mice
were used (Ueda, Chen et al. 2002).

The conclusion from the circadian experiment is that the rhythmicity of Clwd

expression is not found in the mouse liver. In the SCN, Clwd expression was slightly

stronger at 7am than at 7pm based on the results from one experiment using one

mouse at each time point. The result in the SCN is inconclusive because of the
mouse to mouse and slide to slide variations I have observed. The result of Clwd

expression in the mouse SCN will therefore need to be repeated.

174



11am 3pm 7pm 11pm 3am 7 am

(c) Clwd

11am 3pm 7 pm 11pm 3am 7 am

Figure 5-12 mRNA level of (a) Cryl, (b) Bmall, and (c) Clwd in mouse livers. Levels of mRNA
of Cryl, Bmall and Clwd in mouse livers were analysed using Real-Time PCR. Samples were
collected from mice (n= 4 or 5 at each time point) every four hours through a 24h period. Level of
Clwd mRNA was normalised with level of the 18S rRNA. Error bars indicate standard error. Please
note that the scale of the y-axis is different in these plots.
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5.4 Discussion/Future work

5.4.1 CLWD expression in breast and ovarian tumours

Analysis of the SAGE libraries at NCBI suggested that CLWD was overexpressed in
breast cancers (unpublished observations). In my study, I used Real-Time PCR and
showed that CLWD is not overexpressed in the breast tumour samples analysed.

Looking closely into CLWD expression in the two normal breast samples, level of
CLWD expression varied considerably in these two normal breast samples, therefore

giving rise to a large standard error. These two normal breast samples were taken
from regions adjacent to tumours where majority of the tissue is likely to be adipose.
From the immunohistochemistry result, CLWD expression was stronger at the ductal
areas. The large variation ofCLWD expression levels in the two normal samples was

likely due to the heterogeneous nature of the samples (i.e. mixture of both adipose
and ductal tissue). The experiment could be improved by increasing the sample size
of normal breast tissues or by reducing the heterogeneity of the samples.

Statistical analysis showed that the difference of CLWD expression (Real-Time PCR)
between the normal breast and tumour samples is not significant. The result from the

immunohistochemistry study showed that CLWD is overexpressed in 1 out of 40
breast tumour samples analysed on the commercial breast tissue (i.e. 2.5%). The
tumour sample where CLWD showed overexpression is a case of infiltrating ductal
carcinoma. CLWD is not overexpressed in other infiltrating duct carcinomas on the
same slide. Looking back in the result from the Real-Time PCR analysis (Figure 5-

4), the average fold change of CLWD mRNA in non-tumour samples (including
normal and benign samples) is 1.2 while the average in the breast tumour samples is
2.1. In one of the tumour sample (F13), the fold of CLWD expression change is

approximately 7-fold. CLWD may be overexpressed in some breast tumours but

likely to be only in a small proportion.

Real-Time PCR analysed showed that CLWD is not overexpressed in the ovarian
tumour samples analysed and that the level of CLWD seems to be slightly lower in
the ovarian tumour samples than in the normal ovary samples. This result is
consistent with the observations from SAGE libraries at NCBI (unpublished
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observations). The observations in the SAGE database are not always consistent
with Real-Time PCR results. Several studies identified genes that were

overexpressed in cancer SAGE database, but there were many genes that were

overexpressed according to SAGE but not quantitative RT-PCR (Aung, Oue et al.

2006).

Among the long list of cancer types, the SAGE libraries also suggested that CLWD

appears to be overexpressed in pancreas, peritoneum, and prostate cancers.

Amplification of 20ql3 is commonly found in pancreatic cancers (Holzmann,
Kohlhammer et al. 2004) and has been found in some prostate cancers (Hughes,
Yoshimoto et al. 2006). To gain a better understanding of the role of CLWD in
cancer, it will be of importance to characterise CLWD expression in these cancers. If
CLWD is overexpressed in any of the cancers mentioned above, it will be necessary

to test whether CLWD has any oncogenic features. One way to answer this question
is to perform a colony formation in soft agar assay using stable cell lines

overexpressing CLWD, and to establish whether such a cell line can induce tumour

formation in nude mice.

Copy number and expression levels
Gene amplification is a copy number increase of a restricted region of a chromosome
arm. It is a common event in cancers. It is highly likely that CLWD would be in the
same amplicon as EEF1A2. In section 5.3.4, I showed that although the trend of
CLWD mRNA expression is similar to that of EEF1A2, the magnitude of

overexpression of CLWD and EEF1A2 in the same tumour samples analysed is very
different. The average fold of EEF1A2 mRNA change in the non-tumour samples

(including normal and benign samples) is 0.24 while the average is 8.85 in the breast
tumour samples, in contrast to 1.21 and 2.1 respectively in the fold of CLWD mRNA

change. In general, amplification of a genomic region positively correlates with

transcription of genes in that region. Level of CLWD expression in the breast
tumours samples analysed suggests that the transcription is not co-upregulated with
EEF1A2 transcription. The lack of co-upregulation of EEF1A2 and CLWD is also
observed in the ovarian tumour samples analysed.
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There are examples showing that genes located in the same amplicon amplified in
tumours may have a different transcriptional outcome. One example is seen in the

region of 20ql3.2, where amplification is frequent in cancers including breast cancer.
ZNF217 and CYP24A1 in this region have been proposed as target genes in breast
cancer. However, transcription of ZNF217 was not changed (by gene copy number

/expression profile) and CYP24A1 showed under-expression. Another gene, PFDN4,
also localised in this region, showed a greater than four-fold overexpression

(Heidenblad, Lindgren et al. 2005).

Information about whether CLWD is amplified in the tumour samples analysed is not
available. The absence of co-expression of CLWD and EEF1A2 in the breast and
ovarian tumours analyses suggested that unknown mechanisms might lead to

different transcriptional outcome of genes within the same amplicon. What might be
the mechanism silencing CLWD expression in these breast tumour samples, given
that CLWD is sandwiched between two oncogenes (EEF1A2 and PTK6)1 Janssen et

al. (2002) showed that epigenetic modification might be a plausible mechanism

(Janssen, Imoto et al. 2002). They showed that MYEOV is coamplified with the

adjacent gene CCND1 on chromosome 11 q 13 in esophageal squamous cell
carcinomas; however MYEOV expression level was not overexpressed. Treatment
with the demethylating agent in these samples restored MYEOV expression,

suggesting that MYEOV is transcriptionally silenced by DNA methylation.

PTK6 is located adjacent to CLWD on 20ql3 and is an oncogene known to be

amplified and overexpressed in breast cancers (Barker, Jackson et al. 1997; Born,

Quintanilla-Fend et al. 2005). I would have liked to include and compare the level of
PTK6 expression in the same tumour samples analysed in my study if time had

permitted.
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5.4.2 Investigation of the circadian regulated nature of Clwd
In the present study, I showed that Clwd expression at mRNA level does not follow a

circadian rhythm pattern in the mouse livers while the expression of two well known
clock genes Bmall and Cryl are rhythmic. In Ueda's study, Clwd expression peaked
at the same time as Bmall which was at CT 22:30 in the mouse livers. In my study,
there is a delay in the time at which Bmall and Cryl peaked in mouse liver.

Expression of Bmall peaked at CT 7 am instead of CT 22:30. The exact reason for
this delay is not clear. In the mouse SCN, I showed some preliminary results that the
level of Clwd is higher at CT 7 am (the expected peak time adjusted after the delay)
than its expression at CT 3 pm (the expected trough time adjusted after the delay).

However, this result is based on one mouse at each time point from one experiment.
I observed considerable amount ofmouse to mouse and slide to slide variation in the

levels of Clwd expression in SCN.

It is impossible to draw any definite conclusions from the SCN studies. I would like
to perform Bmall immunofluorescence on the SCN sections to confirm the rhymicity
of clock gene expression in the SCN in these mice. The Bmall immunofluorescence

experiment would also provide information about whether the technique is able to
detect different levels of expression. Once the technique is established, I would like
to look at Clwd expression in the SCN using more mice at each time point in order to
answer the question of whether Clwd expression is rhythmic in the SCN. In addition,

despite the difficulties encountered using immunofluorescence to study Clwd
expression in SCN, the SCN results from the two papers showing controversial
results are based on microarray data. A rhythmicity of gene expression at mRNA
level might not always be reflected at the protein level.

What might cause the discrepancy in the results shown in these two papers about
whether expression of Clwd is rhythmic in liver but not SCN and vice versa? The
most straightforward explanation would be perhaps that the samples were

mislabelled. For example, a SCN sample might be mislabelled as a sample from
liver. This is explanation is unlikely as these two papers are published in high-

quality journals (one is published in Cell and the other is published in Nature). In
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addition, another reason suggesting mislabelled samples is unlikely as other genes

appeared to peak in the same cluster of time with Email in liver in one paper also

peaked in liver with Bmall in the other paper.

Other differences of methods used in these two papers include the age of the mice,
SCN sample preparation and the strain of mice. In the study carried out by Ueda et

al., the age ofmice was five weeks while the mice in the study carried out by Panda
et al. were 7-8 weeks. It is conceivable though highly unlikely that the rhythmic

expression pattern of a gene in liver and SCN is switched during this 2 week period.
The methods of obtaining SCN used in these two papers were slightly different. In
Ueda's study, mouse brains were sliced and the SCNs were punched out bilaterally
from the frozen slices under a stereomicroscope. On the other hand, Panda et al.

(2002) dissected out the SCNs from the brains under dim light. Due to the extremely
small size of the SCN (rat SCN consists of approximately 8,000 to 10,000 cells and
mouse SCN is smaller), both methods are likely to have contamination with non-

SCN materials. However, differences in the dissection method of SCN could not

explain the discrepancy between the results seen in mouse liver. In both papers,

livers were dissected from mice and processed. Due to the size and location of
livers, livers are unlikely to be contaminated by non-liver material.

Finally, the strains of mice used in the two studies are different. In the study carried
out by Udea et al. (2002), BALB/c mice were used while Panda et al. (2002) used
C57BL/6J mice. In my study, I used C57BL/6J mice therefore I predicted that my
results would be similar to what was seen in Panda's paper, i.e. Clwd expression is

rhythmic in SCN but not in liver. My result showed that Clwd expression is not

rhythmic in the liver while the rhythmicity of Clwd in the mouse SCN will require
further work before any conclusions can be drawn.

Genetic heterogeneity is known to underlie many phenotypic variations observed in
circadian rhythmicity. Mouse is a commonly used model in the study of circadian

rhythm. Strain differences in free-running period of mice were first reported by
Ebihara et al. (1978), who noted differences in both tau and stability of tau between
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DDK and C57BL/10Sn mice (Ebihara, Tsuji et al. 1978). The tau difference was

found to differ by up to 25 min between the DBA/2J mice and C57BL/6J mice

(Possidente and Stephan 1998). Schwartz and Zimmerman performed a more

thorough experiment analysing the circadian output between 12 inbred strains of
mice. The difference in tau was up to one hour between the longest strain tested (the

129/J) and the shortest (BALB/cByJ) (Schwartz and Zimmerman 1990). The
standard error measurement for tau was about 10 minutes in these studies.

However, other studies showed that the genetic differences account for some but not
all of the variance seen in circadian measures. Factors such as laboratory
environment have been shown to cause the difference in circadian outputs. For

example, the caging condition was shown to make a difference in whether mice

performed any food-anticipatory activity (FAA). Mice housed in isolation cabinets
did not show any FAA while those on open shelves did (de Groot and Rusak 2004).
The most thorough study was carried out by Crabbe et al. (1999) where they studied
the effects of laboratory environment in several inbred strains and one null mutant by
simultaneous testing in three laboratories on a panel of six behaviours (Crabbe,
Wahlsten et al. 1999). Strains differed markedly in all behaviours. Despite

standardisation, there were differences in behaviour across labs. The pattern of

genetic differences depended on sites. For example, 129/SvEvTac mice tested in
Albany were very inactive compared to their counterparts tested in other labs. The

study concluded that although genotypes of mice did not account for all of the

variability seen in circadian output, and laboratory environment contributed a

significant portion to the variation observed, where there are very large strain
differences these are unlikely to be influenced by site-specific interactions.
However, environment conditions can significantly influence the behaviour with
smaller genetic effects.

Neither of the two papers provided details about the housing conditions of mice (e.g.

feeding pattern or presence of any auditory clues etc). The very briefly described
method regarding laboratory environment as well as genetic background seems to be
a common problem for most of the papers published relating to circadian rhythm
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study (Lee, Etchegaray et al. 2001). The problem of mixed genetic background is
more severe when trying to draw conclusions from circadian clock gene knockout
mice experiments where the genetic background of the knockout mice is even more

complicated and often more poorly described in papers.

After emphasising on the importance of mouse genetic background and the

laboratory environments on the circadian output, it should be pointed out that most of
the literature suggesting mouse strain difference and different circadian output were

based on analysing behavioural output. None of the papers in the literature
documented mouse strain difference leading to a change of the tissues in which a

gene shows a circadian rhythmic pattern. Here I provided analysis in C57BL/6J
mice showing Clwd expression is not rhythmic in mouse liver and the preliminary
results using immunufluoresence from two mice indicating Clwd expression in the
SCN might be slightly higher at the time which it was predicted to be at its maximal

expression, based on the result using only one mouse at each time point. Ideally, this
result will need to be repeated in the strain of mice used in Ueda's paper.

Observation of the rhythmic expression of Clwd at the opposite location (i.e. in liver
but not in SCN) would further clarify whether the mouse strain indeed has any

influence on the sites where Clwd shows rhythmic expression.
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CHAPTER 6

Elucidating the functions of CLWD using RNAi

183



'By having the sequence in hand, we're at the end of the beginning'.

(Francis Collins, given during an interview by the BBC on 5 Jan 2001)

184



Chapter Six Elucidating the functions of CLWD using
RNAi

6.1 Introduction
A key to answer the question about functions of gene of interest is to take the gene

out of the system and look at the consequent phenotypes. The mouse is commonly
used to generate knock-out phenotypes. However, making knockout mice (KO) can
be expensive, time consuming and may not be very informative if the KO mice are

embryonic lethal. Clwd is widely expressed and the EST database suggested that
Clwd was expressed as early as at four cells stage. The wide and early expression of
the gene suggested that Clwd was likely to have a crucial function in cells. RNA
Interference (RNAi), the transfection of nucleic acid into cells to inhibit the

expression of a specific gene of interest, has proven to be a powerful tool in the

exploration of gene function. One of the most popular and easiest methods to

perform RNAi involves the use of small interfering RNA (siRNA) oligonucleotides.
These molecules are short double-stranded RNA duplex molecules. I decided to use

siRNA to deplete CLWD in cells and study the possible functions of CLWD.

It has been reported that the knock-down efficiency depends greatly on the site

targeted by the siRNA oligo. I used human CLWD SMARTpool siRNA oligos from
Dharmacon which is a pool of four siRNA oligos targeting four different sites in
human CLWD. I used Cyclophilin B SMARTpool siRNA oligos as a positive control
for standardising the transfection protocol and I used non-targeting SMARTpool
siRNA oligos as the negative control. This chapter describes the silencing of CLWD
mRNA expression using siRNA followed by a detailed characterisation of the
CLWD-depleted phenotypes.

