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Abstract 
The neuregulins (NRGs) are ligands for receptor tyrosine kinases of the ErbB family. 

The NRG gene family consists of four members, NRG 1- 4 encoding different isoforms 

due to alternative splicing. NRG signalling has been implicated in normal development 

and in the pathology of many diseases. Using immunohistochemical staining of tissue 

arrays, we detected that NRG 1 a and 1 ~ localised to the cell nuclei of a range of normal 

and human cancer tissues. The ~3 isoform of NRG 1 localised to two subnuclear 

compartments: nucleoli and spliceosomes. We tagged NRG 1 ~3 with photoactivateable 

GFP and demonstrated that the fusion protein re-Iocalised from nucleoli to spliceosomes 

over a ninety minute period. Using wild type NRG 1 ~3 and its two mutants which 

localised exclusively to spliceosomes or to nuc1eoH, we explored the possible functions 

of intranuclear NRG 1 ~3 in each of these compartments separately. We showed using an 

array capable of detecting 42 receptor tyrosine kinases that wild type NRG 1 and a 

mutant exclusively local ising to spliceosomes increased phosphorylation and/or 

expression of the ErbB4 and ErbB2 receptors. Using a transcriptomic analysis the same 

two constructs induced expression of messenger RNA of Heat Shock Protein 70B' and 

we confirmed its increased expression at the protein level using western blot analysis. 

This data supports the hypothesis that intranuclear NRGs could activate receptor 

signalling and alter gene expression when localised in spliceosomes. 
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Chapter 1. Introduction 

1.1 Cell signalling 

All cells receive and respond to signals from their surroundings. Many unicellular 

eukaryotes respond to signalling molecules secreted by other cells, allowing cell-cell 

communication. In multicellular organisms, the behaviour of each individual cell is 

tightly regulated by a variety of signalling molecules that are secreted or expressed on 

the surface of one cell and bind to receptors expressed by a target cell. These signals 

integrate and coordinate the functions of individual cells that make up complex 

organisms. The binding of signalling molecules (including steroid hormones, 

neurotransmitters, peptide hormones, and growth factors) to their receptors initiates a 

chain of intracellular reactions that regulate virtually all aspects of cell behaviour, 

including metabolism, movement. proliferation, and survival. Most ligands responsible 

for cell-cell signalling bind to receptors on the surface of their target cells, while other 

ligands such as steroid hormones bind to receptors that are intracellular proteins located 

in the cytosol or the nucleus. Among the wide variety of signalling molecules in animals, 

the polypeptide growth factors play critical roles in controlling animal cell growth and 

differentiation. As might be expected, abnormalities in growth factor signalling are the 

basis for a variety of diseases, including many kinds of cancer. 

1.2 Receptor tyrosine kinases 

The receptor tyrosine kinase (RTK) family includes the receptors for most polypeptide 

growth factors. Approximately 20 different RTK families have been identified including 

the insulin receptor and the receptors for many growth factors such as epidermal growth 

factor (EGF), platelet-derived growth factor (PDGF). fibroblast growth factor (FGF) 

and vascular endothelial growth factor (VEGF). All RTKs share a similar structure: a 

ligand-binding extracellular domain, a single transmembrane domain, and an 

intracellular tyrosine kinase domain which possesses catalytic activity and sites for 

protein-protein interactions (Fischer, 1999). The extracellular domains of RTKs exhibit 
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a variety of conserved elements, including immunoglobin (Ig)-like domains and 

cysteine-rich domains. The majority of RTKs are largely monomeric in the absence of 

ligands. Ligand binding to the extracellular domain leads to conformational changes 

that induce and stabilise receptor dimerisation (Heldin, 1995). The transmembrane 

domain of RTKs is primarily a-helical in structure and anchors the receptor in the 

correct orientation with respect to the membrane. The cytoplasmic domain comprises a 

well-conserved bilobular protein tyrosine kinase region containing an amino-terminal 

lobe and a carboxy-terminal lobe (Hubbard and Till, 2000). Adenosine triphosphate 

(ATP) binds in the cleft between the two lobes, and the tyrosine-containing substrate 

binds to the carboxy-terminal lobe. Phosphorylation of distinct tyrosine residues on the 

activated receptor creates binding sites for Src homology 2 (SH2) (Waksman et al., 

1992) and phosphotyrosine-binding (PTB) domain-containing molecules (Eck et aI., 

1996). Some of these molecules are, in tum, phosphorylated, leading to their activation 

or to interact with other downstream signalling proteins, resulting in the assembly of 

activated signalling complexes at the membrane (Cohen et al., 1995). These signalling 

cascades induced by RTK activation convey the signal from the cell surface to the 

nucleus, where gene expression is regulated. 

RTKs are regulators of a variety of different biologic effects including cell growth, 

movement, differentiation and survival. Also, they have a long history of involvement in 

human cancer: amplification, overexpression or somatic mutations resulting in 

increased receptor signalling have been observed in at least ten RTK families 

(Bennasroune et al., 2004). Mutations in the extracellular domain have been described 

in several RTK families that result in constitutive receptor dimerisation. Similarly, 

mutations in the kinase domains of RTKs give rise to activated receptors associated with 

various human diseases. An increased understanding of RTK signalling and function 

will provide insights for drug targeting strategies for cancer treatments. 

1.3 The ErbB family 

The ErbB receptors belong to subclass I of the superfamily of receptor tyrosine kinases. 

There are four members of the ErbB family, including the epidermal growth factor 

receptor (EGFR) (also known as ErbB! or HERl), ErbB2 (HER2), ErbB3 (HER3), and 

ErbB4 (HER4). Like other RTKs, each of these ErbB receptors possesses an 
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extracellular ligand-binding region, a single transmembrane helix, and a cytoplasmic 

region that contains the tyrosine kinase domain. Recent studies have also highlighted 

the role of the juxtamembrane region, the cytoplasmic segment of the receptor that 

connects the transmembrane helix to the tyrosine kinase domain (Jura et aI. , 2009; Red 

Brewer et aI. , 2009), which has been demonstrated to be essential in stabilising 

formation of the tyrosine kinase dimer. The extracellular domains of ErbB receptors in 

common contain two ligand-binding (L) domains and two cysteine-rich (CR) domains 

which are arranged in an alternating fashion (Figure 1-1). These domains are less 

conserved among ErbB receptors providing a rationale for their different specificity in 

ligand binding (Yarden, 2001). The intracellular tyrosine kinase domains of ErbB 

receptors show a high degree of homology. 

Ligand-binding domain 

Cysteine-ri ch domain 

Ligand-binding domain 

Cysteine-rich domain 

Tyrosine kinase domain 

Sites of 
phosphorylation 

NH2 

COOH 

Extracellular 
domain 

Transmembrane 
domain 

Cytoplasmic 
domain 

Figure 1-1. Schematic structure of EGFR. The two CR domains are shown in grey and 

the two L domains are shown in orange. The juxtamembrane is shown in dark green. 

The tyrosine ki nase domain is shown in light green and the carboxy terminal region 

containing phosphorylation sites is represented by the red circle. Figure adapted from 

Gullick, 200l. 
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Figure 1-2. Diagrammatic representation of the evolution of ErbB receptor family and 

their ligands from (a) CaenorhabdiLis eiegans, through (b) Drosophila meianogaster, 

and to (c) vertebrates. In vertebrates, the ErbB receptor family consists of four members 

and there are two variations within this family: rbB2 that does not bind any known 

ligand, and ErbB3 that lacks kinase activity. ErbB ligands are divided into four 

categories based on their binding specificity to ErbB receptors. Figure adapted from 

Stein and Staros, 2000. 

The vertebrate ErbB family has evolved from a single ligand-receptor combination in 

Caenorhabditis elegans, through Drosophila meianogasler with one receptor and four 

ligands, to vertebrates, where four ErbB receptors and multiple ligands are expressed 

(Figure 1-2). A trend leading to expanded signalling i observed during evolution. This 

evolutionary process, as suggested by Amit et aI. , greatly enhances reproducibility and 

reliability of the signalling required in multicellular organisms (Amit et aI., 2007). 
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1.4 ErbB ligands 

ErbB receptors are activated by binding the growth factors of the EGF-family to their 

extracellular domains. Proteins that belong to the EGF-family are characterised by the 

presence of an EOF-like domain. The EGF-like domain, composed of three 

intramolecular disulphide bonds formed between six conserved cysteine residues, 

confers the binding specificities of each ligand to the receptors. With respect to their 

binding specificity to ErbB receptors, EGF-related growth factors could be divided into 

four categories (Figure 1-2c). The first group includes EOF, transforming growth 

factor-u (TOFu) and amphiregulin (AR), which bind only to the EGF receptor. The 

second group includes heparin-binding EGF (HB-EGF), betacellulin (BTC) and 

epiregulin (EPR) which can bind both the EGFR and ErbB4. The third group includes 

neuregulinl (NR01) and 2 (NRG2) which both bind to ErbB3 and ErbB4. The last 

group consists of neuregulin 3 (NR03) and 4 (NR04) which bind specifically to the 

ErbB4. EOF family ligands are distinguished from non-ligand EGF motifs based on the 

presence of a splice site between the fourth and fifth cysteines within the six cysteine 

EOF-module and are relative close to a putative transmembrane region of the potential 

ligand (Stein and Staros, 2000). Based on these criteria it is possible more ligands exist. 