6.2 Methods

6.2.1 siRNA oligos

Human CLWD SMARTpool siRNA (siGENOME SMARTpool reagent M-014325-
00-0020, Human C20ORF149) and the non-targeting SMARTpool siRNA oligos
were purchased from Dharmacon. The SMARTpool reagent consists of four pooled
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SMART selection-designed siRNAs, which are each 21 nucleotides long forming a

19-base-pair duplex core. They are designed to have a symmetrical two nucleotide
3'-UU overhangs and 5'-phosphorylated antisense strand. The sequence of
individual CLWD siRNA (siGENOME SMARTpool Upgrade) oligos are listed in
Table 6-1:

Table 6-1. Sequence of individual CLfVD siRNA duplexes.

siClwd duplex Sequence

1

Sense 5 '-GUCCUGACCUGAGCGGUUAUU

5 '-PUAACCGCUCAGGUCAGGACUUAntisense

2

Sense 5 '-CCAGCAAGCUAAAGCAUGGUU

5 '-PCCAUGCUUUAGCUUGCUGGUUAntisense

3

Sense 5 '-GCAAGCAGACCUUCGCAUCUU

5 '-PGAUGCGAAGGUCUGCUUGCUUAntisense

4

Sense 5' -AAGCAGACCUUCGCAUCAAUU

5 '-PUUGAUGCGAAGGUCUGCUUUUAntisense

The siRNA oligos were diluted in IX siRNA buffer to make up the 20pM stock.
The stocks were stored in small aliquots at -20°C and freeze-thawing was avoided.

6.2.2 Cell culture and transfections

The human cell line HeLa was cultured in Dulbecco Modified Eagle Medium

(DMEM, Invitrogen) supplemented with 10% foetal bovine serum (FBS). MCF7
cells were cultured in DMEM with 10% FBS and 1% non-essential amino acids

(Invitrogen). The cell lines were regularly passaged at sub-confluence and plated
24h before transfection. Cells were plated in 24-well plates at 4 xlO4 cells in 0.5ml
medium per well and 1.7xl05 cells in 4ml medium per well in 6-well plates. For

titrating siRNA oligo concentrations (see Section 6.3.1.1), siRNA oligos were

transfected at concentrations ranging from 5nM to lOOnM using Oligofectamine

(Invitrogen) or siLentFect (Bio-Rad) according to the manufacturer's instructions.
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Unless otherwise specified, RNAi experiments were performed using lOnM siRNA

oligos and siLentFect reagent (BioRad) as the transfecting reagent. The amount of
siRNA oligos and transfection reagent is listed in Table 6-2.

Table 6-2. Amount of siRNA oligos and transfecting reagent used

Oligofectamine siLentFect

Amount of siRNA Amount of Amount of Amount of

Oligofectamine siRNA siLentFect

24-
well

plate
6-well

plate

3pi of 20pM
stock diluted in

50pl OptiMEMR
20pl of20pM
sotck diluted in

50pl OptiMEMR

3pi diluted in
50pl OptiMEMR

6pl diluted in
50pl OptiMEMR

0.25pi of 20nM
stock, diluted in
50pl OptiMEMR
2pl of 20nM

stock, diluted in
50pl OptiMEMR

1,2pl diluted in
50pl

OptiMEMR
3pi diluted in

50pl
OptiMEMR

siRNA oligos were diluted in OptiMEMR (Gibco), mixed and incubated at room

temperature for 5 min. Oligofectamine or siLentFect was diluted in OptiMEMR,
mixed and incubated at room temperature for 5 min. The two mixes were added

together, mixed, and incubated at room temperature for a further 20 min. The cell
culture medium in wells was changed just prior to transfection, in order to minimise
variations of final siRNA oligo concentration in the wells due to loss of medium
caused by evaporation in the incubator. The combined siRNA oligos and
transfection reagent were added to the wells and cells were returned to 37°C
incubator.

To collect cells from wells for RNA analysis, medium from each well was collected,

together with the trypsinised cells, and spun at 13K rpm for 3 min (4°C). Cell pellets
were kept at -70°C ifRNA extraction was not performed straight away.

All transfections were performed in duplicate at least and the experiments were

repeated independently at least two times.

6.2.3 RT-PCR

Total RNA was harvested from transfected cells using the RNeasy mini kit (Qiagen)
or Trizol (Life Technologies) according to the manufacturer's protocols. Total RNA
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was DNase-treated with DNAfree (Ambion) before being reverse-transcribed using a

RetroScript kit (Ambion). I achieved normalisation of cDNA levels by PCR using
18S rRNA as the reference gene. Primers used for human CLWD were called 'RT
HClwd F' and 'RT HClwd R', amplifying a product of 178 bp. Primers for

amplifying 18S rRNA were called ' 18S rRNA F' and '18S rRNA R', with a PCR

product with size of 153 bp. Primers for cyclophilin B were called 'CycloB F' and

'CycloB R'. The sequence of these primers is listed in Table 2.5 (section 2.1.6).
The PCR conditions were as follows:

Reagent Amount
10 X PCR Buffer: 2pl
MgCl2 (50mM): 0.6pl
dNTPs(lmM): 0.5pl
Forward Primer (5pM): lpl
Reverse Primer (5pM): 1 pi
Taq polymerase (Invitrogen): 0.2pl
Template (cDNA): lpl
dH2Q: 13.7pl

Total 20pl

The 178-base pair fragment of human CLWD was amplified using the following PCR
conditions: 30 s at 94°C, 30 s at 58°C and 30 s at 72°C for various numbers of cycles.
PCR product was run on a 2% agarose and the band was visualized using the Gel-
Doc system (Bio-Rad).

6.2.4 Immunofluorescence (IF)

Cells were plated on coverslips (Fisher Scientific), grown in 24-well plates and
RNAi experiments were performed as described above. To fix cells, medium was

removed from the wells and the wells were washed with PBS three times. For

assessing nuclear morphology, methanol/acetone fixative was added to cells and put

at -20°C for 15 min, followed by three washes with PBS. Coverslips were mounted
on glass slides using Mowiol (with DAPI). Slides were protected from light and
stored at 4°C until assessment using a fluorescent microscope (Zeiss).
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IF for staining microtubules or centrosomes was carried out by using an anti-a
tubulin antibody (mouse monoclonal, Sigma) or an anti-y tubulin antibody (mouse

monoclonal, Sigma) respectively, at 1:1000 dilution (incubated for lh at room

temperature), followed by three washes with PBST, and then incubated with

secondary antibody (Alexa Fluor goat anti-mouse 488 or 594, Molecular Probes) at
1:1000 dilution for 30 min (protected from light). Coverslips were again washed
three times with PBST and mounted using Mowiol (with DAPI).

6.2.5 Quantitative Real-Time PCR

Total RNA was extracted and cDNA was made as described in Section 6.2.3.

Dilutions of cDNA samples were sometimes required before use in Quantitative
Real-time PCR assays.

Real-Time PCRs were performed using a Bio-Rad model (MyiQ) and SYBR Green

dye chemistries (Bio-Rad). All reactions (20pl) were performed in triplicate. The
forward human CLWD primer (RT HClwd F) was designed at the exon-exon

junction to avoid possibility of amplifying from any genomic DNA. The reverse

human CLWD primer (RT HClwd R) did not span an exon-exon junction due to the
restraint on PCR product size (aimed to be at a similar size to the 18S rRNA PCR

product). The 18S rRNA was used as the reference gene. The specificity of primers
was tested by performing a melting curve where a single peak was observed. The

primers were also verified by running the PCR products on agarose gels and

checking that a single band was obtained. Relative expression was calculated using
the relative standard curve method.

6.2.6 Morphometric analysis

Changes of nuclear morphology were quantified by counting the percentage of cells
with abnormal nuclei (n>200). Abnormal nuclei were grouped into two categories:

category 1 where nuclei of cells had 'dot(s)' scattered around the nuclei

(micronuclei) and category 2 were cells with nuclei showing lobulation. Normal
nuclei were cells with neither of these features and with round healthy shaped nuclei.
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Six coverslips from each treatment was counted and the experiment was repeated
three times. These determinations were made by using a blinded approach.

6.3 Results

6.3.1 SMARTpoo\ CLWD siRNA oligos were effective at silencing
human CLWD expression

6.3.1.1 CLWD was knocked down at 48-72h post-transfection

To establish the dynamics of CLWD knockdown using SMARTpoo\ siRNA oligos

(Dharmacon), cells transfected with siRNA oligos were collected at different time

point (24h, 48h, and 72h). According to the manufacturer's guidelines, lOOnM was

the recommended concentration when Oligofectamine (Invitorgen) was used as the
transfection reagent. At lOOnM, CLWD was significantly knocked down at 48h and
72h. The level of CLWD mRNA was measured using quantitative Real-Time PCR
where 18S rRNA was used as the control gene (Figure 6-1). The experiment was

repeated several times in both HeLa and MCF7 cell lines. Quantitative Real-Time
PCR results from different experiments were pooled. Knock-down of CLWD mRNA

expression was consistently seen at 48h and 72h post-transfection in all the

experiments performed. Error bars in the figure indicate standard errors.
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Figure 6-1 Real-Time PCR analysis of CLWD mRNA expression in HeLa cells transfected with
siRNAs. HeLa cells transfected with siClwd, the control siRNAs (Non-targeting siRNAs), and
siCyclophilin were collected for RNA analysis at 24h, 48h, and 72h after transfection. Real-Time
PCR was used to quantity levels of CLWD mRNA expression in these cells. Cells which were being
mock-transfected and untreated (Untransfected HeLa) were also included for analysis. CLWD mRNA
expression level was normalised with the level of 18S rRNA. Error bars indicate standard errors.

Recent experiments in cultured cells suggest RNAi machinery is saturable. siRNA
concentrations in the range of l-100nM have been shown to be sufficient for specific

gene silencing (Elbashir, Harborth et al. 2001). The concentration of siRNA oligos
used here (lOOnM, suggested by the Oligofectamine protocol, Invitrogen) appeared
to be at the higher end of spectrum. Persengiev et al. showed non-specific siRNA

silencing was concentration-dependent (Persengiev, Zhu et al. 2004). In their study,
the non-specific silencing was significantly affected at concentrations of 200nM and
lOOnM while the non-specific silencing was modestly affected when siRNA
concentration was reduced to 50nM or 25nM. In order to minimise the chance of
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any undesired off-target effects, I decided to titrate the doses of siRNA oligos used
for transfection. I replaced Oligofectamine with siLentFect (Bio-Rad) as the

transfecting reagent because significantly less amount of siRNA oligos were needed
to achieve the same level of suppression.

I tried several combinations of different concentrations of siRNA oligos (5nM,

lOnM, and 20nM) and different amount of siLentFect. Transfected HeLa cells were

collected 48h post-transfection for analysis. In Figure 6-2, it can be seen that CLWD
siRNA was able to suppress CLWD expression at concentrations as low as 5nM. The

silencing efficiency at 5nM was almost as effective as at lOOnM. From this

experiment and other experiments, 10nM siRNA oligos together with 1.2pl
siLentFect showed efficient knock down in the 24-well plate format. Unless

specified, lOnM siRNA oligos was used instead of lOOnM in later experiments. The

high efficiency of gene knock-down achieved with siRNAs enabled me to utilise

assays to examine the functional consequences of CLWD down-regulation.

[siRNA] (nM)

siLentFect (ul)

Treatment

5 nM 10 nM

1 ul 3 ul 5 ul 1 ul 3 ul

C - C - C - C - C -

10 nM 20 nM

5 ul 1 ul 3ul 5 ul 1 2

C - C - C - C - -PCR

Clwd-»

18s rRNA -»

Figure 6-2 Titrations of siClwd oligos and their silencing efficiency. HeLa cells were transfected
with different concentrations of siRNAs (5nM, lOnM or 20nM) together with different amount of
siLentFect (ljil, 3pl, or 5pl). Treatment 'C' indicates cells transfected with siClwd while indicates
cells transfected with non-targeting siRNAs. CLWD mRNA expression levels in these cells were
analysed using RT-PCR, where 18S rRNA was used as the house-keeping gene. The last lane, '-PCR
1' was the negative control for PCR and '-PCR 2' was the 'no RT' control.

6.3.1.2 Knockdown of CLWD at the protein level using siClwd

The previous section showed siClwd was effective at silencing CLWD at the

transcription level. Here, I wanted to show CLWD was also knocked down at protein
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level. However, the anti-CLWD antibodies do not work on Western blots which has

made it difficult to demonstrate knockdown of CLWD at protein levels. Among all
the epitope-tagged CLWD constructs, I was only able to detect GFP-tagged CLWD
on Western blots (Chapter 3). Therefore I performed siRNA experiments in order to
knock down the ectopically expressed GFP-tagged human CLWD to demonstrate
CLWD was knocked down at the protein level.

HeLa cells were transfected with GFP-tagged human CLWD plasmid DNA using

Lipofectamine 2000 Reagent (Invitrogen). 24h after transfection, GFP-tagged
CLWD silencing was achieved by transfecting cells with siClwd (lOnM) using
siLentFect. Proteins were collected for Western blots analysis 48h after siRNA
transfection.

As shown in Figure 6-3A, immunoblotting analysis showed that cotransfection of
siClwd with HClwd-GFP effectively ablated the expression of the ectopically

expressed HCLWD-GFP while transfecting with the control siRNA (non-targeting

siRNA) did not affect the level of HCLWD-GFP.

Numerous studies in literature stress the sequence specificity of siRNA (Jagla,
Aulner et al. 2005). It is not uncommon that the silencing effect is ineffective when
the targeting sequence differ by just two base pairs. At the sites targeted by the
siClwd oligos, human and mouse Clwd sequence differs considerably. Therefore I

hypothesised that the difference in sequence between human and mouse Clwd should
render the human siClwd ineffective at silencing mouse Clwd. The hypothesis was

tested by attempts to silence the ectopically expressed GFP-tagged mouse CLWD.
Cotransfection of siClwd with MClwd-GFP did not knock down the level of

ectopically expressed MCLWD-GFP (Figure 6-3B). GAPDH and tubulin showed

equal loadings.
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A

Plasmid: HCIwdGFP eGFP

B
Plasmid: MClwd-GFP eGFP

Figure 6-3 Knockdown of ectopically expressed human CLWD-GFP using siRNA. HeLa cells
grown in 6-well plates were transfected with 1.5pg of HClwd-GFP, MClwd-GFP or eGFP. Twenty-
four hours later, cells were transfected with lOnM of control (non-targeting) siRNA or siClwd. Two
days after siRNA transfection, cells were lysed and lysates were run on SDS-PAGE and
immunoblotted with anti-GFP antibody (Invitrogen, 1:5000), anti-GAPDH (Chemicon, 1:5000) or
anti-tubulin (Sigma, 1:5000). In (A), siClwd knocked down the ectopically expressed HCLWD-GFP
and did not knock down the ectopically expressed MCLWD-GFP (B).