Epigen, the most recently identified member of the family, is characterised by its 

relatively low receptor binding affinity but a very potent mitogenic activity 

(Kochupurakkal et oJ., 2005). Other potential ligands including tomoregulin 1 and 2 

(Eib and Martens, 1996), neuroglycan-C (Kinugasa el 01., 2004), and mucin 3, 4, 12, 

and 17 also have been reported. No direct ligand for ErbB2 has been described 

(Olayioye el 01., 1998). Figure 1-3 is a tree diagram with labelled ligand families as 

branches (Stein and Staros, 2006). Generally, the tree segregates into EGF receptor 

ligands and ErbB3IErbB4 ligands, paralleling the evolution of the receptors. Another 

feature worth noting is the pairing of the ligands (TGFalBTC, ARlHB-EGF, and 

EPRJEGF) which reflects gene duplication events. Interestingly, within each pair, the 

receptor binding specificity is different, with one more specific for the EOF receptor, 

while the other has broader receptor specificity. 
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Figure 1-3. Relationships among the ErbB ligand family with the neuregulin family 

circled. Figure adapted from Stein and Staros, 2006. 

1.5 Receptor dimerisation 

Binding of ligands to the extracellular domains of ErbB receptors results in receptor 

homo- or hetero-dimerisation. Individual receptor parings can consist of two molecules 

of the same type, called homodimers, or two molecules of different type , termed a 

heterodimer. Based on the crystal structures of EGFR, ErbB2 and ErbB3 extracellular 

domains, the process of ligand-induced receptor dimerisation has been further 

understood (Garrett et al. , 2002; Ogiso et al. , 2002). As mentioned earlier, the 

extracellular domain of ErbB receptors consists of four ubdomains. Ll and L2 are 

involved in ligand binding, whereas CRI and CR2 are cysteine-rich domains (Figure 

1-4a). In the unoccupied state, the receptor is largely monomeric. The recently resolved 

EGFR dimer of 2:2 stoichiometry reveals that the ligands are located on opposite sides 

of the dimer, which is different from other ligand:RTK complexes. It also reveals that 

the liganded ErbB structure comprises a dimerisation arm, which is a ~-hairpin loop 

projecting away from the ligand binding site. This dimerisation arm mediates 

24 



interactions between receptor dimers. Prior to ligand binding, CRI and CR2 are 

connected through intramolecular bonding involving the dimerisation arm, thus keeping 

L1 and L2 at distance and preventing the formation of a ligand binding site (Figure 

1-4b). In a ligand-bound state L1 and L2 are brought together leading to the separation 

of CR I and CR2 (Figure 1-4d). This conformational change exposes the dimerisation 

arm to the exterior allowing it to interact with the CRI of its dimerisation partner 

leading to the formation of a dimer composed of two 2:2 receptor:ligand complexes 

(Figure 1-4e). 

a b c 
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d e 

• ( 
L L1 

C<> CR1 

L2 

• CR2 , N-Iobe 

\ • C-Iobe 

• ligand 

Figure 1-4. Schematic representations for ligand-dependent dimerisation and activation 

of an ErbB receptor. (a) The domain structure; (b) inactive monomer; (c) ErbB2 has a 

fixed confom1ation that resembles the ligand-activated state of other ErbB receptors; (d) 

monomer in active conformation; and (e) dimer. Figure adapted from Zhang et aI. , 2006. 
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The structure of the ErbB2 extracellular region shows significant differences to the 

other ErbB receptors (Figure 1-4c). In the absence of a ligand, domains L 1 and L2 of 

ErbB2 are very close and this interaction makes ligand binding impossible, explaining 

why ErbB2 has no ligand. The constitutive exposure of the ErbB2 dimerisation arm also 

explains why ErbB2 has an enhanced ability to form heterodimers and is considered as 

a favourite partner for all other ErbB receptors. 

Binding of an EGF-like ligand to the extracellular domain of ErbB receptors induces a 

conformational alternation not only of the extracellular domain which mediates receptor 

dimerisation but also the intracellular domain resulting in an activated kinase. As 

mentioned earlier, the ErbB kinase domain comprises two lobes: the N-terminal lobe 

and the C-terminal lobe. Extracellular domain dimerisation brings the kinase domains 

together, with the C-Iobe of one kinase serving as the activator of the other kinase 

domain by binding to the N-Iobe of its dimer partner (Figure 1-4e) (Zhang et aI., 2006). 

It is believed that the receptors are flexible at the region between the transmembrane 

domain and the N-Iobe implying that the receptors can switch positions to activate each 

other. ErbB3 has been generally considered as kinase-inactive due to the lack of several 

key conserved residues. However, recent findings demonstrate that despite these 

sequence alterations, ErbB3 retains sufficient kinase activity to transphosphorylate the 

receptor's intracellular domain when in a heterodimeric state (Shi et aI., 2010a). 

1.6 Signalling pathways downstream of ErbB receptors 

The signalling pathways downstream of ErbB receptors are complex and diverse 

(Figure 1-5). Even though all possible homo- and heterodimeric receptor complexes 

between members of the ErbB family have been identified in different systems 

(Olayioye et al., 2000), evidence has suggested that a given ErbB receptor combination 

can discriminate among signalling by different ligands. The following experiment 

illustrates the importance of the ligand identity in determining the signalling pathways 

engaged. ErbB4 transfected cells were treated with different ligands BTC, NRGI and 

NRG2 individually (Sweeney and Carraway, 2000). Even though the cells all exhibited 

similar ErbB4 receptor dimerisation, different signalling molecules were recruited to the 

activated ErbB4 proteins (Figure 1-6). The preferential recruitment of p85 to NRG 1 and 

NRG2 stimulated receptors is associated with cell survival or motility, whereas the 
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preferential recruitment of Shc to BIC stimulated receptors is linked to cell growth and 

differentiation. The underlying mechanism of differential recruitment and activation of 

intracellular signalling molecules has not been elucidated. However, the experimental 

results above strongly suggested that different ligands can elicit different usage of ErbB 

phosphorylation sites or recruit different signalling proteins to activated receptors, 

thereby stimulating distinct signalling pathways. As shown in Figure 1-5, the signalling 

molecules recruited by activated ErbB tyrosine kinase receptors are diverse, including 

adaptor proteins such as Shc and Grb2, kinases such as c-Src and phosphatidylinositol 

3-kinase (PI3K), protein tyrosine phosphatases such as SHPI and SHP2, and the Cbl E3 

ubiquitin ligase (Yaffe, 2002). As expected these signalling molecules, in turn, drive 

different cellular responses. 

Even if the same signalling molecules are recruited to the activated ErbB receptors, 

there are examples of preferential modulation of specific pathways. For instance, all 

four ErbB receptors can activate PI3K pathways by recruiting p85 regulatory subunit to 

the activated receptor (Soltoff and Cantley, 1996). However, different mechanisms are 

used. p85 binds to EGFR and ErbB2 indirectly through adaptor proteins, whereas a 

specific subunit of p85 binds directly to ErbB3 or one of the ErbB4 isoforms (Elenius et 

al., 1999; Fedi et al., 1994). Due to the presence of multiple binding sites for p85, 

ErbB3 is the most efficient activator ofPI3K (Prigent and Gullick, 1994). 
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Figure 1-5. Overview of the ErbB signalling pathways. The ErbB signalling network 

consists of three layers: (a) ligands and their cognate receptor combinations comprise 

the input layer, (b) diverse signalling molecules that are activated upon receptor 

activation compri es the signal-processing layer, and the output is involved in regulation 

of gene expression (c) which then activate responses ranging from cell divi ion to 

differentiation to apoptosis. Figure taken from Varden and liwkowski , 2001 . 
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Figure 1-6. Ligand discrimination by ErbB4 leads to different cellular responses. Figure 

adapted from Sweeney and Carraway, 2000. 

1. 7 ErbB receptors as signal integrators 

ErbB receptors can be phosphorylated on tyrosine and subsequently stimulate signalling 

pathways following an event initiated by a more indirect mechanism called 

transactivation. The most common mechanism of ErbB transactivation is through 

upstream activation of G-protein coupled receptors (GPCRs) (Daub et al., 1996; 

Donepudi and Resh, 2008). A disintegrin and metalloproteinase (ADAM), which is 

activated in cells treated with a GPCR ligand, cleaves EGF-like ligand precursors. The 

mature ErbB ligands are released and activate their cognate receptors on the cell surface 

(Figure 1-7). GPCRs can also transactivate the ErbB family through c-Src, a 

non-receptor tyrosine kinase that associates with both the pia rna membrane and 

endosomal compartments (Donepudi and Resh, 2008). In the case of EGFR, c- rc 

co-localises with ligand-activated EGFR in endosomes and prolongs the EGFR 

activation. In addition to GPCRs, many other ligand/receptor systems have been 

reported to transactivate the ErbB family (100 et aI., 2008). For example, cytokines, 

such as growth hormone (GH) and prolactin (Prl), can indirectly activate ErbB receptors 

through Janus tyrosine kinase 2 (Jak2), which phosphorylates specific tyrosine residues 

in the cytoplasmic domains of EGFR or ErbB2. Transactivation of the ErbB family by 

other receptor families implies its central role of converging signals for different 

biological responses and could represent part of the success of therapeutics that target 

these receptors (Normanno et aI. , 2006). 
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Figure 1-7. Transactivation of the ErbB family. Activation of GPCRs and cytokine 

receptors lead to ADAM activation, which cleaves ErbB pro-ligands. The mature ErbB 

ligands that are subsequently released activate their cognate receptors. Figure adapted 

from Donepudi and Resh, 2008. 

1.8 System regulations 

ot only could the ligand-receptor complex initiate various signalling pathways but also 

their biological consequences can feed back to the ErbB signalling network. If the 

feedback could amplify and prolong the active state of signalling pathways, it is referred 

to as positive-feedback. Negative feedback results in signal attenuation. 

ErbB2, acting as a co-receptor in the dimerisation complex with all the other receptors 

in this family, is considered as a positive regulator due to its effect on increasing the 

ligand binding affinity and the duration of signalling (Gullick, 200 I). Autocrine 

signalling is another aspect of positive regulation. As the mitogen-activated protein 

kinase (MAPK) pathway is initiated by ErbB receptor activation, transcription of 

several ErbB ligands such as TGFu and HB-EGF are up-regulated within the same cell 

(Ciardiello and Tortora, 2003). These ligands can then stimulate more receptors thus 

amplifying their signalling. Recently findings demonstrated that the juxtamembrane 

region of EGFR plays an essential positive role in stabilising formation of the kinase 

dimer (Hubbard, 2009) and thus could be considered as a component of positive control 
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of the system. 

With respect to the negative feedback exerted on the ErbB system, multiple molecular 

mechanisms participate in signal attenuation at different levels. At the receptor level , 

targeting surface receptors for degradation is an effective mechanism to attenuate the 

signalling. After being activated by the ligands, EGFR can go through an intemalisation 

process, either being degraded or being recycled largely depending on pH stability of 

ligand- receptor interaction. For example, the interaction between EGF and EGFR is 

stable at endosomal pH and results in lysosomal degradation. Whereas interaction of 

TGFa and EGFR is more pH sensitive, resulting in dissociation in the endosome and 

recycling of EGFR to the cell membrane (Wiley, 2003). In general however, ligand 

induced endocytosis downregulates growth factor signalling. 

EGF 

Intemalise j 

Bind 
activate ... 

~ TGFa. 

D egrade 

Figure 1-8. Trafficking of EGFR. Upon ligand binding GFR is activated and 

internalised. Dissociation occurs in the acidified endosomal compartment. The ultimate 

fate of EGFR is determined by the properties of the ligands. Figure adapted [rom Wiley, 

2003. 
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Signal attenuation also occurs at the transcnptlOn level. Unlike the pre-existing 

mechanism above, there are a group of molecules that are newly synthesised after the 

activation of ErbB by their ligands. For instance, upon binding of the EGF-like ligands, 

ErbB receptors become phosphorylated followed by initiation of the MAPK pathway. 

Phosphorylated MAPK translocates to the nucleus to direct phosphorylate transcription 

factors , which activate transcription of immediate-early genes (lEG ). lEGs regulate a 

second wave of transcription (Amit et aI. , 2007). A broad range of proteins including 

transcription repressors are then transcriptionally induced to feedback and inhibit the 

activity of ErbB receptors. One such example is the suppressor of cytokine signalling-5 

(SOCS5) which is up-regulated by EGF binding (Kario et aI. , 2005). This accelerates 

EGFR degradation, decreases its lifetime and leads to a significant reduction in the 

levels of receptor. There are also inducible adaptor proteins such as MIG6 

(mitogen-induced gene 6), whose C-terminal region overlaps the distal surface of the 

C-Iobe of the kinase domain (Figure 1-9) (Zhang et aI. , 2007). Thus, binding of MIG6 

to an EGFR kinase domain can prevent both the activation of kinase domains and 

downstream signalling by activated kinase domains. Residues in EGFR located at the 

MIG6-binding interface are conserved, suggesting that MIG6 will also bind to other 

EGFR family members (Zhang et aI. , 2006). 

illterf~ce 

• Klll~:;e d.1111er lIlterf~ce 

Figure \-9. Comparison of the MIG6 binding interface and the EGFR kinase domain 

dimer interface on the C-Iobe. A large proportion of the urface is shared by the two 

interfaces (outlined). Figure taken from Zhang et ai , 2007. 
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1.9 EGF-like ligands in development and in human 
cancers 

The important and sometimes essential roles of EOF -like ligands in development of 

different organs are supported by the analysis of genetically modified mice. For 

example, in mice lacking the expression of EOF and TOFu the prostate does not 

develop normally (Abbott et ai., 2003). Different members of the EOF-family of growth 

factors, like EGF, HB-EGF and TOFu, are expressed throughout the central and 

peripheral nervous system where they regulate cellular activities such as proliferation, 

migration and differentiation (Xian and Zhou, 2004). Although knockout mice for the 

TGFa gene presented abnormalities in the skin, hair and eye, the absence of the TGFa 

gene did not significantly affect the development or function of the nervous system in 

these animals. These results suggest that other ErbB ligands may compensate for defects 

in TGFu function in the nervous system. In agreement with these findings, individual 

null mutations for EGF, AR and TGFa did not affect mammary gland development 

(Luetteke et al., 1999). However, triple knockout mice lacking expression of EOF, AR 

and TGFu showed aberrant mammary gland growth. Taken together, these studies 

demonstrate that, while there is functional redundancy in the roles of these ErbB ligands, 

some ligands make specific contributions implying that functional differentiation of 

specific tissues/organs requires the cooperation of mUltiple ErbB ligands. 

The contribution of each ErbB family member to cancer cell behaviour is generally 

regulated by a combination of its level of expression and the availability of its cognate 

ligands in the tumour microevironment. The ability of ErbB ligands to induce in vivo 

transformation has been investigated in different transgenic mice models. In particular, 

TOFu overexpression has been demonstrated to induce transformation in different 

tissues (Sandgren et aI., 1995). Furthermore, several studies that have shown 

overexpression of ErbB ligands in various human carcinomas suggest their important 

role in the pathogenesis of several human tumour types. When 76 cases of breast 

carcinoma were investigated, overexpression of HB-EGF was found in 71.80% of the 

carcinoma cases but only slightly in normal mammary glands (Ito ef ai., 2001). 

Interestingly, its expression was inversely related to biological aggressiveness of the 

breast carcinoma suggesting that HB-EGF may playa crucial role in the early stage of 

this carcinoma. TOFu overexpression has been demonstrated in essentially all 
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carcinoma types, with many tumours showing overexpression (Salomon et al., 1995). 

Expression of AR is found in different carcinoma types as well but these tend to display 

a more differentiated phenotype (Saeki et al., 1992). Coexpression of different EGF -like 

ligands also occurs in human carcinomas. Normanno et al. have demonstrated that 

coexpression of TGFa, AR and/or NRG occurs in human colon, breast, lung, ovarian 

and gastric carcinoma (Normanno et al., 2001). Recently, a study carried out in our 

laboratory established an expression profile of the four ErbB receptors and eleven 

EGF-like ligands using immunohistochemical staining in one hundred cases of breast 

cancer. The statistical analysis revealed a strong association between the expression of 

any member of the family and all other members (McIntyre et aI., 2010), suggesting that 

coexpression of different EGF-like growth factors is a common phenomenon in human 

carcinogenesis. Taken together, these findings suggest that ErbB ligands are involved in 

the pathogenesis of human carcinoma and it has important implications for both 

prognostic and therapeutic applications. 

1.10 ErbB receptors in development and in human 
cancer 

Similar to the experiments with regard to EGF-like ligand functions, specific roles of 

ErbB receptors in different organs and tissues have been suggested using mouse models 

with null mutations. Null mutations in genes that encode ErbB receptors were 

embryonic lethal. More specifically, null mutations of EGFR lead to abnormalities in 

mUltiple organs including the skin, lung, pancreas, gastrointestinal tract and central 

nervous system (Miettinen et al., 1995; Sibilia et al., 1998; Sibilia and Wagner, 1995; 

Threadgill et aI., 1995). ErbB2 and ErbB4 knockout mice had similar phenotypes with 

lethal defects in cardiac and neural structures (Lee et al., 1995; Leu et ai., 2003). In the 

case of ErbB3, most knockout mouse embryos exhibited cardiac abnormalities with 

defective valves as well as neural crest defects and reduction in Schwann cells 

(Erickson et af., 1997). These data indicate that ErbB receptors are critically involved in 

regulating specific aspects of embryogenesis and development. Although their full roles 

may not be revealed as there is likely to be compensation by the remaining receptors in 

the family, ErbB receptors play essential roles during the development of the mammary 

gland in adult organisms. Evidence has suggested that the four ErbB receptors are 

differentially expressed during the development of the mammary gland. The EGFR and 
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ErbB2 receptors are required during ductal morphogenesis (Fowler et al., 1995; Jones 

and Stem, 1999), whereas the ErbB3 and ErbB4 receptors are preferentially expressed 

through alveolar morphogenesis and lactation (Troyer and Lee, 2001). 