Several papers in the literature have used overexpression of cDNA ectopically to

rescue the phenotype of knockdown (Matuliene and Kuriyama 2004; Kim, Billadeau
et al. 2005; Zhu and Jiang 2005). In cells cotransfected with siClwd and HClwd-

GFP, cells still displayed the abnormal nuclear morphology. This was expected
because HClwd-GFP was knocked down and therefore would not correct the
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phenotype. The phenotypes of cells cotransfected with mouse MClwd-GFP and
siClwd are discussed in a later section (Section 6.3.1.11).

6.3.1.3 Knock down of CLWD led to a decrease in cell number and

proliferation rate (BrdU)

Cells transfected with siClwd were always less confluent when compared with cells
transfected with control siRNAs (non-targeting siRNAs). Initially, the cell number
decrease was quantified by counting cells on a haemocytometer and a decrease in
cell number in wells transfected with siClwd was observed. In Figure 6-4, the cell
number of HeLa cells transfected with siClwd and the control siRNAs were

quantified using FACS. After 48h or 72h transfection, the cell number of cells
transfected with siClwd was approximately 70% that of cells transfected with the
control siRNA.

Next I wanted to find out what leads to the decrease in cell number in CLWD siRNA

transfected cells. Trypan Blue counting (Sigma) results suggested that there was no

difference in the number of dead cells between treatments. I carried out cell

proliferation assay (5-Bromo-2'-deoxy-uridine Labelling and Detection Kit I,

Roche). The proliferating cells were quantified by counting positively BrdU-labeled
cells (green) using indirect immunofluorescence. Transfection of cells with siClwd
reduced the cell proliferation rate (Figure 6-5).
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Figure 6-4 Cell number of cells transfected with siCIwd. HeLa cells were transfected with lOnM
siClwd or the control siRNAs (Non-targeting siRNA). Cell number was quantified using FACS 48h
and 72h after transfection. Cell number at 48h is indicated by striated boxes while cell number at 72h
is indicated by solid boxes. Cell number is expressed relative to the cell number in cells where no
treatments is applied (Cells only). Error bars indicate standard errors.
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Figure 6-5 CLIVD depletion causes a reduction in cell proliferation rate. BrdU incorporation by
HeLa cells after transfection with siClwd (lOnM) or the control siRNAs (Non-targeting siRNAs) was
measured by counting BrdU positively stained cells under a fluorescence microscope. The percentage
of BrdU-positive cells was counted at 24, 48, and 72h after transfection. The percentage of cells
incorporating BrdU was obtained by counting -200 cells per sample. Each treatment was performed
in triplicate. Error bars indicate standard errors.

196



6.3.1.4 Knocking down CLWD leads to abnormal nuclear

morphology

Apart from the decrease in cell number and proliferation rate in CLWD-depleted

cells, a closer examination of the morphology of these cells revealed a striking

phenotype. The nuclei in cells transfected with CLWD siRNA were irregular and
often looked lobulated (or 'blebbed'). A further characterisation grouped the
abnormal shaped nuclei into two populations of cells. The first category (category

1) showed changes in nuclear morphology with many cells displaying 'micronuclei'

(dots surrounding nuclei) (Figure 6-6b). The percentage of HeLa cells with nuclei

showing 'category 1' was not affected by CLWD-depletion (Figure 6-6d and e). The
second category (category 2) was cell nuclei with protrusions, crevices and
herniations extending into the nuclear periphery (Figure 6-6c). The percentage of

'category 2' cells increased in cells transfected with siClwd. The severity of the
second category increased over time (i.e. more were seen at 72h post-transfection
than at 24h), while the percentage of the first category remained constant (Figure
6-6d and e). The 'normal' nuclei were cells with healthy round shaped nuclei

(Figure 6-6a). The counting of morphology was blinded by masking the treatments

labelling on slides.
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Figure 6-6 Quantification of aberrant shaped nuclei in cells transfected with siClwd. The
abnormal nuclear morphology in HeLa cells transfected with siClwd was grouped into three groups:
(a) normal, (b) nuclei with micronuclei, also given the term as 'category 1', and (c) nuclei with
blebbing or lobulation, also named as 'category 2'. In (e), the morphology change elicited by CLWD-
depletion was quantified by counting the number of cells belonged to each category compared with
what was seen in cells transfected with the non-targeting siRNAs (d). Percentage of 'category 1' cells
was not affected by CLWD-depletion while percentage of 'category 2' cells increased in siClwd-
transfected cells. In (e), the percentage of 'category 2' cells increased while the percentage of normal
cells decreased over time in CLWD-depleted cells.
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6.3.2 Silencing CLWD expression using individual siRNA duplexes

In previous section (Section 6.3.1), I showed that CLWD SMARTpool siRNA oligo

(Dharmacon), which consisted of four individual siRNA duplexes targeting different

regions of human CLWD, demonstrates an effective suppression activity. However,
the use of pooled siRNA oligos may be subject to criticism that phenotypes seen in
the CLWD-depleted cells were due to off-target effects or nonspecificity. Therefore,
I performed RNAi experiments using each of the four siRNA duplexes in CLWD

SMARTpooX siRNA oligos to determine whether the same phenotype could be seen

using more than one independent siRNA oligo. The sequence and locations were

mapped on human CLWD transcripts (Figure 6-7). Each duplex was transfected

(lOnM) in HeLa cells grown in 24-well plates. For siClwd, three wells were used for
nuclear morphology analysis and three wells were used for quantifying silencing
RNA expression. Each of the controls (SMARTpoo\ non-targeting siRNA oligos,

Cyclophilin B siRNA oligos, mock transfection and cells only) was also transfected
in a similar format to the CLWD siRNA duplexes. The experiment was repeated
twice in HeLa and twice in MCF7 cells. Samples for RNA and nuclear morphology

analysis were taken at 48h post-transfection. The assessment of nuclear morphology
was performed blinded by masking the labelling of treatment on glass slides.
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GCGGCCCCCGCGCATATAAGTGGGCGCGTCCGCGCGTGCGCACCCCGCGCGCGCCTCTCT

GTCGTGGCGCGGCTTCCCGCGGTCTTCTCTGCAAATGGGCTCCGTGGCCTAGCGCCCCCG

TCCCCGCCACCCGTGATCGTGCGCCGAGGCCCGCGAGGGGTCGCCGCCCAGATCCCACCA
Start codon

GCCAGCAAGCTAAAGCATGGCGGCCATCCCCTCCAGCGGCTCGCTCGTGGCCACCCACGA

Duplex 2
CTACTACCGGCGCCGCCTGGGTTCCACTTCCAGCAACAGCTCCTGCAGCAGTACCGAGTG

CCCCGGGGAAGCCATTCCCCACCCCCCAGGTCTCCCCAAGGCTGACCCGGGTCATTGGTG

GGCCAGCTTCTTTTTCGGGAAGTCCACCCTCCCGTTCATGGCCACGGTGTTGGAGTCCGC

AGAGCACTCGGAACCTCCCCAGGCCTCCAGCAGCATGACCGCCTGTGGCCTGGCTCGGGA

Stop codon
CGCCCCGAGGAAGCAGCCCGGCGGTCAGTCCAGCACAGCCAGCGCTGGGCCCCCGTCCTG

Duplexl
ACCTGAGCGGTTACCACCAGCCCCAGGCCTGCGGAGGCGCTAGTCCACCAGAGCCCCTCC

CCGCCCCTCTCCCCACTCCGCATCCCTCGCCCCCCTCCCCACCTCCCACCCCCCACCCTG

Duplex 4
TAAACTAGGCGGCTGCAGCAAGCAGACCTTCGCATCAACACAGCAGACACCAAAAACCAG

Duplex 3
TGAGAGCCCCGCTCTCTACCGCCCGGCCCCAGCACTCGCTAGCTTTCCTGACACCTGGAA

CTGTGCACCTGGCACCAAGCGGAAAATAAACTCCAAGCAGCCAGTAGCCCCGATGGTGTG

TGCCTGAGCTGTGTGGCCCGAGGTTCCA

Figure 6-7 Mapping siClwd individual oligos on human CLWD transcript. Locations of each
individual siClwd duplexes were underlined. Exons of human CLWD were distinguished by
alternative blue and black colour of text.

As shown in Figure 6-8, the level of CLWD mRNA expression in each of the HeLa
cells transfected with individual siClwd duplexes (duplex# 1-4) or pooled was lower
than the level in cells transfected with the control siRNA (non-targeting). Notably,
the level of CLWD mRNA expression in cells transfected with pooled siClwd was

significantly lower than in cells transfected with individual siClwd duplexes,

suggesting a plausible additive effect of the siRNAs.
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Figure 6-8 Depletion of human CLWD mRNA expression by individual siClwd duplexes and
pooled siClwd oligos. HeLa cells were transfected with siClwd duplexes (duplex#l-4) or pooled
siRNAs (Pooled), and the cells were collected 72h after transfection. Each transfection was carried
out in duplicates (replicate 1 & 2). RT-PCR was used to quantify level of CLWD mRNA expression.
18S rRNA PCR was used as the endogenous control. '-RT' and '-PCR' indicated the negative controls
for no-RT and no-PCR, respectively.

RT-PCR is only semi-quantitative. I wanted to quantify the level of silencing using
Real-Time PCR. In Figure 6-9, the pooled siClwd oligos demonstrated the greatest

level silencing, followed by siClwd duplex#4.
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Figure 6-9 Quantification of CLWD knockdown in cells transfected with individual CLWD
siRNA oligos. HeLa cells were transfected with siClwd individual duplexes or pooled siRNA oligos
(lOnM). Total RNA from the cells was collected 48h after transfection. Level of CLWD mRNA
expression was quantified using Real-Time PCR. 18S rRNA was used as the endogenous control.
CLWD transcript level in each treatment was expressed in relative to level of CLWD in cells
transfected with the control siRNAs (Non-targeting). The pooled siClwd oligos were the most
effective at silencing. Error bars indicate standard error.
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Both RT-PCR and Real-Time PCR analysis showed that the pooled siClwd oligos
were more effective at silencing comparing with individual siClwd duplexes. The
critical question was to ask whether the same kind of phenotype (e.g. nuclear

abnormality) was seen in cells transfected with individual CLWD siRNA duplexes.
In HeLa cells, the same kind of abnormal nuclear blebbing was also seen when cells
were transfected with individual siClwd duplexes (Figure 6-10), suggesting the
aberrant nuclear morphology was elicited by depletion ofCLWD.

M L

siClwd (pooled)

siClwd duplex #4

Figure 6-10 Transfecting cells with individual siClwd duplexes produces the same abnormal
nuclear phenotype as using the pooled siClwd oligos. HeLa cells grown on coverslips in 24-well
plates were transfected with 1 OnM individual siClwd duplexes (# 1 -4), pooled siClwd oligos, or pooled
non-targeting siRNA oligos. Cells were fixed and immunofluorescence was performed 72h post-
transfection. Tubulin was stained with anti-a tubulin antibody (red) and nuclei were stained with
DAPI (blue). Cells transfected with the control (non-targeting siRNA oligos) have healthy round
nuclei while cells transfected with siClwd individual duplexes (#1-4) or the pooled siClwd oligos
produced the aberrant nuclear blebbing phenotype.

siClwd duplex #3
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6.3.2.1 Quantification of the nuclear morphology changes in cells
transfected with individual siClwd duplexes

Nuclear 'blebbing' was seen when cells transfected with individual CLWD siRNA

duplexes, similar to that described in the previous section. Here, I wanted to

compare the percentage of cells displaying aberrant nuclear morphology between the
individual siClwd duplexes or the pooled siClwd oligos. There were fewer cells

showing abnormal nuclei when cells were transfected with individual CLWD siRNA

duplexes, compared with cells transfected with the pooled siClwd oligos (Figure
6-11A). Among all four siClwd duplexes, duplex #4 had the highest percentage of
cells displaying aberrant nuclear morphology (category 2). However, it was still
lower compared to that seen when the pooled siClwd was used.

To investigate whether the lower level of abnormal nuclear morphology was due to

the concentrations of individual CLWD siRNA duplexes, HeLa cells were transfected
with various concentrations of siRNA oligos (lOnM, 20nM, and 50nM). Duplex 4
was used because greater proportion of cells were displaying the abnormal nuclear

morphology when transfected with duplex 4. In Figure 6-1 IB, I show that increasing
the amount of siClwd duplex 4 did not affect the proportion of abnormal nuclei.

One possible explanation is that there are multiple variants of CLWD transcripts

present in the cells, and the pooled siClwd oligos target all the possible forms of
CLWD transcripts while the individual CLWD siRNA oligos only targets certain

transcript. The un-targeted CLWD transcript may be functional and able to execute

the cellular processes for which CLWD is responsible. These set of targeting
molecules obviously might have different silencing potential and they could be a

valuable tool for generating a hypomorphic phenotype.
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Figure 6-11 Quantification of nuclear abnormality in cells transfected with individual CLWD
siRNA duplexes. In (A), the abnormal nuclear morphology of HeLa cells transfected with individual
CLWD siRNA duplexes (lOnM, 48h pos-transfection) was quantified by counting the percentage of
cells belonged to each category (category 1, category 2, or normal). Nuclei were stained with DAPI
for visualisation. Each treatment was performed in triplicate and two independent experiments were
performed. (B) HeLa cells were transfected with various concentrations (lOnM, 20nM, and 50nM).
Increasing the concentration of siClwd duplex 4 did not increase the percentage of nuclear
morphology abnormality. Morphological abnormality was quantified.
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6.3.3 Apoptotic pathways are not activated by the depletion of
CLWD

Annexin-V

To investigate whether the decrease in cell number (Section 6.3.1.3) I saw when cells
were transfected with siClwd was due to apoptosis, I carried out apoptosis assays for
Annexin-V and caspase 3. HeLa cells grown in 6-well plates were transfected with
siClwd or the control siRNAs (non-targeting siRNAs) for 72h before cells were

pelleted for Annexin-V assays (Roche). Half of the cells from the same well were
used for the Annexin-V assay, a quarter of the cells were used for RT-PCR, and the
rest of the cells were stored for protein analysis. Cells treated with lOOpM

staurosporine (Sigma) for 48h were used as the positive controls for apoptosis
induction in this experiment. In Figure 6-12, cells in cluster A3 are living cells,
while cells presented in A4 and A2 are apoptotic and necrotic cells, respectively.

Staurosporine treatment induced apoptosis in HeLa cells, indicated by the significant
increase in the number of cells in cluster A4. Cells treated with DMSO, which was

used to dissolve staurosporine, acted as the control. The percentage of cells

presented in either clusters A4 (apoptotic) or A2 (necrotic) in cells transfected with
siClwd was not different from the percentage of cells in these clusters when cells
were transfected with the control siRNA (non-targeting siRNAs). RT-PCR was used
to assess CLWD depletion in these samples (siClwd and non-targeting siRNA).
CLWD was knocked down almost completely in siClwd-transfected cells while the
level of CLWD stayed unchanged in cells transfected with the non-targeting siRNAs.