The aberrant signalling by ErbB receptors is involved in a wide range of human 

tumours. Constitutive activation of ErbBs has been shown to be important for malignant 

transformation and tumour proliferation. In most cases, gene amplification, 

overexpression, or mutations are responsible for the transforming ability of ErbBs 

(Robertson et al., 2000). 

EGFR overexpression has been reported in diverse tumours, such as lung, pancreas, 

ovarian and bladder cancers and the frequency of EGFR expression in carcinomas is 

wide ranging (Salomon et al., 1995). EGFR signalling can also be altered through small 

in frame deletions or point mutations in the tyrosine kinase domains (Lynch et aI., 2004). 

This mutation is associated with increased kinase activity or ligand-independent 

constitutive activity. Another frequent EGFR mutation is characterised by a deletion 

mutation in the extracellular domain of the receptor (Pedersen et ai., 2001). Due to 

lacking the dimerisation arm this mutant is constitutively active at the plasma 

membrane. 

Overexpression of ErbB2 due to gene amplification is found in 25-30% of breast 

cancers (Slamon et al., 1987) and less frequently in other cancer types and has been 

associated with a poor prognosis for breast and ovarian cancer patients. The 

transforming effect of ErbB2 when overexpressed has been confirmed in transgenic 

mouse models (Ursini-Siegel et al., 2007). Even though overexpression appears to be 

the main mechanism by which ErbB2 mediates tumorigenesis in these cancers, either in 

frame insertion or missense mutations in the kinase domain of the receptor have also 

been reported in lung cancer patients (Stephens et ai., 2004). These ErbB2 mutations are 

associated with increased kinase activity and transformation in vitro (Wang et aI., 

2006b). 

The levels and the frequency of expression of ErbB3 in human carcinomas are generally 

comparable to EGFR (Normanno et al., 2003). Even though ErbB3 mutations are rarely 

found in tumours (Jeong et al., 2006), ErbB3 is an essential partner for ErbB2 in the 

transformation process; indeed without ErbB3, ErbB2 overexpression alone is 
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insufficient to promote tumour cell proliferation (Holbro et aI., 2003). Tumours from 

breast cancer patients with ErbB2 overexpression have up-regulation of ErbB3 (Siegel 

et al., 1999). It also has been shown that ErbB3 is involved in coupling EGFR to the 

PI3K pathway in non-small-cell lung cancer (NSCLC) cell lines with EGFR mutations 

(Engelman et al., 2005). 

ErbB4 expression has been found in different tumours, such as breast, ovarian, 

squamous cell, oesophageal, bladder and pancreatic cancer (Normanno et aI., 2003; 

Srinivasan et aI., 1998). Instead of overactivity in tumorigenesis, ErbB4 is more often 

associated with anti-proliferation, differentiation or reduced tumorigenesis in cancer 

cells (Sartor et al., 2001). Somatic mutation of the kinase domain of ErbB4 occurs at 

low frequency in some common human cancers, but how ErbB4 mutations contribute to 

the development of human cancers is not clear yet (Soung et al., 2006). A recent study 

revealed ErbB4 mutations in 19% of cases of melanoma samples and melanoma cells 

expressing mutant ErbB4 had reduced cell growth after inhibition of ErbB4 activity 

(Prickett et aI., 2009). 

Another mechanism of aberrant ErbB signalling is the activation of autocrine growth 

factor loops that drive uncontrolled cell growth. Switching from paracrine to autocrine 

signalling is frequently described for cells expressing the ErbB receptors (Derynck et al., 

1987). In lung cancer patients, cases that demonstrated high expression of growth 

factors with co-expression of receptors were observed in more advanced stage tumours 

and was associated with a significantly poorer prognosis, for both TGFa and EGF 

(Tateishi et al., 1990). Similarly, an autocrine interaction of NRG 1 and ErbB2 and 

ErbB3 stimulates cell proliferation in some tumours arising from Schwann cells 

(Hansen et al., 2006). This potent mechanism of activation occurs when an ErbB 

receptor is overexpressed in the presence of its cognate ligand or when overexpression 

of the ligand occurs in the presence of its cognate receptor. 

1.11 ErbB receptors as targets for cancer therapy 

1.11.1 Intervention strategies 

There are several sites in growth factor-regulated pathways where therapeutic 

intervention might be possible: the synthesis and the secretion of the growth factor, 
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binding to the receptor, the synthesis and activation of the receptor, and proteins 

involved in the intracellular signal transduction (Figure 1-10). The most promising and 

well studied strategies to inhibit receptor function are monoclonal antibodies (mAbs) 

and small molecules tyrosine kinase inhibitors (TKls). 

Anti-receptor or anti-ligand 
b locking antibodies 

Tyrosine kinase • 
inhibitors 

... Ligand or antibody­
conjugated toxins 

Extracellular domain 

TYrosine kina se domain 

AKT STAT 1IEKIMAPK ... Kinase inhibitors 

mRNA ..... si RNA 

+- :\ntisense 
oligonucleotides 

Figure 1-10. Potential sites for therapeutic intervention in ErbB signalling pathways. 

Figure adapted from Motoyama et ai , 2002. 

Anti-RTK mAbs work by blocking the ligand-receptor interaction and therefore 

inhibiting ligand activated RTK signalling and increasing RTK downregulation and 

intemalisation. Among the numerous mAbs developed against EGFR, Cetuximab is the 

first one approved for clinical u e. Cetuximab is a chimeric (mouse/human) monoclonal 

antibody able to bind to EGFR with higher affinity compared to TGFa or EGF (Kim et 

af. , 2001) and is capable of promoting EGFR intemalisation and subsequent degradation. 

Cetuximab has been approved to treat patients with advanced metastatic colorectal 

cancer. The monoclonal anti-ErbB2 antibody Trastuzumab (also known as Herceptin) 

induces tumour regression in approximately 30-35% of patients with ErbB2 

overexpressed metastatic breast cancer when used as a single agent (Tokunaga et af. , 

2006). Trastuzumab binds to the extracellular domain of ErbB2, but the mechanisms of 

responses to Trastuzumab are not well understood. 
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TKIs share the same target of mAbs but exploiting different mechanisms by targeting 

the intrinsic tyrosine kinase activity and thereby block receptor phosphorylation and 

activation of downstream signalling pathways. For example, Gefitinib is able to bind 

strongly to EGFR and it is able to inhibit tumour cell growth and enhance the 

antitumour effects of chemotherapy in preclinical studies (Baselga and Averbuch, 2000). 

This drug has been approved for the treatment for selected patients with NSCLC 

(Thatcher et aI., 2005). There are also TKIs that are able to simultaneously block all the 

ErbB family members. Canertinib is a pan-ErbB inhibitor, which has been shown to 

target a cysteine residue in the ATP-binding pocket of EGFR and ErbB2. Tumour 

samples that were treated with Canertinib showed a strong decrease in EGFR 

phosphorylation (Citri et aI., 2002; Nyati et aI., 2004). Moreover, Canertinib is able to 

induce ubiquitination and degradation of ErbB2, thus interfering with the EGFRlErbB2 

dimerisation process, which partially explains its strong activity observed in preclinical 

models (Citri et aI., 2002). 

The treatment of tumour cells with these agents affects many of the intracellular 

pathways that are essential for cancer development and progression. In preclinical 

models, treatment of tumour cells with ErbB-targeted TKIs and antibodies rapidly 

downregulates PI3K-AKT and MAPK signalling and, as a consequence, blocks the 

proliferation of tumour cell lines and xenograft:s in nude mice (Motoyama et aI., 2002). 

A few studies have shown that these pathways are downregulated in tumours from 

treated patients (Daneshmand et aI., 2003). In this context, it is important to note the 

toxicity reported for ErbB targeted drugs is correlated with known functions of EGFR 

and ErbB2 in normal physiology. 

1.11.2 Resistance to ErbB targeted therapeutics 

During the process of cancer development, cells acquire multiple mutations, each of 

which contribute to and are necessary for full malignancy (Hanahan and Weinberg, 

2000). For example, most NSCLC patients who showed clinical responses to treatment 

with Gefitinib and Erlotinib (both of which are TKls) had tumours with somatic 

mutations in the EGFR kinase domain (Lynch et aI., 2004; Paez et aI., 2004). The recent 

identification of additional mutations in NSCLC patients whose tumours displayed 

drug-sensitive mutations and who initially responded to TKI treatment might explain 

some of the acquired resistance to EGFR inhibitors (Pao et aI., 2005). Biochemical 

analyses of transfected cells and growth inhibition studies with lung cancer cell lines 
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demonstrated that the T790M mutation in the kinase domain of EGFR conferred 

resistance to EGFR mutants usually sensitive to either Gefitinib or Erlotinib. 

In contrast to EGFR-mutant lung cancers that are responsive initially to TKI therapy, 

only approximately one-third of patients with ErbB2 overexpressing metastatic breast 

cancer respond to Trastuzumab (Vogel et aI., 2002). Several theories have been 

proposed to explain the clinical results, including the existence of compensatory 

pathways and signalling aberrations downstream of ErbB2. It has been shown 

experimentally that Trastuzumab cannot block the proliferation of tumour cells that 

have autocrine EGFR activation (Lane et al., 2000), and it cannot prevent the 

ligand-induced formation of ErbB2-containing heterodimers and the activation of 

downstream signalling pathways (Motoyama et aI., 2002). These results suggested that 

ErbB ligands facilitate escape from Trastuzumab though the activation of alternative 

ErbB homo and heterodimers. As Trastuzumab binds to the domain of ErbB2 which is 

not involved in receptor dimerisation, this explains why ErbB ligands can induce the 

formation of ErbB2 containing heterodimers in the presence of the antibody. 

Aberrant activation of other RTKs, for example, insulin like growth factor-l receptor 

(lGFlR) (Laban et aI., 2003) or fibroblast growth factor receptor family members 

(Adnane et aI., 1991), also occurs in various types of cancer. These alterations have 

shown impact on response to ErbB targeted agents. Indeed, activation of the IGFIR in 

ErbB2 overexpressing breast cancer cells rendered initially Trastuzumab-sensitive cells 

resistant to the antibody (Lu et aI., 2001). Moreover, co-targeting ErbB2 and IGFIR 

revealed a synergistic effect on cell growth in ErbB2 overexpressing MCF-7 breast 

cancer cells (Camirand et al., 2002). 

The antiproliferative effect of ErbB targeted therapeutics often correlates with the 

downregulation of MAPK and PI3K-AKT pathways. It has been suggested that 

persistent activation of these pathways caused by aberrations downstream of the 

receptors might have a role in resistance to Trastuzumab, as well as EGFR-directed 

inhibitors (Janmaat et al., 2003). In fact, activation of AKT, or loss or mutation of the 

lipid phosphatase PTEN, the negative regulator of PI3K, have been found to be 

important causes of tumour cell resistance (She et al., 2003). Therefore, such mutations 

might have an important role in modulating the efficacy of ErbB directed therapies. 
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1.11.3 The future of ErbB receptor-targeted therapy 

It is clear that the ErbB family has significant oncogenic potential in several common 

cancers. Increased understanding of the structure and signalling characteristics of the 

ErbB RTK family has now provided further insight into the development of 

ErbB-targeted inhibitors. The discovery of kinase domain mutations in EGFR and its 

impact on response to ErbB targeted therapeutics emphasise that we need more 

knowledge on how the mutated receptors contribute to tumourigenesis. Turning to 

combination strategies, the finding that ErbB3 induction caused escape of inhibition by 

TKI therapy in ErbB2 overexpressing breast cancers (Sergina et al., 2007) gives further 

insight into breast cancer resistance to therapy. In this work it was demonstrated that 

AKT -driven feedback signalling re-established ErbB3 signalling by inducing a forward 

shift in the ErbB3 phosphorylation-dephosphorylation steady-state equilibrium. The 

significant role of ErbB3 in ErbB2 induced tumourigenesis reveals that the 

ErbB2IErbB3 signalling complex represents the principal oncogenic unit in ErbB2 

amplified breast cancers and effective treatment of this cancer subtype requires the 

effective inactivation of this oncogenic complex. Efforts are now ongoing to develop 

more potent TKIs and combinations of TKIs with inhibitors of ErbB3 effectors, such as 

PI3K inhibitors or Akt inhibitors, to silence ErbB2IErbB3 signalling effectively. Also, 

the importance of IGFIR in maintaining strong activation of the PI3K-AKT pathway, 

and its potential to interfere with ErbB targeted inhibitors, indicate it is logical to 

consider combining anti-ErbB agents with an IGFIR inhibitor (Mitsiades et aI., 2004). 

The PI3K-AKT pathway can be activated by many different mechanisms and these 

could also be targeted together with ErbB RTKs (Mills et al., 2003). 

The success of the first decade of ErbB targeting agents has identified new questions 

and challenges to be met in the coming decade. By continuing exchange of information 

between basic and clinical studies, we will be able to identify further factors that 

underlie clinical response to ErbB targeted therapeutics. Our increasing knowledge will 

contribute not only to development of novel therapeutics, but also allow us to optimally 

use those already in the clinic. 
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1.12 Neuregulins 

1.12.1 NRG genes 

Neuregulin [(NRG, also called heregulin, Neu differentiation factor (NDF), glial growth 

factor (GGF), and acetylcholine receptor-inducing activity (ARIA)] was first cloned and 

characterised in rat and in human as a putative ligand for the ErbB2 receptor (Holmes et 

al., 1992; Peles et aI., 1992; Wen et al., 1994). Despite the various names given by 

different research groups, they are derived from a single gene, neuregulin1 (NRG 1). 

Soon after the identification of the NRG 1 gene, three other genes which encode related 

proteins were discovered. Now, the neuregulin family consists of four members, NRG 1, 

NRG2 (also called NTAK, for neural and thymus-derived activator of ErbB kinases, and 

Don-I) (Carraway et al., 1997), NRG3 (Zhang et a!., 1997) and NRG4 (Harari et al., 

1999). As a result of the alternative splicing of the mRNA products of these NRG genes, 

at least 26 different NRG isoforms exist in different species (Hayes and Gullick, 2008). 

In general, different types of NRG and its isoforms display specificities in tenns of the 

tissue expression, receptor binding and biological functions. NRG 1 isoforms are 

predominantly expressed in many parenchymal organs such as breast, prostate, heart, 

skeletal muscle, lung, liver, kidney, salivary gland, small intestine, spleen, brain, and in 

the embryonic nervous system (Carraway and Burden, 1995). NRG2 is highly expressed 

in restricted regions of the brain, (Busfield et al., 1997) and its expression levels 

increase with development (Longart et al., 2004). In skeletal muscles, NRG2 protein is 

concentrated at synaptic sites and is associated with synaptic differentiation (Rimer et 

al., 2004). NRG3 is expressed in both the embryonic and postnatal nervous system 

(Zhang et al., 1997). Recently, NRG3 expression has been found in the dennal 

mesenchyme of the mammary gland of the embryonic mouse, suggesting a potential 

role of NRG3 in establishing the mammary lineage (Howard, 2008). NRG4 mRNA 

transcripts are detected in the adult pancreas and muscle (Harari et al., 1999). Using 

immunohistochemical staining, NRG4 expression is detected in human breast (Dunn et 

al., 2004) and prostate cancer tissues (Hayes et al., 2007). 

As mentioned above, NRG was originally isolated as a ligand for ErbB2. However, 

NRG does not bind directly to ErbB2 but instead interacts with ErbB3 and ErbB4. 

NRG 1 and NRG2 are direct ligands of both ErbB3 and ErbB4, whereas NRG3 and 

41 



NRG4 can only activate ErbB4. NRG proteins are the only ligands capable of activating 

all four ErbB receptors by heterodimerisation, which allows a broader range of 

biological effects to be induced by these ligands. It has been suggested that the different 

cellular responses to NRG are dependent on the expression of ErbB receptors in a 

particular cell type (Qian et al., 1994). Furthennore, transactivation of other receptors 

may contribute to the actions of NRG, as shown in Figure 1-7. Adding further 

complexity to the NRG signalling pathway and the diversity of NRG genes and isofonns 

and their wide tissue distribution is gene splicing and posttranslational modification. 

1.12.2 NRG splicing 

NRGI 

Human NRG J is located on chromosome 8, in the p22-p 11 region (Lee and Wood, 

1993). This gene is about 1.4 megabases long with less than 0.3% encoding proteins 

(Stefansson et aI., 2002). Due to its rich alternative splicing and the use of multiple 

promoters, at least 15 different NRG isofonns are derived from the single NRGJ gene 

(Steinthorsdottir et al., 2004). They are classified based on the N-tenninal sequence 

(type I, II or III), the type of EGF-like domain (a, B or y), and the variations in the 

cytoplasmic domain (a, b and c) (Figure 1-11). The NRG isofonns display a variety of 

N-tenninal sequences. Type II and Type III NRG possess hydrophobic stretches in the 

N-tenninus, while Type I has a signal-anchor sequence within the transmembrane 

domain (Falls, 2003). Furthennore, the first 21 amino acids of NRG 1 have a putative 

nuclear localisation sequence (NLS) (KGKKKER; residues 13-18) (Holmes et al., 1992) 

which is important for protein trafficking and sorting. 
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Figure I-II. Schematic representation of neuregulinl-4 isoform structures. Asterisks 

indicate the position of stop codons. Figure adapted from Breuleux, 2007. 
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Type I (e.g., NRG, ARIA) and type II (e.g., GGF) NRGls both contain an 

immunoglobulin (lg)-like domain N-terminal to the EGF-like motif (Figure 1-11). A 

disulphide bond formed between two cysteines is conserved in all Ig-like domains. Even 

though the Ig-like domain is not directly involved in receptor binding and activation, 

evidence suggests that this domain is important for efficient interaction of EGF-like 

domain with the ErbB receptors (Eto et al., 2006). Furthermore, the Ig-like domain 

facilitates the localisation of NRGs at the extracellular matrix thus modifying the 

concentration of the growth factors at their site of action (Meier et al., 1998). Another 

nuclear localisation sequence has been reported to be present in the Ig-domain ofNRGI 

which is sufficient for nuclear targeting (Breuleux et al., 2006). Type III NRG 1 lacks 

the Ig-like domain, but contains a cysteine-rich domain (CRD). As a result, type III 

NRG 1 proteins have a cytosolic N-terminus and the CRD is embedded in the plasma 

membrane. While type I proteins contain a glycosylation site between the Ig-like and 

the EGF-like domain, type II proteins lack this domain. This region is subjected to 

modifications by both N-linked and O-linked sugars (Burgess et al., 1995). 