The transfection was performed in duplicate. In Figure 6-13, the upper band

corresponds to human CLWD (PCR product size is 178 bp) and the lower band

corresponds to 18S rRNA (153 bp). The PCRs for CLWD and 18S rRNA were

carried out in separate tubes (i.e. not competitive) but the PCR products were loaded
in the same well, for ease of comparison. In cells transfected with siClwd, CLWD
was knocked down while its level stayed unchanged in cells transfected with Non-

targeting siRNAs. Levels of 18S rRNA were constant in all samples.
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Figure 6-12 Annexin-V assay of cells transfected with siRNAs. To investigate whether apoptosis
pathways were activated, an Annexin-V assay was performed in HeLa cells transfected with siRNAs.
In (B), cells treated with Staurosporine (lOOnM) for 48h were included as the positive control for
activated apoptotic pathways. In (A), cells treated with DMSO were the control for Staurosporine as
Staurosporine was dissolved in DMSO. (C) Cells transefected with the control siRNA (non-targeting
siRNAs, lOnM); (D) Cells transfected with siClwd (lOnM) 72h post-transfection. (A3= living cells;
A4= apoptotic cells, A2= necrotic cells).
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Figure 6-13 Semi-quantitative RT-PCR showed siClwd was effective at silencing CLWD mRNA
expression. HeLa cells were transfected with indicated siRNAs and the transfection was performed
in duplicate. Cells were collected 48h after transfection for RT-PCR analysis ofCLWD and 18S rRNA
expression. The upper bands correspond to the PCR products of CLWD which were absent in cells
transfected with siClwd. The lower bands correspond to the PCR products of 18S rRNA which were
used as an endogenous control. The last lane was the negative control for PCR.
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Caspase-3

The results of the Annexin-V assays suggested that knocking down CLWD did not

elicit apoptotic pathways. Here I wanted to look at other apoptotic pathways such as

the caspase-3 pathway. Caspase 3 is one of the executioner caspases and it acts on

most of apoptotic substrates, and the assay is hence more likely to detect a wider

range of apoptosis.

HeLa cells grown in 6-well plates were transfected with siClwd oligos (lOnM) and
the cells were harvested by trypsinising 72h post-transfection. Cells from the same

well were divided into two tubes, where half of the cells were used for protein

analysis and the other half were used for RT-PCR analysis. Proteins from cells
treated with lpM or 2pM staurosporine (Sigma) for 4h were included as a positive
control for the caspase-3 antibody. Staurosporine was dissolved in DMSO and cells
treated with DMSO were used as the negative control.

Caspase 3 is abundant in cells and has a MW of 35kDa. Upon activation, the full

length caspase 3 is cleaved to form a 17kDa fragment. Western blots showed that

knocking down CLWD did not activate the caspase-3 pathway (Figure 6-14A, lane 1)
while the caspase-3 pathway was activated when cells were treated with 2pM

staurosporine (lane 5), indicated by the presence of a 17kDa band. The same blot
was stripped and reprobed with GAPDH (Chemicon, 1:3000), showing equal loading

(lower panel in Figure 6-14 A).

RT-PCR of CLWD mRNA showed that CLWD was knocked down by siClwd-
transfection (Figure 6-14B) while CLWD mRNA level was not changed in cells
transfected with the non-targeting siRNA or when cells were treated with

staurosporine treatment or DMSO. RT-PCR of 18S rRNA showed equal loading.
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Figure 6-14 Knocking down CLWD does not activate the caspase-3 pathway. (A) Proteins
collected from HeLa cells transfected with lOnM siClwd oligos, non-targeting siRNA oligos, or
mock-transtion (72h post-transfection) were run on Western blots, in the lanes called siClwd, non-
targeting, and mock, respectively. The blot was probed with anti-caspase 3 antibody (1:1000, Cell
Signalling Technology. Full length Caspase-3 has a MW of 35kDa and is cleaved to a 17kDa
fragment upon activation of the caspase-3 pathway. To activate the caspase-3 pathway, cells were
treated with lpM or 2pM staurosporine (Sigma) for 4h, where a 17kDa fragment is seen. The
caspase-3 pathway is not activated in cells treated with DMSO, in which Staurosporine was dissolved
in. The last lane shows proteins from HeLa cells where no treatment was applied. A GAPDH loading
control was shown in the lower panel. (B) RT-PCR showing CLWD was knocked down in the
samples where caspase-3 pathway was not activated. A loading control using 18S rRNA as the house
keeping gene is shown in the lower panel. '-RT' indicates the "no RT' control while '-PCR' indicates
the negative control for the PCR reaction.
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6.3.4 CLWD depletion leads to aberrant tubulin structure and
centrosome amplification

In Chapter 3 (section 3.3.5), CLWD showed a high degree of colocalisation with
tubulin. I wanted to test whether CLWD-depletion would lead to tubulin structure

abnormality. HeLa cells transfected with siClwd or the control siRNAs (non-

targeting siRNA) were stained with anti-tubulin (1:1000, Sigma). The nuclei were
stained with DAPI. Tubulin showed the characteristic cytoskeletal and fibrous
features in cells transfected with the non-targeting siRNAs (Figure 6-15a). On the
other hand, tubulin looked abnormal and often formed clusters or 'bundles' in cells

transfected with siClwd (Figure 6-15b). This phenotype has been repeatedly seen in

many independent experiments as well as in other cell lines such as MCF7. The
alteration of the tubulin structure was more severe around the nuclei. It was not clear

whether such changes in tubulin structure were a result of the irregular/lobular shape
of the nuclei or whether the affected tubulin structure was caused by nuclear

blebbing.

(a) (b)
/

/ Tubulin

DAPI

Figure 6-15 Change of tubulin structure in CLWD siRNA transfected cells (HeLa). (a)
Immunofluorescence tubulin (green) in cells transfected with non-targeting siRNA oligos. In (b),
where cells were transfected with siClwd, the tubulin seems to be less structured and forms 'bundles'
(where arrows were indicated). The change of tubulin structure was more obvious around the nuclei.
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I also looked at centrosome number in the cells transfected with CLWD siRNA

oligos using HeLa cells. Most HeLa cells have one centrosome or two centrosomes

(after S phase is completed) (Figure 6-16a). Surprisingly, cells transfected with
CLWD siRNA oligos (especially in the cells with abnormal looking nuclei) had three,

four, five or more centrosomes (using y-tubulin as a marker for centrosomes) (Figure
6-16 b and c). The abnormal centrosome number may be a result of chromosome
number abnormality. It is known that when a tumour cell acquires double the
number of chromosomes (polyploidy), it also acquires double the number of
centrosomes. Centrosome amplification may cause an uneven dividing of nuclei

during mitosis, thus give rise to the nuclear lobular phenotype.
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Figure6-16CentrosomeamplificationincellstransfectedwithCLWDsiRNAoligos.(a)HeLacellstransfectedwithnon-targetingsiRNAoligoshadoneortwo centrosomes.Centrosomeswerestainedwithanti-y-tubulin(green)andDNAwithDAPI(blue).In(b)and(c),cellstransfectedwithCLWDsiRNAoligosshowed abnormalnumberofcentrosomes(e.g.fourcentrosomeswereseenwherearrowsindicated).
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6.3.5 CLWD knockdown causes defects in mitosis

Partial colocalisation of CLWD at spindles during mitosis (Chapter 3, section 3.3.7)

suggested that CLWD may be involved in mitosis. Mitotic index (MI) is a

measurement of the percentage of mitotic cells. Identification of mitotic cells was

achieved by staining nuclei with DAPI and microtubules with anti-tubulin antibody.

Knocking down CLWD led to an increase in mitotic index (MI) at 48h post-

transfection (MI= 13.0%, SE= 1.0% in CLWD-depleted cells; MI= 7.5%, SE= 1.3%
in cells transfected with non-targeting siRNA, p-\alue= 0.006, Figure 6-17).

Mitotic
Index

S.E P-value

Non-targeting
siRNA

7.5% 1.3

CLWD siRNA 13.0% 1.0 0.006

Figure 6-17 Increase in mitotic index after CLWD depletion. The mitotic indices (M.I.) (i.e. the
number of cells undergoing mitosis divided by total cell number) were determined after chromosome
staining with DAPI and immunolabelling the microtubule cytoskeleton using anti-a-tubulin antibody.
This quantification was performed in cells transfected using non-targeting siRNA and in cells
transfected with siClwd 48h post-transfection. Transfection was performed on six replicates for each
treatment and the experiment was repeated at least twice. The error bars indicate standard errors.
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To determine the possible role of CLWD in mitosis, I counted the number of cells at

each stage of mitosis in CLWD-depleted cells, in the hope that any alterations in the

steps of mitosis would shed some light on where CLWD was likely to be involved.

The distribution of cells at most mitotic steps remained the same; however, a closer
examination showed that there were more cells at metaphase in CL ftD-depleted cells
at 72h post-transfection (CLWD siRNA= 19.0%, SE= 1.7%; non-targeting siRNA=

9.6%, SE= 1.9%, p-value= 0.005). These metaphase cells looked normal (with

bipolar spindles) but many of them had lagging chromosomes. Although the
chromosomes were condensed and bipolar spindles were formed, single or multiple
chromosomes often were not aligned on the metaphase plate and positioned in the

vicinity of two spindle poles (Figure 6-18b). The severity of the lagging
chromosomes varies between cells (i.e. some cells had multiple chromosomes
maloriented while others had single chromosome not incorporated in the metaphase

plate). There was a higher percentage of cells with lagging chromosomes in CLWD-

depleted cells than in cells transfected with non-targeting siRNA. The percentage of

lagging chromosomes is shown in the table below.

48h 72h

CLWD-

depleted

% of lagging
chromosome

S.E. P-value % of lagging
chromosome

S.E. P-value

6.8% 1.4% 0.038 4.6% 1.4% 0.042

P-valueControl % of lagging
chromosome

S.E. % of lagging
chromosome

S.E.

2.6% 0.9% 0.68% 0.68%
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Figure 6-18 Accumulation of lagging chromosomes in metaphase after depletion of CLWD.
Immunofluorescnece of HeLa cells treated with (a) the control siRNA (Non-targeting, lOnM) or (b)
siClwd (lOnM). Tubulin was stained with anti-a-tubulin antibody (red) and nuclei were stained with
DAPI (blue). Arrows indicate cells with lagging chromosomes. Immunofluorescence was performed
72h after transfection. The percentages of mitotic cells with lagging chromosomes metaphase was
quantified and shown in (c).
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6.3.6 Multinucleation & aneuploidy (chromosome spread)
I noticed that some of the lobulated cells in siClwd-transfected cells were multi¬

nucleated. The multi-nucleation was more obvious when the boundary of cells were

stained with tubulin (Figure 6-19).

Figure 6-19 Multinucleation induced by depletion of CLWD. HeLa cells were transfected with the
control or siClwd. After 48 hours, cells were immunostained with anti-a-tubulin and DAPI. An
example of multi-nucleation was shown here, where tubulin was stained red and nuclei were stained
blue.
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6.3.7 Cell cycle analysis by FACS

Next, I was curious to find out whether CLWD depletion caused any alterations of
the cell cycle profile. The defects in tubulin structures, the higher incidence of

metaphase lagging chromosomes, and the observations of mutli-nucleated cells all

suggested the cell cycle might be altered. Flow cytometric analysis of DNA content

in siRNA transfected HeLa cells however showed that CLWD-depleted cells did not

have any obvious alterations in cell cycle profile. Staurosporine treatment (0-
lOOnM for 24 hours) in HeLa cells was used to induce a change in the cell cycle

profile (i.e. staurosporine has been used to increase cells in the sub G0/G1

population), and was used as a positive control. In Figure 6-20(3), Staurosporine

significantly altered the cell cycle profile. One obvious change was the large
increase of percentage of cells in sub G0/G1 compared with the cell cycle profile in
cells treated with DMSO (Figure 6-20, 4). On the other hand, the cell cycle profile
of cells transfected with siClwd (lOnM, 120h post-transection) was virtually

indistinguishable (Figure 6-20,1) from cells transfected with the control siRNAs

(Non-targeting siRNAs, Figure 6-20,2). RT-PCR was used to analyse the
knockdown of CLWD in cells transfected with siClwd and the gel picture is shown in

Figure 6-20.

Statistically analysis showed that there was a slight but significant increase in

population G2/M in cells transfected siClwd. At 72h post-transfection, a slight but

statistically significant increase in G2/M phase was seen in cells transfected with
siClwd (19% of cells were at metaphase when transfected with siClwd compared to

9.6% when cells were transfected with non-targeting siRNA, />-value= 0.005). The

percentage of cells at other steps of cell cycle did not differ significantly.
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Figure 6-20 Cell cycle profile (FACS) of cells transfected with siRNAs. FACS was used to
analyse cell cycle profile in HeLa cells transfected with siClwd (1) or the control siRNAs (2). Cells
were collected for FACS analysis 120h after transfection. In (3), cells treated with Staurosporine for
24h were used as a positive control for inducing a change in cell cycle profile while cells treated with
DMSO (the control of Staurosporine) were shown in (4). The knockdown of CLWD in cells
transfected with siClwd was assessed by RT-PCR and is shown in the gel picture. E= sub G0/G1,
B=G0/G1, C= S phase, and D= G2/M phase). Each treatment was performed in triplicate.
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Aneuploidy (metaphase chromosome spread)
Cell cycle analysis by FACS did not reveal any obvious aneuploidy in CLWD-

depleted cells. In section 6.3.5, I observed an increase in mitotic index and an

increase percentage of cells with lagging chromosomes. Chromosomes fail to

segregate into two daughter cells often give raise to aneuploidy in cells. Here I

performed metaphase chromosome spread to investigate any chromosome number
abnormalities in CL IFD-depleted cells. Chromosome number of HeLa cells
transfected with lOnM siRNA 72h or 120h after transfection was counted. A typical

metaphase chromosme spread was shown in Figure 6-21. Chromosome number of

eight metaphase cells with nicely separated and intact chromosomes was counted for
each siRNA treatment using a program called Smart Type. Bottomley et al.
characterised chromosome numbers in HeLa cells (Bottomley, Trainer et al. 1969).
HeLa are immortalised cancerous cells and it is known that it is common for the

same strain of HeLa cells cultured in identical condition to have different number of

chromosomes, and this was observed in cells transfected with non-targeting siRNA.
Chromosome counting (Table 6-3) showed that depletion of CLWD however did not

alter chromosome number (p-value= 0.138, Mann-Whitney Test).