As aforementioned, the three disulphide bonds formed by six cysteines residues define 

the EGF-like domain which is found in many transmembrane proteins. Four of the six 

cysteine residues composed of the major part of the EGF-like domain are shared by all 

isoforms of NRG. Conservation of this complete domain in all NRG proteins explains 

the similar receptor specificities of this ligand family. This motif of NRG is essential 

and sufficient for receptor binding and activation. Deletion of this domain abolished its 

ability to bind the receptors (Jones et al., 1999). Type I NRG 1 is further subdivided into 

a, p and 'Y isoforms based on the variations on the sequence between the fourth and the 

sixth cysteine residues in the EGF-like domain. This C-terminal portion of the EGF-like 

domain is associated with differences in the receptor binding affinities. For example, 

even though the a and the P isoform of NRG 1 both bind to the ErbB3 and ErbB4 

receptors, the P isoform shows approximately ten-fold higher binding affinity than the a 

isoform (Lu et al., 1995). The 'Y isoform contains a stop codon after the fourth cysteine 

residue. The truncated EGF-like domain of NRG1'Y suggests that it cannot bind or 

activate the receptors but what function it has remains enigmatic. 

Next to the EGF-like domain is the juxtamembrane domain. Five differently spliced 

NRG1 variants (1-5) exist here providing a high degree of diversity in this region. The 

extracellular juxtamembrane region of NRG 1 has been implicated in surface sorting and 
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the regulation of the cleavage of transmembrane NRGs (Montero et al., 2007). 

Proteolytic cleavage at the proteolysis site in the ectodomain releases the Type IIII 

NRGls as soluble secreted molecules (Figure 1-12). Alternatively, there are proteins 

lacking the transmembrane domain such as NRG 1 p3 which has a stop codon C-terminal 

to the EGF-like domain. 

The 157 amino acid long cytoplasmic tail of NRG 1 is followed by two variable regions 

(a or b) with different lengths, or by a stop codon (c). The cytoplasmic domains exhibit 

great similarity (>85%) among human, rat and chicken NRG molecules implying a 

functional role for this region. Both in vivo and in vitro studies have shown that the 

intracellular domain of NRG regulates proteolytic cleavage of the extracellular domain 

(Liu et aI., 1998). Also, there is evidence suggesting that the cytoplasmic tail is 

necessary for the receptor-independent apoptosis-inducing properties of neuregulins 

(Montero et aI., 2007). 

NRG2 

The human NRG2 gene was mapped to chromosome 5, in the q23-33 region. This gene 

encodes 15 exons, coding for 9 known isoforms (Ring et al., 1999). Even though the 

overall structure of NRG2 looks similar to that of NRG 1, the sequence homology of 

each domain is relatively low (Higashiyama et al., 1997). Alternative splicing within the 

EGF-like domain of the NRG2 gene also results in a and P isoforms. The presence of 

the region between the EGF-like domain and the transmembrane domain gives rise to 

the v isoform. In addition to membrane-bound NRG2 proteins, secreted forms also exist 

as the result of translational frameshifts occurring in the C-terminal region of the 

EGF-like domain leading to the truncated proteins a*1 and a*2. Unlike NRG1, no 

variation seems to occur in the cytoplasmic tail ofNRG2. 

NRG3 

The NRG3 gene was mapped to chromosome 10, in the q22-q23 region (Gizatullin et al., 

2000). Ten exons were first identified in the mouse gene. Recently, a new isoform with 

two additional 5' exons was identified and this transcript is produced by alternative 

promoter usage (Carteron et at., 2006). In our work using bioinformatics and 

polymerase chain reaction (PCR) (Smart and Gullick, unpublished) we have preliminary 

evidence of several other splice variant including some which contain stop codons 

upstream to the EGF domain. As shown in Figure 1-11, in contrast to many of the 
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NRG I family members, the Ig-like domain is absent in the extracellular domain of 

NRG3. Instead, NRG3 contains a Ser/Thr-rich region N-terminal to the EGF-like 

domain. This region is involved in O-linked glycosylation. 

NRG4 

Recently, Hayes et al. (2007) has identified five alternative spliced isoforms of NRG4 

(NRG4 AI, NRG4 A2, NRG4 Bl, NRG4 B2 and NRG4 B3) (Figure 1-13). 

Transmembrane sequences are present in NRG4 A type but not in B type isofonns. Only 

Al and A2 isoforms contain the intact EGF-like domain. The C-terminus of NRG4 

isoforms varies in length. The intracellular domain of the Al isoform is encoded from 

two exons, where that of A2 is encoded from a different exon which contains a 

predicted PDZ (Psd-95IDIgiZOI) binding domain. The Bl and B2 isoforms have a 

single residue encoded from different exons. B3 has a 21 amino acid sequence which 

contains a predicted Src kinase phosphorylation site. NRG4 shows little homology to 

other NRGs aside the EGF -like domain and does not have any recognisable structural 

motifs at the N-terminus even in the transmembrane region, where the high sequence 

homology is shared with the other three NRGs (Harari et al., 1999). 

1.12.3 Proteolytic proceSSing of NRG ligands 

Proteolytic cleavage of transmembrane precursors (often called "proNRGs") is 

mediated by "A disintegrin and metalloproteinase" (ADAM) family members. ADAMs 

are also membrane-anchored molecules and these metalloproteinases are considered to 

be responsible for the ectodomain shedding of many membrane proteins, including 

cytokine receptors, growth factors and growth factor receptors (Zhou et al., 2006). 

ADAMI7 is the most extensively investigated ADAM protein and is known to release 

soluble TNFa (tumour necrosis factor a) from its membrane precursor, proTNFa, which 

permits TNFa paracrine signalling. Thus, ADAM17 is also called TACE (TNFa 

converting enzyme). Experiments carried out in cells expressing an inactive form of 

ADAM17 indicate that cleavage of proNRGa2c is defective, illustrating the 

involvement of this protease in NRG proteolytic processing (Montero et al., 2000). 

Another member of the ADAM family, ADAMI9/meltrin-~ also participates in the 

proteolytic processing of membrane-anchored NRGs. However, ADAM19 affects the 

processing of NRG~ 1 and ~4 but not that of NRGa2 suggesting that this protease has a 

preference for p-type NRGs as substrates (Shirakabe et al., 2001). 
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Figure 1-12, Schematic diagram of RG 1 isoforms: membrane orientation and 

signalling. (a) Type I and II RG 1 s are synthesised as single transmembrane proteins; 

Type III has two transmembrane domains. (b) Upon proteolytic cleavages at the 

juxtamembrane, Type I and II NRG 1 s are released as secreted molecules, acting in a 

paracrine/autocrine fashion. Type III remains membrane-bound through its cysteine rich 

domain and functions as a juxtacrine signal. The cytoplasmic domain undergoes further 

cleavage and is translocated to the nucleus. Other, truncated , splice variants are also 

produced. Figure adapted from Montero et ai , 2007. 
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Figure 1-13. Schematic diagram of NRG4 coding regions. Figure taken from Hayes et aI , 

2007. 

Accumulating evidence indicates that proteolytic release of RG ligands is a regulated 

process, even though the mechanisms underlying activation of these proteases have not 

been elucidated. Studies suggest that the cytoplasmic domain of ADAMI7 may act as a 

signal transducer that regulates shedding by ADAMI7 in response to intracellular 

activities. Upon growth factor stimulation, ADAMI7 is phosphorylated on a specific 

residue though activation of the extracellular signal-regulated kinases 1 and 2 

(ERKI /ERK2) and MAPK signalling pathways (Fan el aI. , 2003). ADAMs can also be 

activated by GPCRs which require second messengers, such as the elevation of 

intracellular calcium influx and activation of protein kinase C (Diaz-Rodriguez el aI. , 

2000). Studies on the expression and function of NRGs have indicated that cleavage of 

transmembrane RG may be an essential step in the physiological actions of these 

factors. As the ErbB pathway is a target for anti-cancer drugs, the upstream activators of 

ErbB ligands, their shedda es, have been considered as new drug targets in the ErbB 

pathway. Indeed, targeting ADAM-mediated ligand cleavage has been shown to inhibit 

ErbB3 and EGFR pathways in N CLC (Kataoka, 2009). 

1.13 NRG signalling mechanisms 

In general, cell-cell communication regulates basic cellular activities that are important 

for the development of tissues and organs. Typically, a ligand can activate receptors on 
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the cell of its origin (autocrine signalling) or can be released into the cell milieu where it 

interacts with the cell surface receptors of the adjacent cells (paracrine signalling). 

Autocrine signalling occurs among the same types of cells, whereas paracrine signalling 

affects either the same cell type or a different cell type. Juxtacrine signalling is 

described as when activating receptors in the target cell, the ligand remains associated 

with the plasma membrane of the signalling cell (Figure 1-14). 

(c) 

Cell with nucleus 

Receptor 

Membrane-bound 
ligand 

~ Soluble ligand after the 
cleavage 

Figure 1-14. Juxtacrine (a), autocrine (b) and paracrine (c) signalling mechanisms. 

1.13.1 Paracrine signalling 

Proteins that serve as paracrine signals generally follow the secretory pathway. The path 

has its origins in the rough endoplasmic reticulum. The protein then proceeds through 

many compartments of the Golgi apparatus and finally ends up in a vesicle that fuses 

with the plasma membrane, releasing the protein outside of the cell. The NRGII133 

isoform, which lacks the transmembrane domain C-terminal to the EGF-like domain 

(Figure 1-11), is suggested to follow this pathway supported by the evidence that 

NRGII~3 is efficiently released into the medium when expressed by transfection in 

fibroblast cells (Marchionni et al., 1993). To serve as paracrine signals other 

transmembrane proNRGs are proteolytic cleaved and released as soluble proteins 

allowing a further level of regulation in the system. The significance of RG 1 paracrine 

signalling is well illustrated in heart development. For normal cardiac morphogenesis 

the endocardium must signal to cells in the myocardium which is not in direct contact. 

In the fetal heart, RG 1 is produced by the endocardial endothelium, while its receptor 
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ErbB4 is expressed in myocardial cells. This requires a paracrine type of signal. In the 

genetically altered mouse model, cytoplasmic tail-deleted transmembrane NRGs show 

the same cardiac phenotype as NRG I-null mice demonstrated by the absence of normal 

trabeculation of the ventricles (Gassmann et ol., 1995). The explanation for the 

similarity in the cardiac phenotypes is that the cytoplasmic tail-deleted mutant, unlike 

wild type NRG isoforms, is resistant to proteolytic release of its extracellular domain 

ligand and demonstrates that a paracrine NRG signal is required for endocardial 

induction of myocardial differentiation (Liu et of., 1998). Once released, NRG 1 binds to 

ErbB4 on cardiomyocytes that, after homodimerisation with ErbB4 or 

heterodimerisation with phosphorylated ErbB2, leads to activation of PI3K signalling 

pathway (Lemmens et oi., 2007). Just as NRGs mediate signalling in the heart's early 

development, paracrine signalling of NRGs are also critical in the adult heart and in the 

adult nervous system (Falls, 2003; Gullick, 2001). 

1.13.2 Autocrine signalling 

Autocrine signalling of NRG that regulates cell proliferation and differentiation has 

been reported in different tissues and in various types of carcinomas. In response to 

axon damage, Schwann cells that secret NRG 1 also have the expression of ErbB2 and 

ErbB3 co-ordinately regulated, suggesting an autocrine interaction of Schwann cell 

NRG 1 and ErbB receptors (Birchmeier, 2009). Similarly, developing muscle which 

produces NRG 1 also expresses ErbB2 and ErbB3. NRG 1 induces ErbB2IErbB3 

heterodimers on the muscle cell surface to provide a local signal that activates synaptic 

expression of acetylcholine receptor, suggesting autocrine regulation of neuromuscular 

synapse development (Moscoso et of., 1995). Autocrine signalling of NRG is also 

common in transformed cells (Gollamudi et oi., 2004), in many breast cancer cell lines 

(Lupu et 0/., 1996), and in majority of ovarian cancer and colon cancer cells (Gilmour et 

oi., 2002). Many breast tumour cells synthesise NRG themselves. In fact, NRG was 

originally purified from MDA-MB-231 breast epithelial cell conditioned medium (Peles 

et ol., 1992). Endogenous NRG has been shown to be involved in breast cancer tumour 

progression and correlates with a more malignant phenotype (Lupu et aI., 1996; Tsai et 

ai., 2003). Using a series of breast epithelial cell lines (derived from a single, clonal cell 

line) that covers the complete spectrum of tumour progression from normal cells to 

cancer cells capable of metastasis, Li et al. have demonstrated that malignant 

progression is associated with the development of a proliferative autocrine NRG 

signalling loop (Li et al., 2004). As the cells progress to malignancy, they express higher 
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levels ofErbBs and secrete high levels ofNRG in to the culture media, resulting in high 

basal levels of ErbB receptor phosphorylation. In summary, sustained ErbB receptor 

activation through the autocrine effects of NRG is a key promoter of cell proliferation 

and is involved in tumour progression. 

1.13.3 Juxtacrine signalling 

As shown in Figure 1-12, the cysteine-rich domain encoded by the type III specific 

N-terminal exon forms a second transmembrane domain. As a result, type III NRGI has 

a cytosolic N-terminus and has a membrane-tethered EGF-like domain. This form of the 

molecule is therefore restricted to signalling via cell-cell interactions. Following 

proteolytic cleavage this form ofNRGl may now signal to adjacent cells in ajuxtacrine 

manner. The expression of type III NRG 1 isoforms is restricted to the nervous system. 

Defects in animals lacking type III NRG include retraction of nerve terminals from 

newly formed synapses, absence of Schwann cells from peripheral nerves and loss of 

motor and sensory neurons (Wang et al., 2001). 

Soluble forms of NRGs have demonstrated biological activity. The expression of 

proNRGs as membrane bound proteins raises the question of whether these factors are 

active in their membrane-anchored form. Several in vitro studies indicate that 

membrane-bound factors of the EGF family including proTGFa and proHB-EGF retain 

biological activity in their transmembrane forms (Baselga et al., 1996). There is 

evidence that membrane-bound NRGs are also functional ligands capable of activating 

receptors in neighbouring cells via a juxtacrine mechanism. Membrane-bound NRGs 

can be detected on the surface of MDA-MB-231 human breast cancer cells and this 

form of the molecule can establish contact with ErbB3-expressing cells and induce 

ErbB2 phosphorylation and increases DNA synthesis in cells overexpressing ErbB2 

(Aguilar and Slamon, 2001). Montero et aI. showed that NRGa2c in its transmembrane 

form is able to cause tyrosine phosphorylation of ErbB2, ErbB3 and ErbB4 when 

expressed in MCF-7 breast cancer cell line (Montero et aI., 2007). Taken together, these 

studies demonstrated that transmembrane neuregulins are functionally active and 

suggested it is capable of playing a role in cell-cell communication and subsequent 

signal transduction in vivo. 
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1.13.4 Back signalling ofNRG 

Bao et al. proposed that type III NRG 1 is a bidirectional signalling protein that 

functions as a ligand that activates ErbB receptors and as a functional fragment that 

modulates the behaviour of type III NRGl-expressing neurons (Bao et al., 2003). In this 

case, transmembrane type III NRG 1 interacts with ErbB4 receptors on the surface of 

neighbouring cells. As a result, the ErbB receptors are activated and the conventional 

"forward signalling" occurs. Binding of the EGF-like domain to ErbB receptors also 

stimulates the cleavage of NRG 1 possibly in both the external juxtamembrane region 

releasing the EGF-like domain and in the intramembrane region that releases the 

C-terminal of the intracellular domain (lCD). In contrast to the cleavage of NRG 

transmembrane precursors which is mediated by metalloproteinase, the processing of 

type III NRG 1 involves a 'Y-secretase catalysed activity. Subsequent to cleavage, the 

ICD translocates to the nucleus where it contributes to the transcriptional regulation of 

gene expression. By binding to a zinc-finger transcription factor Eos, nuclear 

translocation of leD increases the transcriptional activity of postsynaptic density 

protein-95 (PSD-95). This ICD-Eos nuclear signalling is important in regulating 

neuronal survival and in synaptic maturation and maintenance (Bao et al., 2003). These 

findings suggest that the ICD of the NRG 1 has the ability to interact with transcriptional 

regulators in the nucleus and control gene expression in cells expressing the NRG 

proteins. Deregulated synaptic transmission has been implicated in schizophrenia and a 

loss of synapses has been observed in patients with Alzheimer disease (Nathan and 

Muller, 2001; Rowan et al., 2003). Understanding how this "back signalling" ofNRG 

contributes to synaptic plasticity will provide further insight into its potential roles in 

these pathological conditions. 
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Figure 1-15. Schematic diagram of bidirectional signalIing of type III NRG 1. Forward 

signalling occurs when membrane-bound type III NRG I activates its cognate receptors 

on the surface of neighbouring cells. This stimulates proteolytic release and 

translocation of the intracellular domain of type III RG 1 to the nucleus (back 

signalling). Figure adapted from Bao et al , 2003. 

1.13.5 Nuclear localisation of NRG 

Mounting evidence has suggested that ligands do not only act by initiating surface 

receptor mediated signalling but may also be involved in alternative signalling pathways. 