A. Non-targetingsiRNA■ B. siClwd

Figure 6-21 Metaphase chromosome spread of cells transfected with siRNAs. CLWD-depleted
HeLa cells (B) did not show any obvious abnormalities in chromosome numbers compared with the
chromosome number in cells tranfected with non-targeting siRNA. The chromosome number was
determined by counting number of chromosomes in cells which were plated on slides by metaphase
chromosome spreads.
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Table 6-3 Chromosome number analysis of HeLa cells transfected with siRNAs

Treatment Chromosome number

Control siRNA 42 53 53 59 64 62 67 60

siClwd 59 60 66 60 66 66 63 64

6.3.8 Ectopic expression of CLWD partially rescues the nuclear
defect in siClwd-transfected cells

The specificity of RNAi-mediated gene silencing has been challenged by several
studies (Jackson, Bartz et al. 2003; Snove and Holen 2004). To ascertain the

specificity of siClwd effects in my study, I next performed rescue experiments.
HeLa cells were cotransfected with CLWD siRNA oligos together with plasmid DNA

encoding eGFP (control) or GFP-tagged human or mouse Clwd (Zhu and Jiang 2005;

Zhu, Zhao et al. 2005). This experiment was carried out based on the assumptions
that human and mouse Clwd are functionally equivalent but sufficiently diverged for
siRNA not to work. HeLa cells grown in 24-well plates were transfected with

plasmids encoding eGFP, HClwd-GFP or MClwd-GFP. Twenty-four hours later,
cells were transfected with CLWD siRNA oligos or the non-targeting siRNAs. Two

days after siRNA transfection, cells were fixed with 4% PFA and stained with DAPI
to visualise the nuclei.

As shown previously in Section 6.3.1.2, cotransfection of HClwd-GFP and siClwd

successfully knocked down the ectopically expressed HClwd-GFP. The human
siClwd did not, as predicted, silence the ectopically expressed MClwd-GFP.

Expression of MClwd-GFP protein, but not GFP protein, partially rescued the
abnormal nuclear morphology seen in cells transfected with siClwd. As shown in

Figure 6-22B), ~ 37% cells displayed abnormal nuclear morphology when cells were

cotransfected with siClwd and eGFP, compared with ~ 6% when cells were

transfected with Non-targeting siRNA and eGFP (Figure 6-22A). Cotransfecting
cells with siClwd and MClwd-GFP partially restored the abnormal nuclear

morphology from 37% (Figure 6-22B) to ~25% (Figure 6-22D). This partial
restoration may partly due to the incomplete transfection efficiency of the MClwd-
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GFP plasmid DNA, as well as partial functional equivalence between mouse and
human CLWD (p-value < 0.05, Mann-Whitney Test).
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Figure 6-22 Rescue of nuclear morphological defects in siClwd-treated cells by ectopic
expression of MClwd-GFP. (A)- (D) HeLa cells grown in 24-well plates were transfected with
0.8 jag of eGFP or MClwd-GFP. Twenty-four hours later, cells were transfected with lOnM of Non-
targeting siRNA or CLWD siRNA (pooled, Dharmacon). Two days after siRNA transfection, cells
were fixed with 4% PFA. DAPI was used to stain nuclei (blue). The expression of GFP or MClwd-
GFP proteins was shown in green. (E) The percentages of abnormal nuclei were scored using a
fluorescence microscope. More than 300 cells were counted in each treatment. Transfection was
performed in duplicate. Error bars indicate standard errors.
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6.4 Discussion
In this chapter, I have used siRNA to gain more information about the function(s) of
CLWD. I showed siRNA is effective at silencing CLWD mRNA expression and that

CLWD-depletion leads to a striking phenotype. The efficient and consistent

silencing of CLWD allowed me to further explore the CL JFD-depleted phenotypes.

6.4.1 The specificity of siClwd (off-target effect)
A growing body of evidence suggests that siRNA specificity is not absolute and off-

target gene silencing can occur through several mechanisms, including global

up/down regulation of genes using high concentrations of siRNA (Persengiev, Zhu et

al. 2004; Semizarov, Kroeger et al. 2004), interferon response (Sledz, Holko et al.

2003), miRNA-like translational inhibition (Saxena, Jonsson et al. 2003; Zeng, Yi et
al. 2003; Scacheri, Rozenblatt-Rosen et al. 2004), and mRNA degradation mediated

by partial sequence complementation (Jackson, Bartz et al. 2003). One paper

screened 359 published human siRNAs sequences and found about 75% of them had
a risk of eliciting non-specific effects (Snove and Holen 2004).

Jackson et al (Jackson, Bartz et al. 2003) and many others (Lin, Ruan et al. 2005)
showed sequence-dependent off-target effects in RNAi experiments. In Jackson's

study, 16 siRNAs were designed to target the coding region of IGF1R (Insulin
Growth Factor receptor) and 8 siRNAs were designed to target MAPK14 (mitogen-
activated protein kinase 1). Expression profiling using microarrays showed each of
the 16 or 8 siRNAs produced a unique expression pattern. The target gene silencing
was detectable after titrating siRNA concentration by 1000 fold, and off-target gene

silencing was also detectable. In their study, they concluded that the off-target gene

silencing was not likely to be secondary events resulting from loss of the target gene

(e.g. MAPK14) because the off-target silencing was observed before any observable

silencing ofMAPK14.

Like any other conventional enzymes, the specificity of RISC (RNAi-induced

silencing complex) may be affected by the enzyme to substrate ratio. I titrated the
concentration of siClwd oligos and showed siClwd oligos were effective at silencing
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from 5nM to lOOnM and the silencing effect did not seem to be dose-dependent.

Importantly, the abnormal nuclear phenotypes were seen in all experiments,

regardless of the concentration of siClwd oligos used. If maximal suppression is
seen at 5nM but the phenotype is not observed until the concentration reaches

lOOnM, then off-target effects must be suspected. The results from the dose titration

experiment suggested that the phenotype observed in siClwd transfected cells was

intrinsic to the absence of CLWD.

BLAST searches of CLWD siRNA sequence by various criteria showed that nothing
more than 15 contiguous base pairs of homology target to other coding sequences.

However, recent study carried out by Jackson et al. showed sequence-independent

off-target transcript silencing (Jackson, Burchard et al. 2006). They predicted that no

algorithm can eliminate significant numbers of 7-8-base matches of siRNAs to the

transcriptome, so perfect specificity will be difficult to achieve. In my study, I
showed CLWD was knocked down almost completely using the pooled siClwd oligos
and ~ 70% the transfected cells displayed the phenotype (aberrant nuclear

morphology). The silencing of CLWD expression was also validated using
individual CLWD siRNA duplexes. The individual CLWD siRNA duplexes were

effective at silencing CLWD expression, however the silencing efficiency was lower

compared with pooled siClwd. The primers designed to amplify human CLWD
would only amplify CLWD transcripts form A and D (please see Figure 6-23 in
section 6.4.3), while each CLWD siRNA oligo targets different CLWD transcripts.
The conclusion drawn from the siRNA study was that using pooled siClwd, which

targets all five possible CLWD transcripts, had a higher chance of depleting all
functional CLWD.

I also noted that there were fewer cells (~ 10-15%) showing abnormal nuclear

morphology when individual CLWD siRNA duplexes were used for transfection,

except duplex 4 where -40% of cells showed aberrant nuclear morphology. A

potential criticism would be that the higher proportion of cells displaying the
abnormal nuclear phenotype using pooled siClwd is because the phenotype was

caused by off-target activity of other genes. However, using the individual CLWD
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siRNA duplexes resulted in similar nuclear abnormalities as those seen in cells
transfected with the pooled siClwd oligos, suggesting this phenotype was unlikely to

be caused by off-target effects. Since all four of the individual siClwd duplexes gave

the same phenotypic outcome, it was extremely unlikely that different triggers will
have the same off-target effects. The smaller proportion of cells displaying abnormal
nuclei in cells transfected with individual CLWD siRNAs could be that either the

residual CLWD present in the cells, or the CLWD transcript that is not targeted by
that particular CLWD siRNA oligo, are functional and therefore able to partially

carry out the role of CLWD in the cells.

Another control which would help demonstrate the specificity of the siClwd-

phenotype is to transfect siClwd oligos in a cell line that does not express any

CLWD. Depleting CLWD in a cell line that does not express CLWD should not result
in any phenotype changes. However, CLWD is expressed in all the cell lines tested
so far. From the GFP-tagged mouse Clwd and siClwd cotransfection experiment, I
have demonstrated that siClwd (human) was not effective at silencing MClwd-GFP,

suggesting the silencing effect of siClwd was human-specific. Thransfecting siClwd
in mouse fibroblast NIH3T3 cells, where siClwd was ineffective, did not result in

any aberrant nuclear morphology (data not shown). This lack of nuclear abnormality
in siClwd-transfected NIH3T3 cells further suggested that the siClwd phenotype is
caused by the absence of CLWD.

6.4.2. cDNA rescue experiment

Ultimately, the best experiment to show the specificity of RNAi phenotypes is that

expression of a version of the targeted gene, that cannot be recognised by the siRNA,
reverses the phenotypes (Hannon and Rossi 2004; Sarov and Stewart 2005). The
best way to date to test the specificity of any RNAi experiments is perhaps to

perform a rescue experiment by expression of the target gene in a form that is
resistant to the trigger dsRNA, and the rescue gene ideally should be expressed
within the physiological range. Kittler et al. (2005) performed genetic rescue of the
RNAi phenotype by BAC (Bacterial artificial chromosome) transgenesis (Kittler,
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Pelletier et al. 2005). The use of a BAC in an RNAi rescue experiment is the best
control yet described for specificity (Sarov and Stewart 2005). In the study carried
out by Kittler et al. (2005), a transgenic human cell line, expressing murine bacterial
artificial chromosomes (BAC) harbouring mouse SNW1, is resistant to siRNA of
human SNW1 (Kittler, Pelletier et al. 2005). Using BACs for performing rescue

experiments has the advantages of having the target gene expressed at physiological

range, regulated by its natural promoter, and expression of a gene from a BAC

usually recapitulates splicing patterns.

The great convenience of 'cross-species' rescue comes with a risk, that is, the cross-

species gene/BAC may not rescue. The failure of cross-species BAC rescue will cast
doubt on the RNAi specificity. Site-directed point mutation of the gene/BAC of the
same species could be used to alter the RNAi target region, without altering the
amino acid sequence too much.

However, the use of BACs to perform rescue experiments is hindered by the

difficulty of transfecting BACs due to their large size. Overexpressing plasmid DNA

encoding the cDNA of target gene becomes the next option on the list. For example,
one could overexpress a cDNA encoding the targeted gene, but with mutations such
that the cDNA is no longer targeted by the siRNA while maintaining the wild-type

protein sequence. Examples of successful RNAi rescue experiments include the
work from Matuliene et al, Kim et al, and Zhu et al etc (Matuliene and Kuriyama

2004; Kim, Billadeau et al. 2005; Zhu and Jiang 2005). On the other hand, there
have also been studies showing failure of cDNA to rescue the RNAi phenotype. Fish
et al. performed shRNA using lentiviral vectors and tried to rescue the cytoxicity

phenotype by overexpressing cDNA (Fish and Kruithof 2004). A functional

overexpression of the target protein failed to rescue the phenotype.

The rationale I took to perform the Clwd cDNA rescue experiment in this study was

to introduce GFP-tagged mouse Clwd cDNA in cells transfected with human CLWD
siRNA. The sequence differences in the region of CLWD targeted by human CLWD
siRNA rendered the siRNA oligos ineffective at silencing mouse Clwd. The species
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specificity of siClwd has been proven by the ineffectiveness of silencing of the

ectopically expressed GFP-tagged mouse Clwd using human CLWD siRNA.

Overexpression of the GFP-tagged mouse Clwd partially restored the aberrant
nuclear morphology in human siClwd transfected cells. The results suggest two

things: 1) the siRNA phenotype is due to the absence of CLWD; 2) mouse and human
CLWD are functionally equivalent to certain extent.

The 'partial' restoration of the aberrant nuclear morphology could be due to the

difficulty of achieving a satisfying level of transfection. In addition, overexpression
cDNA at vast amount may also cause artificial 'phenotypes'. It has been noted that
in some of the cells that overexpress Clwd or other control gene (e.g. LacZ), the
nuclei lose their healthy circular shape due to the excess ectopic expression of the

gene. Although the shape of these affected nuclei are still distinguishable from the
'lobular' abnormal nuclear phenotypes seen in siClwd transfected cells, this has
made the scoring more difficult.

Although ectopically expressing Clwd cDNA seemed to restore the siClwd

phenotypes, there are some aspects needed to be considered. 1) The heterogeneity of
the siClwd transfected cells. In the literature, the rescue experiments were often
done by transfecting shRNA in a homogenous population of cells which overexpress

target genes. The CLWD siRNA rescue experiment however was carried out by

transfecting siClwd in a heterogeneous population of cells which had been transiently
transfected with Clwd cDNA. This may hold a potential problem in interpreting
results. 2) The validation of a fully functional ectopically expressed GFP-tagged
CLWD. Some studies (Fish and Kruithof 2004) showed that the overexpressing

protein is functional by looking at whether the overexpressed protein is able to form

complexes with another protein using Western blots, which I was not be able to do.

In the present study, I chose to transfect siClwd after transiently overexpressed the

GFP-tagged mouse Clwd and not the other way round (i.e. knocking down Clwd and
then restoring the phenotype by overexpressing GFP-tagged mouse Clwd). If the
rescue experiment was performed in the reverse order as described above, there is
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likely to be a narrow window of time to be able to rescue the phenotypes by

overexpressing C/wc/cDNA ectopically after silencing CLWD expression. Also, it is

questionable whether the lobulated nuclei are reversible after the lobulation is

formed, without knowing the exact mechanism causing the abnormal nuclei. In the

study carried out by Goldman et al., they introduced wild type T7-tagged Lamin A
into cells carrying mutated forms of Lamin A by microinjection. They were not able
to rescue to nuclear lobulation seen in the lamin A mutated cells (Goldman,
Shumaker et al. 2004).

6.4.3 Using the pooled siClwd oligos v.s. using individual CLWD
siRNA duplexes

The results from my study suggest that the pooled siClwd oligo is more effective at

knocking down CLWD than individual siClwd duplexes (Section 6.3.2). A study
was performed by Jiang et al. where they also used individual siRNA oligos and the

pooled siRNA oligos to silence the expression of SKP2 (S-phase kinase-associated

protein-2) (Jiang, Caraway et al. 2005). In their study, they also noted that the

pooled siRNAs had additive or synergistic effects. That is, a combination of
different siRNAs at low concentrations have a stronger inhibitory effect on SKP2
levels than did the single siRNA at a high concentration.

CLWD siRNA duplex #1 targets splice forms A, D, & E. Duplex #2 targets splice
forms A, B, C, & D. Duplex #3 targets splice forms A & B. Duplex #4 targets

splice forms A & B (see Figure 6-23). A higher percentage of abnormal nuclear

morphology was seen when the pooled siClwd oligos were used. Notably, the

percentage of cells displaying aberrant nuclear morphology seemed to correlate with
the effectiveness of silencing. Cells transfected with the pooled siClwd showed the

greatest percentage of aberrant nuclei, while siClwd duplex 4 caused the second

highest percentage of abnormal nuclei. While one can make the criticism that the

greater extent of the phenotype observed when the pooled siClwd was used could be
due to 'off target effect', this observation could also be explained by many reasons or

unknowns:
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1) The information about which CLWD transcripts were present in HeLa (or

MCF7) cells was not available. I attempted to elucidate which transcripts
were actually present in HeLa cells by carefully designing transcript-specific

primers which theoretically would amplify one transcript only. However, it
was more complicated than I first thought using this simple PCR strategy

because I could not distinguish whether an absence of a PCR product was due
to the absence of a specific transcript or whether it simply meant a pair of

failing PCR primers. Northern blots may be more informative however time
did not permit, and the relative size differences of the transcripts were so

small that it would be hard to distinguish them on a Northern blot.

2) The functionality of each CLWD isoform has not been characterised.

3) The efficiency of each siClwd duplex may vary. Interpretation of the result
was further complicated by the position effect of individual siClwd duplexes,

simply because the silencing efficiency of siRNAs vary depending on the

sequence and position of the siRNAs.

4) The stability of each CLWD transcript isoform has not been determined.
CLWD PCR primers did not pick up all transcripts. Human CLWD can have
five different alternative splice forms (Ensembl). The set of primers (RT

HClwd) I use to amplify CLWD only amplify CLWD transcripts A and D.
The CLWD isoforms targeted by different siClwd duplexes are illustrated in

Figure 6-23.
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hClwd

Clwd siRNA oligo duplex

RT-PCR Transcripts #1 #2 #3 #4

V A V V V V

X B — X V V V

X c X V X X

V D V V X X

X EE — V X X X

Figure 6-23 Schematic illustration of the targeting of different human CLWD transcripts by the
Clwd siRNA oligos. Human CLWD has four exons and five different transcripts (A-E) may be
present (Ensembl). The right hand side indicates the potential for targeting by each CLWD siRNA
duplex, where 'V' indicates the transcript sequence is targeted by the CLWD siRNA oligo and 'X'
indicates that the sequence is not targeted by the CLWD siRNA oligos. The left hand side illustrates
whether the specific transcript will be amplified by the pair ofCLWD primers used in this study.

6.4.4 Percentage of siClwd transfected cells with abnormal nuclei

Results using Real-Time PCR suggested CLWD siRNA was very effective at

silencing (section 6.3.1.1). The transcript level of CLWD in cells transfected with
CLWD siRNA oligos was virtually zero. However, the morphometric analysis
showed overall only 70% of cells displayed lobulated nuclei in cells transfected with
CLWD siRNA oligos. This observation may simply due to the errors involved in

counting. An alternative and more convincing explanation could be that there is still
functional CLWD protein in the cells while CLWD transcript level is virtually zero.

In RNAi studies, mRNA levels likely to be significantly depleted but not completely
abolished. Production of the target mRNA continues regardless of degradation,
therefore a certain level of translation is expected. It is plausible that a certain
amount of functional CLWD may remain in the cells while the level of CLWD

transcript is very low.

In addition, the usually large error bars in figures where CLWD mRNA level was

quantified may due to the inherently variable nature of any RNAi experiments. An
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RNAi knock-down is an ongoing balance between the rate of production of the target

mRNA and the efficiency of the RNAi-directed target mRNA degradation.

Caution should be taken when extrapolating gene functions from partial knockdown.
A study done by Huang et al. (2004) where they also used siRNA oligos from
Dharmacon to elucidate the functions of EGFR (Epidermal Growth Factor Receptor),

pointed out the importance of complete protein elimination as a requirement for the
correct assessment of gene function (Huang, Khvorova et al. 2004).

6.4.5 Mitotic defects in CLWD-depleted cells suggests that CLWD

may play an important role in mitosis and cytokinesis
The micronuclei and frequently observed chromatin bridges are likely to be caused

by chromosome instability. Chromosome instability is defined by continuous and

conspicuous changes in chromosome structure and number (Jefford and Irminger-

Finger 2006). Micronuclei can be formed either from lagging chromosomes or

anaphase bridges. One plausible speculation is that the interference of microtubule

dynamics seen in CL IFD-depleted cells causes a failure to align all chromosomes in
the metaphase plate, hence giving rise to the lagging chromosomes. Immunostaining

using markers for centromeres will help answer whether the micronuclei result from

uncaptured chromosomes, or from chromosome-fragmentation events if the
micronuclei are stained negatively for centromeric markers.

The missegregated or lagging chromosomes during metaphase may delay (or arrest)
the completion of mitosis, and hence explain the increase in mitotic index but a

decrease in cell proliferation rate. Mitotic delay or arrest can result from a

metaphase checkpoint that serves to delay anaphase onset by monitoring proper

attachment of a bipolar spindle at the kinetochore (Fi and al 1995). The spindle

checkpoint machinery monitors the process at the kinetochores and relays a 'wait-

anaphase' signal to a cell when chromosomes are not properly attached or aligned
(Musacchio 2002).

230



This leads to the question about the fate of cells with lagging chromosomes at

metaphase. It is plausible that they are able to enter anaphase, if the spindle

checkpoint is malfunctioning. However, cells with anaphase lagging chromosomes
are not commonly observed in CLWD-depleted cells, suggesting a possible
mechanism of correction by the onset of anaphase (Cimini, Cameron et al. 2004). It
has been shown that the mitotic spindle checkpoint can prevent the metaphase to

anaphase transition in the presence of metaphase lagging chromosomes.

Nevertheless, lagging chromosomes at anaphase or anaphase chromatin bridges can

be observed in tissue culture cells. One study used time-lapse microscopy following
the fate of cells with metaphase lagging chromosomes. They found none of the cells
with metaphase lagging chromosomes entered anaphase although the sample size in
their study was small (n =7) (Cimini, Howell et al. 2001).

Despite the presence of lagging chromosomes and a speculated delay in metaphase,
the subsequent steps in mitosis appeared to be unaffected by CZPLD-depletion.

Lagging chromosomes in anaphase or the presence of anaphase bridges were rarely
seen in siClwd-transfected cells. It has been recognised for many years that
micronuclei result as the consequence of the exclusion from daughter nuclei of
acentric fragments or whole chromosomes lagging at anaphase (Heddle, Cimino et

al. 1991). It was also suggested that 30-70% of the anaphase lagging chromosomes
become micronuclei (Heddle, Cimino et al. 1991). The percentage of cells with
micronuclei (i.e. category 1) in CLWD-depleted cells did not differ from cells
transfected with non-targeting siRNA (section 6.3.1.4). This result was in
accordance with the observation that anaphase lagging chromosomes or anaphase
chromatin bridges were rarely seen in CLITD-depleted cells. Perhaps correction
mechanisms exist by the onset of anaphase, which reduces the number of

segregational defects that accumulate in daughter cells (Cimini, Cameron et al.

2004).
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6.4.6 Justification of the use of a cancer cell line for the mitotic

experiments

The use of immortalised human cell lines serves as a convenient model for mitotic

studies. In the present study, the cell lines used for RNAi experiments are human
tumour lines (HeLa and MCF7). It should be borne in mind that tumour cells may

differ from normal cells in many aspects of cell division and mitosis. Jha et al

suggested that there is fundamental difference between human normal cells and
human tumour cells involving a cell cycle checkpoint in G2 (Jha, Bamburg et al.

1994). The utility of these often cancerous cell lines can be limited by their
accumulation of chromosomal instability. The results obtained from the present

study concluding that CLftD-depletion leads to mitotic abnormalities however were
drawn based on careful controls. Access to 'normal' human tissues for establishing

primary tissue culture for mitotic studies is preferred but the source is often very

limited (e.g. human foreskin).

6.4.7 What causes the striking lobular nuclei?

The aberrant nuclear morphology in CLWD-depleted cells can be grouped into two

categories; the first type is cells with micronuclei (category 1) and the second type is
cells with irregular lobulated shape of nuclei (category 2). It is not clear what causes
the defects in nuclear morphology. I hope to discuss the likely causes in terms of
defects in lamina and defects in the cytoskeletal elements.

In Nakayama's study, overexpressing Chk tyrosine kinase caused multi-lobulation of
cells (Nakayama and Yamaguchi 2005). The multi-lobulation seen in these cells is

very similar to the abnormal nuclei seen in CL JTD-depleted cells (category 2), where
the nuclei showed folding and concavity. Multi-nucleation has been observed in

CLftD-depleted cells. Multi-nucleated cells are different from cells displaying
multi-lobulation. This difference is more obvious when the cells are stained with

cytoskeletal markers such as a-tubulin. In my study, cells showing multi-lobulation

generally have irregular nuclei with protrusions or folding extending from the nuclei

('blebbing'). Cells with multi-nuclei have the shape of nuclei showing two nuclei
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fusing together, but the two fusing nuclei are in the same cell (indicated by the
outline of microtubules). FACS analysis and chromosome spread showed that the
CL JTD-depleted cells were not aneuploid, suggesting the majority of cells with
abnormal nuclei were likely to be multi-lobulated.

After defining the nuclei morphology observed in CLWD-depleted cells, an

interesting question needing to be addressed is what actually causes the multi-
lobulation in these cells? One immediate speculation is whether the lobulation is
caused by defects in lamins. The multiple-lobulation of nuclei in CLIFD-depleted
cells shows striking similarity with cells which contain a mutation in the LMNA gene

(which encodes lamin A and C) (Huang, Chen et al. 2005). The nuclear envelope

(NE) is the membrane structure that forms the boundary of the nucleus in eukaryotes.
The NE is a subdomain of the endoplasmic reticulum (ER). NE consists of outer and
inner nuclear membranes that are joined at the nuclear pore complexes. The outer

nuclear membrane is continuous with the ER, and the inner nuclear membrane is

lined by lamina. A gross examination of cells transfected with siClwd using
immunofluorescence did not show any abnormalities of lamin, except that the

staining of lamin seemed to be less defined in the areas where nuclear envelope

'protruded'. A more detailed structural analysis of lamin using equipment such as an

electron microscope will be able to provide more detailed structures of lamins.

Next, the high degree of colocalisation with tubulin and the defects seen in
microtubules when CLWD was knocked down enabled me to hypothesise that the
lobulation may be caused by defects in microtubules. However, only fragmentary
data exists examining the relationship between cytoskeletal element and nuclear

shape. An absence of intermediate filaments (vimentin) has been correlated with
nuclear envelope folds or invaginations (Sarria, Lieber et al. 1994). In Sarria's study,

they used clones of human SW-13 cells which lack any intermediate filaments.
These cells had nuclear morphology that was often irregular, with prominent folding
or invaginations. Their study established a relationship between intermediate
filaments and nuclear shape. Ectopically expressed intermediate filaments restored
the nuclear morphology. In Campbell's study however it was shown that neither
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microtubules nor microfilaments were essential for the establishment of nuclear

lobulation (Campbell, Lovell et al. 1995). Despite the contradictory evidence, I think
it is highly plausible that the force required to constrict the nucleus is weakened as a

result of the defects in microtubules, giving rise to the lobulated shape of nuclei.
There is evidence that cytoskeleton interacts with nuclear lamina (Wang and Traub

1991). A defective cytoskeleton may make the nuclear envelope more flexible, and
thus more likely to invaginate and fold. One way to test this is to treat siClwd-
transfected cells with microtubule-modifying drugs and observe whether there is any

occurrence of nuclear lobulation.

6.4.8 Binding of CLWD with microtubules

After discussing the importance of CLWD in mitosis and the plausible causes of the

striking nuclear morphology in CLJTD-depleted cells, it is appropriate to raise the

question about whether CLWD binds to microtubules. What evidence is there to

suggest CLWD may bind to microtubules? First of all, CLWD shows a high degree
of colocalisation with tubulin. The localisation of CLWD during mitosis is dynamic.
CLWD localises at centrosomes during prometaphase, at the mitotic spindles during

metaphase and in the midbody during cytokinesis. In addition, depletion of CLWD
leads to an abnormal structure of tubulin. No known microtubule binding motifs
have been identified in CLWD. However, not having any known microtubule

binding motifs does not necessarily exclude the possibility of binding. New
microtubule binding proteins with novel binding motifs were identified frequently

(Sun, Leung et al. 2001; Walenta, Didier et al. 2001; Reddy, Day et al. 2004; Feng,

Huang et al. 2006; Short and Cox 2006).

What might be the candidate sites in CLWD for binding to microtubules? Previous
studies showed that most of the known microtubule- associated proteins contain a

positively charged basic domain, which can bind directly to the acidic tails of
tubulins (Irminger-Finger, Laymon et al. 1990). The amino-acid sequence analysis
of CLWD reveals the presence of a stretch of several amino acids at the N-terminal
of CLWD protein that is highly basic (Figure 6-24). In addition, this stretch of basic
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amino acids is adjacent to four amino acids (GSLV). The four amino acids (GSLV)
were found in the crucial N-terminal domain of Chk tyrosine kinase, where its

overexpression led to multi-lobulation of the nucleus (Nakayama and Yamaguchi

2005; Nakayama, Kawana et al. 2006). This region of CLWD provides a plausible

binding site to microtubles.

197 atggcggccatcccctccagcggctcgctcgtggccacccacgac
M A A I P S S GSLV ATMD

242 tactaccggcgccgcctgggttccacttccagcaacagctcctgc
Y Y R R j LGSTSSNSSC

287 agcagtaccgagtgccccggggaagccattccccaccccccaggt
SSTECPGEAIP|PPG

332 ctccccaaggctgacccgggtcattggtgggccagcttctttttc
LPKADPGgWWASFFF

377 gggaagtccaccctcccgttcatggccacggtgttggagtccgca
G&STLPFMATVLESA

422 gagcactcggaacctccccaggcctccagcagcatgaccgcctgt
EgSEPPQASSSMTAC

467 ggcctggctcgggacgccccgaggaagcagcccggcggtcagtcc
G1ARDAPRKQPGGQS

512 agcacagccagcgctgggcccccgtcctga 541
STASAGPPS*

K+H+R = basic
GSLV = stretch of amino acids also found in the crucial N-terminal of Chk tyrosine
kinase

Figure 6-24 Amino acid sequences of human CLWD. Amino acids with basic charge (K, H, and R)
are highlighted in red. The stretch of four amino acids (GSLV) which was also found in the crucial N-
terminal of Chk tyrosine kinase is highlighted in yellow. The N-terminal of Chk tyrosine kinase was
responsible for multi-lobulation of nuclei. The plausible region ofCLWD for potential binding site of
microtubules is underlined.

How would defects in microtubule structure lead to mitosis defects and the lobulated

nuclear phenotypes? Microtubule stability is a crucial factor in maintaining the
structure of microtubules. Microtubule stability is modulated by the motor proteins,
the microtubule-associated proteins (MAPs), and destabilising proteins (Cassimeris

1999). Examples of microtubule motor proteins include kinesin and dynein which
both are involved in the vesicle and organelle transport. In Chapter 3 (section 3.4.2),
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I discuss microarray data suggesting CLWD is corregulated with to a subunit of

dynactin, which binds to dynein. It is plausible that the binding ofCLWD to dynein,
via dynactin, is crucial for the microtubule stabilising role of dynein. Therefore,

depletion ofCLWD could lead to microtubule destabilisation via motor proteins such
as dynein. However, this is purely speculative and further work is required.

6.4.9 Future work

Time-lapse imaging of live cells transfected with siClwd

The multi-nucleation, multi-lobulation, and lagging chromosomes seen in CLWD-

depleted cells all suggested a crucial role for CLWD in mitosis and cytogenesis. The
use of time-lapse imaging of siClwd-transfected cells would provide an important

insight into the process of cell division undergoing multiple cell cycles. It would
also provide the opportunity to analyse the duration of cell cycle, as the increase in
mitotic index (MI) together with a decrease in proliferation rate in siClwd-transfected
cells suggests the increase in mitotic index is likely due to an increase of the duration
of the time that cells spend in mitosis. The behaviour of these cells, e.g. the

frequency of mitotic mistakes, the fate of CLWD-knockdown cells, and the change in
cell cycle times as the sequence progresses, can all reveal important and novel
information of how CL ITD-depleted cells behave.

Fluorescence-label CLWD siRNA

Fluorescence-labelling kits are commercially available for labelling siRNA oligos.

Using fluoresce-labelled siClwd would provide information about correlations
between transfection and phenotype as well as accurate localisation of siRNA. Chiu
et al. showed that siRNAs were localised to perinuclear regions and this localisation
was correlated to RNAi efficiency (Chiu, Ali et al. 2004) However, it can be
difficult to interpret the results when the localisation and cellular uptake of
fluorescence-labelled siRNAs are not obvious. An alternative option is to use the
shRNA approach, cloning the targeting siClwd sequence into a vector with a tag (e.g.

GFP). Generation of a CLWD shRNA stable cell line with a GFP tag would also be
of great use in real-time mitosis studies.
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From in vitro to in vivo

Knocking down CLWD in tissue culture cells has provided interesting and exciting

insights into the possible function(s) of CLWD. It would be extremely interesting to

apply the knock down experiment in an in vivo situation. Systematic administration
of siRNAs into mice can be costly. shRNA would be a better option, provided that
the information about the efficiencies of the targeting sequence has already made
available from the in vitro experiments (e.g. CLWD siRNA duplex 4 is the most

effective among all four tested).

CLWD is expressed as early as the four cell stage. Several groups have reported the
successful generation of knockdown animals by transgenic RNAi approaches and the
efficient germ line transmission of the shRNA-expressing transgenes (Hasuwa,
Kaseda et al. 2002; Kunath, Gish et al. 2003). However, an inducible or a

conditional system would be more favourable for Clwd because the predicted vital

role(s) of Clwd.
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CHAPTER 7

Discussion
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CHAPTER Seven Discussion

7.1 Discussion
The availability of genome sequence has greatly accelerated the speed of gene
function. Despite the effort put in to the systematic knockout mouse project (Austin,

Battey et al. 2004) and gene trap studies (Nord, Chang et al. 2006), we still do not

have a clear idea of the function of the majority of genes in the genome. The work
described in this thesis aimed to characterise the fiinction(s) of a small but novel

gene, called CLWD. The characterisations have helped reveal some of CLWD's

fascinating roles.

The first section of this chapter contains the summary and integrated discussion of
the results in this study. In the second section, future lines of research are discussed
and finally, in the third section, conclusions are drawn for this thesis.
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7.1.1 Molecular weight of CLWD

One of the first tasks to characterise a novel gene like CLWD is to find out its
molecular weight. Numerous efforts have been put in towards utilising the anti-
CLWD antibodies on Western blots during the course of two PhD studies; however,
the anti-CLWD antibody does not work on Western blots.

Indirect methods were used to elucidate the molecular weight of CLWD, using the

epitope-tagged approach. Results obtained from epitope tagging experiments

suggest that CLWD has a molecular weight of ~20kDa. This result is in accordance
with the ~20kDa band seen in the in vitro translation and immunoprecipiation

experiments. The 20kDa band is bigger than the theoretical size of CLWD

(~12kDa). The difference in size is likely caused by post-translational modifications,
as several potential post-translational modification sites such as glycosylation and

phosphorylation were identified from the in silico study of Clwd (O'Donoghue, J.

2004, PhD thesis).
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7.1.2 The wide but restricted pattern of expression in tissues

Despite the lack of success of the anti-CLWD antibody on Western blots, the use of
the anti-CLWD antibody for immunohistochemical studies provided a large amount

of information about the expression pattern of CLWD in human and mouse tissues.
The detection of CLWD on tissue sections using the anti-CLWD antibodies is

specific. No signals were detected using the secondary antibody only or when the
anli-CLWD antibody was absorbed against the peptide used lo immunise animals foi
the anti-CLWD antibody production. In addition, both the anti-CLWD 1 and anti-
CLWD2 antibodies gave an identical staining pattern.

RT-PCR analysis showed that Clwd mRNA expression is ubiquitous (O'Donoghue,
J. 2004, PhD thesis). In the present study, CLWD protein was detected in a wide

range of different tissues using IHC. CLWD expression on tissue sections is
restricted to certain areas in the tissues, with stronger expression in the epithelial

region of the tissues compared with adjacent tissues. This stronger expression in

epithelia is observed in both mouse and human tissues.

So, what might regulate the spatial expression patterns of the CLWD protein? Clwd
has a uORF in its 5'UTR. The amino acid sequence of the uORF is highly conserved
between species, suggesting a functional role. I carried out mutational and luciferase

reporter assays to investigate the role of the uORF in regulating translation. The
uORF of Clwd is indeed functional and inhibits translation. This inhibitory role of
the uORF is seen in both human and mouse Clwd.

The uORF might have different levels of inhibitory effects on translation in different
tissues by having various trans-acting factors binding to the 5'UTR. In addition, data
at Ensembl suggest that multiple CLWD isoforms exist. Differences in the sequence

of CLWD may exert different effects on translation. For example, the distance
between the uORF and the start codon of the dORF in human CLWD transcript II

(Q4VXP1 HUMAN) is greater than the distance seen in human CLWD transcript I

(CT149_HUMAN) (Chapterl, Figure 1-2). It is known that the distance between the
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uORF and the start codon of the dORF will influence the efficiency of re-initiation.

Establishing a tissue-specific isoform profile will require isoform specific PCR

primers or antibodies.
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7.1.3 CLWD as a novel protein in the mitotic spindle and
centrosomes

Elucidation of the location of a protein within the cell is one of the most

straightforward steps to take in order to begin to understand its function. Previous
work done on the cellular colocalisation of CLWD with various organelle markers
showed that CLWD co-localised with Paxillin (O'Donoghue, J. 2004, PhD thesis).

However, CLWD did not colocalise with Paxillin in my study. Re-examining the

figures from a previous study, cells stained with the Paxillin antibody did not show
the characteristic focal adhesion staining. I extended the list of organelles,

comparing the colocalisation pattern of the organelle markers with either endogenous
CLWD (using the anti-CLWD antibody) or ectopically expressed myc-tagged
CLWD (using the anti-myc antibody). Both the endogenous and ectopically

expressed CLWD show a high degree of colocalisation with tubulin in interphase
cells.

Microtubules form characteristic mitotic spindles during mitosis and cytokinesis.

Endogenous CLWD localises to the centrosome during prometaphase and to the
mitotic spindle during metaphase. CLWD shows a similar colocalisation to tubulin
in mitotic cells but the localisation pattern is not identical. For example, CLWD is
not detected in the region of the central spindle during early anaphase. No images of

epitope-tagged CLWD in mitosis were obtained, due to the combination of low

frequency ofmitotic cells and the low transfection efficiency.

Over the past two decades, many researchers have tried to identify the important

players in mitosis while also attempting to find out the specific role of each spindle

protein. A big leap came from the proteomic analysis of the centrosome (Andersen,
Wilkinson et al. 2003), the midbody (Skop, Liu et al. 2004), the mitotic spindle

(Sauer, Komer et al. 2005), and the metaphase chromosome (Uchiyama, Kobayashi
et al. 2005), which together account for over 1000 proteins. One question

immediately comes to mind is whether CLWD has been identified in these

proteomics studies? Checking the list of these proteins shows that CLWD has not

243



been identified in these studies. A plausible explanation for the absence of CLWD
on the list of proteins isolated from human chromosome in Andersen's study is
because the proteins they isolated are proteins located at centrosomes in interphase.
Immunofluorescence studies (section 3.3.7) demonstrate that CLWD localises at

centrosome in prometaphase while the localisation of CLWD at centrosomes during

interphase was rarely observed in my study.

Another possible explanation for CLWD having gone undetected in these proteomic
studies could be due to preparation of centrosomes/spindles or limited sensitivity of
mass spectrometry, if CLWD is expressed at insufficient level at the mitotic spindle.
Several previously identified centrosomal proteins were not detected under the

experimental conditions used, including TACC2, Nip, and tubulins epsilon and delta

(Andersen, Wilkinson et al. 2003).

However, it is exciting to note that the majority of the proteins identified were

previously unknown to localise to centrosomes or spindles. Out of the 795 proteins
isolated from the mitotic spindle, only 151 of them were previously known to

associate with the spindles. Among the remaining 644 other proteins, 154 of them
are uncharacterised components with no obvious homology to known proteins and do
not contain motifs that would suggest a particular localisation (Sauer, Korner et al.

2005). CLWD does not share any structural homology to any other known proteins,

apart from a ATP/GTP-binding site motif A (also called a P-loop). A P-loop is

predicted to bind and/or hydrolyse ATP (Walker, Saraste et al. 1982). Although the

P-loop structure in CLWD is conserved (human, mouse, rat, and xenopus), it is
uncertain whether the P-loop is actually functional as the P-loop is one of four
domains required to bind and hydrolyse GTP (Takai and al 2001; Takai, Sasaki et al.

2001).

One functional study of APACD (ATP binding protein associated with cell

differentiation), which contains a P-loop and a thioredoxin-like domain, revealed
some similarities of localisation to CLWD (Ogawa, Matsubayashi et al. 2004). The
mouse APACD localises to centrosomes and it moves to the midbody during

244



C05D11.3 (the C.elegans homologue of APACD) leads to defects in microtubule
architecture and nuclear-centrosome rotation. Coincidently, the dynein heavy chain
and other cytoskeletal proteins also contain a P-loop. It is tempting to speculate
Clwd might be a regulator of microtubule dynamics and function as other P-loop

containing proteins do.
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7.1.4 The level of CLWD expression in breast and ovarian cancers

and investigation of Clwd as a circadian regulated gene

The output from the SAGE database at NCBI for tags representing human CLWD

suggests that CLWD is overexpressed in breast cancer but not ovarian cancer. The
results obtained from my study using quantitative Real-Time PCR show that CLWD
is not overexpressed in either the breast or the ovarian tumours analysed. In the
SAGE output, other types of cancer where CLWD is suggested to be overexpressed
include pancreas, peritoneum, and prostate. It would be interesting to investigate
whether CLWD is overexpressed in any of these cancers.

Investigation of the possible circadian-regulated nature of Clwd
In this thesis, I showed that Clwd expression does not follow a circadian regulated

pattern in the mouse liver (C57BL/6J) using Real-Time PCR. The results I gathered
in order to answer the question about whether Clwd expression is rhythmic in mouse

SCN were inconclusive, mainly due to the technical difficulties I have encountered,
as discussed in Chapter 5.

What might cause the opposing results on the sites of rhythmic expression of Clwd in
the two papers (Panda, Antoch et al. 2002; Ueda, Chen et al. 2002)? Comparing the

experimental procedures carried out in these two papers showed that different strains
of mouse were used. In Panda et aVs paper, C57BL/6J mice were used while
BALB/c mice were used in the Ueda et al. paper. The C57BL/6J mice used in the
first paper were slightly older (7-8 weeks) than the BALB/c mice (5 weeks) in the
second paper. It is widely acknowledged that differences exist between mouse

strains in many behavioural traits, for example, sensitivity to stress and anxiety

(Bouwknecht and Paylor 2002). One recent paper demonstrated that differences
exist in the parameters of circadian output between the three mouse strains studied

(C57BL/6, 129 Sv/Ev, and Swiss Webster). The parameters measured were heart

rate, body temperature, and locomotor activity for example (van Bogaert, Groenink
et al. 2006). Despite the fact that normal circadian rhythms were found for all strains
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studied, differences between the strains were found in all parameters. The

parameters measured in the study are physiological features which are the end results
of complex autonomic responses.

Another study presented evidence that different housing conditions of mice (e.g.
mice cages in cabinets compared with on open shelves) influenced the circadian

output (de Groot and Rusak 2004). No information about the laboratory environment
for the housing conditions of the mice was given in the two papers which showed

opposite Clwd circadian results. Different strains of mice may react differently to

stress. Van Bogaert's study showed that strain differences were present in the

response to stress and another paper also suggested that strain differences affect

anxiety (Avgustinovich, Lipina et al. 2000). The stress response in mice involves the

perception and processing of the stress stimuli, followed by an endocrine cascade

including the release of various hormones (e.g. corticotrophin, adrenocorticotropic

hormones, and corticosterone) (Dallman and al 2000). The hormonal axis is also one

of the routes which the SCN uses to regulate clock rhythms in peripheral tissues. It
has also been shown that stressful events can induce changes in circadian rhythms in
rodents (Meerlo, De Boer et al. 1996). The different response to stress from housing
conditions may be another factor accounting for the discrepancy seen between the
results.

There are many papers on the topic of disrupted circadian rhythms and

tumourgenesis. CLWD is located on human chromosome 20ql3, sandwiched
between two known oncogenes, EEF1A2 and PTK6, both are known to be

overexpressed in breast tumours (Barker, Jackson et al. 1997; Tomlinson, Newbery
et al. 2005). CLWD is not overexpressed in the breast tumour samples analysed.
The lack of overexpression in breast tumour samples (and a slight down-regulation in
ovarian tumour samples) of CLWD in a generally overexpressed and amplified
chromosome region in these cancers perhaps is telling us something about CLWD in
cancer development. Results from CLWD RNAi experiments suggest that
knockdown CLWD leads to genome instability (e.g. lagging chromosomes and
micronuclei etc). Perhaps the downregulation of CLWD seen in ovarian tumours
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may contribute to genome instability and further promote tumour development.

Together with the presence of a functional uORF, which is commonly found in genes

that are important in cell cycle control, CLWD may well be a novel regulator in the
control of cell cycle progression.
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7.1.5 From siRNA to function

In this study, I used siRNA to knock down CLWD in tissue culture cells and to

address the question of CLWD's functions by observing the phenotype in the
knockdown cells. The use of siClwd oligos proved to be effective at silencing
CLWD expression and produced consistent phenotypes. Knocking down CLWD

using either the pooled oligos or the individual siClwd duplex produces identical

phenotypes. Overexpressing a GFP- tagged mouse Clwd partially rescued the
abnormal nuclear morphology seen in CLWD-depleted HeLa cells. The high

efficiency and specificity of siClwd enabled me to analyse the CL ITD-depletion

phenotypes and extend this analysis to the prediction of CLWD's function.

CLWD shows a high degree of colocalisation with tubulin. Microtubules show
structural abnormalities when CLWD is knocked down. Knocking down CLWD
leads to a decrease in cell number that is unlikely to be caused by apoptosis.

Apoptotic assays such as caspase-3 and Annexin-V both suggest that apoptotic

pathways are not activated in CLWD-depleted cells. CLWD-depleted cells show a

decrease in cell proliferation rate measured by the BrdU assay. In addition, a high

percentage of CLWD-depleted cells display abnormal nuclear morphology,
characterised by the appearance of micronuclei and multi-lobulated nuclei. Cells
with multi-nucleation are also seen. Knocking down CLWD also leads to an increase
in mitotic index and an increase in the percentage of cells with lagging
chromosomes. The cell cycle profile of CLWD-depleted cells, however, is

indistinguishable from cells transfected with non-targeting siRNA, except that a

small but statistically significant increase of cells in the G2/M phase is seen. The
chromosome spreads of siClwd transfected cells did not reveal any differences in
chromosome number compared with the background seen in HeLa cells.

These results have provided valuable information about the likely function(s) of
CLWD. First of all, it is possible that CLWD is a microtubule binding protein,

although it does not have any known microtubule binding domain. Cellular
localisation studies demonstrated that CLWD resides at centrosomes during
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prometaphase and moves to the mitotic spindle during metaphase. Abnormally
structured microtubules could cause defects in the attachment of microtubules to

kinetochores, and hence explain the presence of lagging chromosomes and
micronuclei. A defect in microtubule function could lead to impaired chromatid

separation and polar migration of chromosomes during anaphase A. Such a defect
could have an even more severe effect on the subsequent step of spindle elongation
in anaphase B. These defects may lead to inefficient cell division and thus may

explain the decrease in cell proliferation rate when CLWD is knocked down. Further
studies using a time-lapse microscope and other approaches should shed more light
on these possibilities.

Lack of robust cell cycle arrest in CZTFD-depleted cells

It has been shown that a single unaligned chromosome is sufficient to inhibit

anaphase onset, correlating with the presence of an activated checkpoint at the
kinetochore (Rieder, Schultz et al. 1994). CLWD depletion causes an increase in the

percentage of cells with lagging chromosomes; however, the cell cycle profile is not

altered significantly in cells where CLWD is knocked down, except for a small
increase in the G2/M population of cells. How do the cells displaying lagging
chromosomes proceed to the subsequent steps of mitosis? Without time-lapse

microscopy, the fate of the individual cells displaying lagging chromosomes is not

entirely certain. Treating the entire cell population where cells are transfected with
the siClwd oligos as a whole, there do not seem to be any dramatic changes in the
cell cycle profile.

A similar lack of change in the cell cycle profile is seen in cells where CENP-E is
knocked down. Despite the presence of unattached kinetochores, CENP-E depleted
cells do not mount a robust cell cycle arrest (Weaver, Bonday et al. 2003). CEN-P
deletion leads to unaligned chromosomes and this is seen in CEN-P knockout mice
too. However, the cells in CEN-P knockout mice do not reveal significant long-term
mitotic arrest in spite of the presence of unaligned chromosomes (Putkey, Cramer et
al. 2002). Tanudji et al. (2004) showed that CEN-P deleted cells still have functional

checkpoint activation. But the lack of CEN-P at kinetochores reduces the
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hyperphosphorylation of Bubl during mitosis, which may explain the loss of

sensitivity of a cell to a few unaligned chromosomes in the absence of CENP-E

(Tanudji, Shoemaker et al. 2004). It is plausible that CLWD may be a regulator in
cell cycle control, in particular in the spindle checkpoints. However, it would be

necessary to analyse the functionality of the spindle checkpoints e.g. phosphorylation
state ofBubl in CL JED-depleted cells before drawing any conclusions.
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7.2 Future perspectives
While this thesis has addressed several of the questions regarding the biology and
function of CLWD, inevitably many questions still remain. Some of these questions
have already been referred to as they have come up in the discussion; however, other
areas remain to be explored, and they are discussed below.

7.2.1 Identification of proteins that interact with CLWD

The expression pattern in tissues and cells as well as results from the RNAi

experiments have provided clues as to CLWD's function. Another powerful tool for

gaining insight into CLWD's function would be to identify the proteins that interact
with CLWD. The 'guilt-by-association' method suggests that proteins which directly
interact with each other can be expected to participate in the same cellular processes.
On this basis, the finding that a protein of unknown function binds to a protein of
known function provides a significant clue to the cellular pathway in which the
unknown protein participates. The small size of CLWD and the lack of any known
motifs suggest CLWD is likely to function by acting as a component in a protein

complex. The yeast two-hybrid (Y2H) assay is a system commonly used for

identifying protein-protein interactions. Better and newer systems are available to

reduce the number of false positive interacting proteins in Y2H studies. Independent
verification of a putative protein-protein interaction is essential if the results are to be
believed. This can be achieved by using co-immunoprecipitation studies. It is also

necessary to ensure that the two proteins exist in the same sub-cellular compartment
at least some of the time in order to avoid spurious results caused by forcing the

expression of the two proteins.

During the course of this study, efforts have been made to identify putative protein

binding partners of CLWD in a mammalian system via collaboration (Professor Bill

Earshaw, University of Edinburgh). This involved cloning Clwd into a TrAP vector

and attempting to generate stable cell lines overexpressing Clwd. Any potential

interacting proteins would be identified using mass-spectrometry. Performing the

screening of putative binding proteins in a mammalian system has the advantage of
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increasing the chance of obtaining correct folding of CLWD protein compared with

using a yeast system. However, no stable cell lines were obtained after weeks of
selection in experienced hands. It is plausible that overexpressing Clwd may be toxic
to mammalian cells.

Identifying the function of a protein can be very difficult to achieve, particularly for
novel proteins like CLWD. I believe that identifying the protein binding partners of
CLWD will greatly accelerate the functional study of CLWD, by mapping it to

biological pathways of complexes with known functions.

7.2.2 Further investigation of the effect of silencing CLWD on the
cell cycle and cytokinesis
The CL ILD-depleted phenotype observed in HeLa and MCF7 cells is reminiscent of
what is seen in cells with defects in mitosis and cytokinesis. CLftD-depleted cells

experience problems of proliferation but at the same time do not suffer from any

major cell cycle arrest or apoptosis. The higher incidence of CLWD-depleted cells

displaying lagging chromosomes and an increased mitotic index (but decreased cell

proliferation rate) together suggest that these cells may be held in the spindle

checkpoint. However, this question cannot be answered without further
characterisation of the status of the spindle checkpoint proteins. I would like to

check the phosphorylation status of BUB1 (Li, Lan et al. 1999) and the cellular
levels of MAD2 protein (Wu, Chi et al. 2004) at the kinetochore as well as checking
the binding of microtubules to kinetochores. Defects in the binding of microtubules
to kinetochores often cause cells to halt.

Binucleated cells and cells with nuclear lobulation are seen in CLWD knockdown

experiments. However, knockdown of CLWD does not lead to any major
chromosome aneuploidy (e.g. increase in number of cells with 4N chromosomes at

the expense of 2N). This does not exclude the possibility of cells experiencing any

chromosome segregation difficulties. Many key events during mitosis occur only

transiently; the spindles undergo dramatic morphological changes over the period of
an hour or less, and the significance of these events is often lost in fixed time-point
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samples. Many of the important events in cell division can be missed if not imaged

continuously. Video microscopy would provide the ability to measure the duration
of key events and to examine the dynamic redistribution of structural and regulatory

proteins as the spindle assembles, aligns the chromosomes, and segregates the sister
chromatids at anaphase. Importantly, the repeated, direct measurement of cell
division events by time-lapse microscopy would ensure that critical observations are

believed and substantiated rather than being dismissed as an artefact of fixation or as

one-time bizarre cell behaviour (Hinchcliffe 2005).

Annexin V assays and the caspase-3 Westerns blots suggest that apoptotic pathways
are not activated in CLWD-depleted cells. Indeed, the characteristic apoptotic

morphology is rarely seen in cells when CLWD is knocked down, again suggesting
the apoptotic pathways are not activated. I would however still want to pursue

testing the level and status of the apoptosis regulator proteins e.g. p53 and Bcl-2. In
addition to the known apoptosis pathways, caspase-independent forms of cell death
also exist and they do not resemble the familiar morphological changes seen in

apoptotic cells.

Importantly, I would like to repeat the apoptosis and cell cycle analysis in non¬

cancerous cell lines. Cancer cell lines are known to differ in the characteristics of the

cell cycle. Many of the cancer cells have mutations in p53 (the HeLa cells used in

my study have wild type p53). On the other hand, the breast cancer MCF7 cells
which are also used in my study do not have caspase-3. Clwd siRNA has been

performed in a mouse cell line (NIH3T3) by a previous PhD student in our group

(O'Donoghue, J. 2004, PhD thesis) and a similar abnormal nuclear morphology was

observed. I would like to repeat the analysis of the Clwd knockdown phenotypes in

e.g.NIH3T3 cells as it would allow the analysis to be carried out in a different

species as well as in a non-transformed cell line.
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7.2.3 Assessment of global changes In gene expression in CLWD-

depleted cells

Microarray analysis has been utilised to simultaneously examine the expression

profile of thousands of genes. As the CLWD-depleted cells have been shown to

display some phenotypic features associated with defects in mitosis and cytokinesis,

microarray analysis of the siClwd-induced expression profiles could help understand
the function of CLWD. However, microarray studies can be expensive and time

consuming. Results obtained from microarray based studies will always need further
confirmation (e.g. using Real-Time PCR).

7.2.4 Establishment of a CLtVD-knockdown stable cell line

Transient transfection of a GFP-tagged mouse Clwd construct in HeLa cells
transfected with siRNA oligos demonstrated a partial rescue of the abnormal nuclear

morphology. It is speculated that the partial rescue is caused by several factors, one
of which is that the rescue transfection of Clwd cDNA was performed in a mixed

population of cells where CLWD expression was silenced by siClwd oligo
transfections. A stable CLWD knockdown cell line using a vector system (e.g.

shRNA) would improve the experiment. Knocking down CLWD using a vector

system would further allow the option of a controlled silencing, where the level of

suppression can be regulated using an inducible system. A stable CLWD knockdown
cell line would also be a better system for cell cycle analysis as the heterogeneity of

among cells (due to different siRNA transfection efficiency) could be minimised.

7.2.5 Generation of Clwd knockout mice

To determine the requirement for Clwd in normal cells, we could mutate Clwd by

homologous recombination in mice. The localisation pattern of CLWD in mitosis
and cytokinesis is similar to chromosome passenger proteins, but not identical.
Numerous papers are available characterising the null phenotypes of the
chromosome passenger proteins in mice or in Drosophila, and all demonstrate the
vital roles of the proteins that are crucial in mitosis/cytokinesis. For example, Uren
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et al. (2000) showed that survivin knockout mice died early in embryonic life. The

phenotype of cells from the surviving null mice include disrupted microtubule

formation, polyploidy, very little or no mitotic spindles, and deteriorated cell masses
and giant cells, confirming that survivin is required for mitosis during development

(Uren, Wong et al. 2000). Similar phenotypes are seen in INCENP-disrupted mice

(Cutts, Fowler et al. 1999) where no live-born homozygous Incenp-disrupted

progeny were obtained, indicating early lethality. Day 2.5 and 3.5 affected embryos
showed a high mitotic index, no discernible metaphase or anaphase stages, absence
of midbodies, micronuclei, irregular macronuclei, multipolar mitotic configurations,
binucleated cells, internuclear bridges, and abnormal spindle bundling.

Given the phenotypes in CL IfD-knockdown in tissue culture cells, Clwd null mice
are likely to be embryonic lethal. The lethality is likely to be caused by the vital role
of CLWD in mitosis. A Clwd knockout mouse will help to strengthen the role of
Clwd in mitosis and in development. A tissue specific conditional knockout would
be much more informative.

7.2.6 Antibodies

For functional studies of genes, antibodies are an essential tool. Fortunately, the
anti-CLWD antibody works well on IHC and IF. However, a lot of the work in this

study would have been greatly improved by an antibody that worked on Western
blots. One of the most prioritised tasks to facilitate the study of Clwd is the

generation of a antibody that will work on Western blots.

The two anti-CLWD antibodies available in our group are anti-peptide antibodies.
Because of the small size of CLWD (hence the limited choice of sites of peptide for

raising antibodies), I would be more tempted to make an anti-protein antibody. I
have cloned Clwd into a vector which is suitable for the induction of CLWD protein
in a bacterial system. However, time did not permit the generation of another

antibody during the span of my PhD. During the study, I observed batch to batch
variations of the anti-CLWD antibody. Serum from the immunised sheep from
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different bleeds were stored at -70°C and the anti-CLWD antibody was purified by
column purification. The column purification step and the variations of the serum

from different bleeds are likely to contribute to the variation seen.

7.2.7 Characterisation of the transcription pattern of CLWD in
tissues

IHC results show that although Clwd expression is detected in a wide range of
tissues, its expression within tissues is restricted. On tissue arrays, Clwd expression
is always stronger in the epithelial areas comparing with the adjacent (e.g.

connective) tissues. It is important to answer whether the restricted expression is a

result of transcriptional regulation. RNA in situ studies on the same mouse and
human tissue array would shed some light on this question.
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7.3 Conclusions

In summary, these studies describe some of the expression and functions of CLWD.
Indirect evidence suggests that CLWD protein has a molecular weight of 20kDa and
that CLWD protein is expressed in a wide range of tissues, with a restricted pattern

of expression within each tissue. CLWD expression is always stronger in the

epithelial region of the tissues. At the intracellular level, CLWD shows a high

degree of colocalisation with tubulin in interphase cells, with a stronger expression
around the perinuclear area. CLWD is localised in centrosomes in prometaphase and
moves to the mitotic spindle during metaphase and anaphase. Contrary to the results
in the SAGE database at NCBI, CLWD is not overexpressed in the breast tumour

samples analysed, whereas the lack of overexpression of CLWD in the ovarian
tumour samples analysed is consistent with the SAGE database. Clwd expression is
not rhythmic in the mouse liver while its rhythmic expression in the mouse SCN will

require further investigation. The CL JTD-depletion phenotype using RNAi suggests
that CLWD is important in mitosis and cytokinesis. The CLITD-knockdown

phenotype include a decrease in cell proliferation, an increase in the incidence of

lagging chromosomes, an increase in the mitotic index, abnormal structured tubulin,
and abnormally shaped nuclei.

Mitosis is a fascinating process. It is also complex process and successful cell
division requires every step to be precise and accurate. Mitosis is still one of the
basic puzzles in biology but it is also the foundation of many diseases, e.g. cancer.
The mitotic spindle and the proteins within provide many potential drug targets for
cancer. Anti-microtubule drugs such as taxol provide a well-known example. From

my study, I have demonstrated the powerfulness and effectiveness of a reductionism

approach in studying gene functions, using siRNA. The results suggest that CLWD

plays vital roles in cytokinesis. More work is required to clarify the possible role of
CLWD in cancer and the circadian rhythm.
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