Many signalling molecules from different families with growth regulatory activity have 

been reported to be present within the cell nucleus. Perhaps the best studied are the 

fibroblast growth factors (Olsnes et al. , 2003). Nuclear localisation of platelet derived 

growth factor, vascu lar endothelial growth factor, hepatoma growth factor, growth 

hormone, prolactin and several of the cytokines have also been reported in ariou cell 

lines and tissues (lans and Hassan, 1998). In addition, several ligands of the rbB 

receptors have been reported to be found inside the nucleus, including GF (Bryant and 

Stow, 2005), BTC (Srinivasan et aI. , 1999), HB-EGF, and both the human AR (Johnson 

et aI., 1991) and its rat equivalent called Schwannoma derived growth factor (Kimura, 

1993). Moreover, Schwannoma derived growth factor was shown to depend on 

translocation to the nucleus to induce its mitogenic activity. Another member of the 

ErbB receptor ligand family, HB-EGF was also capable of translocation to the cell 

nucleus and plays a role in disease progression in various cancers (Adam et aI. , 2003). 
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The first evidence of nuclear localisation of NRG 1 was reported by Li et al. (Li et aI., 

1996b). Using immunofluorescence microscopy, electron microscopy autoradiography, 

and 8DS-PAGE analysis of nuclear fractions, they showed that the NRGl~l isofonn 

was internalised and translocated to the nucleus of SKBR-3 breast cancer cells as an 

intact molecule. Moreover, nuclear NRG1~1 was demonstrated to modulate the activity 

of c-myc, a critical regulator of cell cycle progression, differentiation, and malignant 

transformation, as well as stimulating cancer cell proliferation in vitro. Since then 

several groups have presented evidence of nuclear localisation of NRGs. 

Immunohistochemistry staining showed nuclear localisation of NRG precursors in 

papillary thyroid carcinomas but not in normal thyroid tissue (Fluge et al., 2000). 

Nuclear staining for NRG has also been observed in medulloblastomas (Gilbertson et al., 

1998). Recently, when sixty cases of pre-invasive ductal carcinoma in situ (DCIS) were 

examined, nuclear expression of NRG I n, NRG I ~ and NRG3 has been shown in 

40-50% of the cases (Marshall et al., 2006). An antibody specific for a splice variant of 

NRG4 showed intense staining of the nucleus in rat salivary gland tissue (Hayes et al., 

2007). Therefore, a systemic study is needed to examine the subcellular localisation of 

the NRGs in tissues of different physiological conditions. 

Based on the observations ofNRGs in the nucleus of various tissues and the diversity of 

NRG splicing variants, questions have arisen concerning the functions of intranuclear 

localised NRGs. Due to the low resolution of immunohistochemical staining used in the 

studies described above, the subnuclear structures that NRG I ~ localised to could not be 

resolved. To provide further insight into the intranuclear expression of NRG I, green 

fluorescent protein (GFP)-tagged NRG 1 ~3 was examined in different cell lines 

including fibroblasts or epithelial cells and using cells from human, rodents or dog. 

High-resolution confocal microscopy showed that NRG 1 ~3 localised to nucleoli alone, 

to SC35-positive spliceosomes alone or a combination of both patterns in one cell. 

Importantly, localisation of NRG 1 ~3 to either structures was receptor independent, as it 

occurs in cells lacking its cognate receptors, ErbB3 and ErbB4, and was unaffected by 

removal of the EGF-like receptor binding domain (Golding et aI., 2004). When 

NRG I ~3 expressing live cells were followed by time-lapse microscopy, it was noticed 

that the distribution of this protein changed over 2h from a nucleolar pattern to a 

speckled pattern and vice versa (Figure 1-16). 
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Figure 1-16. Localisation patterns of GFP-tagged NRG 1 p3 interconvert. Live NR6 cells 

expressing NRG 1 p3GFP was filmed by time-lapse microscopy. Nuclear localisation of 

NRG 1 p3GFP changes from the nucleolar pattern to the speckle pattern (panel A) or vice 

versa (panel B). Figure taken from Golding et aI, 2004. 
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Figure 1-17. Nuclear localisation of RG 1 p3GFP and its mutants in transfected CO -7 

cells. (a) Schematic representation of GFP tagged RG I p3 fu ion protein. The putative 

nuclear localisation sequence is shown in purple, the EGF-like receptor binding domain 

in blue and the attached GFP in green. (b) Amino acid sequences of the first 21 amino 

acids and 49-79 region of wild type NRG 1 p3 . Residues in red are responsible for either 

nucleolar (14-16) or spliceosome localisation (56, 67, 69 and 79). (c) Transfection of 

COS-7 cells with wild type NRG Ip3GFP and the two mutants which could localise only 

in nucleoli (FLAAA, named as the three consecutive Iysines at position 14-16 were 

mutated to alanines) or only at spliceosomes (K69A, named as lysine 79 was mutated to 

alanine). Either subnucJear localisation occurred (+) or not (-). 
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To identify the regions that mediate targeting of NRG 1 ~3 to nucleoli and spliceosomes, 

Golding et aI. examined a panel of deletion mutants (Golding et aI., 2004). Their work 

demonstrated that the first 21 amino acids of the N-terminus were essential for nucleolar 

localisation, while targeting to nuclear speckles required residues 49-79. Breuleux et al. 

reported essentially similar results using the NRGla splice variant (Breuleux et aI., 

2006). Further mutational analysis determined the specific amino acids required within 

each subnuclear localisation sequence. Substitution of alanine for lysine at the third 

position in the KKK. sequence within the putative NLS, when in conjunction with a 

further substitution of either of the first two positions hinders nucleolar localisation, 

indicating that these three residues (14, 15 and 16) are important for nucleolar 

localisation (Figure 1-17). Another mutational analysis done by Dr Carol Trim (a 

postdoctoral fellow in this laboratory) identified four positively charged residues that 

were required for spliceosome localisation. Molecular modelling suggests that three of 

them may form a binding site for interaction with other structures within the 

spliceosome (Wang et aI., submitted, 2010). In a yeast two hybrid system, Breuleux et aI. 

identified positive interactions of NRG 1 a with nuclear proteins implicated in different 

biological functions including pre-mRNA splicing (Breuleux et aI., 2006). 

The observation that NRG 1 ~3 localises to nucleoli and spliceosomes raises the question 

of the functions of the intranuclear NRG. The importance of these subnuclear structures 

in ribosomal biogenesis and pre-mRNA splicing (Leung et al., 2003) implies that 

NRG 1 ~3 may have specific activities inside the nucleus. The mutants that target 

NRG 1 p3 exclusively to nucleoli and spliceosome allowed us to investigate its possible 

functions associated with each subnuclear structure. 
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1.14 Aims 

This project aims to explore the observation of intranuclear expression of one of the 

neuregulin growth factors, NRG 1 ~3 

1. The frequency of intranuclear expression of NRG 1 in a range of normal and tumour 

tissues will be determined using immunohistochemical staining in tissue arrays 

obtained from SuperBioChips (ethical approval granted by the Research Ethics 

(Human Participants) Committee of the University of Kent). 

2. To determine whether the NRGI found in two different compartments in the nucleus 

(spliceosomes and nucleoli) moves from one location to the other or is degraded and 

re-synthesised, using photoactivatable GFP tagged NRG 1 ~3. 

3. To address the possible function of intranuclear NRG 

a. To establish a MCF-7 Tet-Offcellline in which NRGI~3GFP expression can 

be induced. 

b. To look at the amount of 28S and 18S ribosomal RNA as an assay for 

possible effects on nucleoli function. 

c. To observe the effects of nuclear localisation of NRG 1 on cell growth rates. 

d. To develop a splicing assay in cells expressing the intranuclear NRG 1 or 

ErbB4 splicing variants. 

e. To perform a kinomic analysis to examine the differential expression and/or 

phosphorylation of RTKs stimulated by intranuclear expression of NRG 1. 

f. To perform a transcriptomic analysis to look for genes up or down regulated 

by intranuclear expression of NRG 1. 

4. To examine the localisation pattern of ErbB3 when coexpressed with NRG 1 p3. 
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Chapter 2. Materials and Methods 

2.1 Cell culture 

2.1.1 Cell lines utilised in this study 

The MCF-7 Tet-Off cell line was a gift from Dr Paul Edwards (Cambridge, UK). The 

stable cell line HEK-293-ErbB3 was obtained from Dr Greg Plowman (California, 

USA). The NIH3T3 stable cell line transfected with ErbB4 (NIH3T3-ErbB4) was a gift 

from Dr Bruce Cohen (Bristol Myers Squib, USA) and the cell lines COS-7, HEK-293, 

HT-29, MCF-7, and T47D were originally obtained from Cancer Research UK (London, 

UK). 

Table 2-1. Cell lines used in this study. Information about their source and morphology. 

Cell line Species Morphology Derived from 
COS-7 Monkey Fibroblast African green monkey kidney fibroblast-like 

cell line 
HEK-293 Human Fibroblast Primary embryonic kidney cells transformed by 

sheared human adenovirus 
HT-29 Human Epithelial Colon carcinoma 
MCF-7 Human Epithelial Breast Adenocarcinoma 
NIH3T3 Mouse Fibroblast Swiss mouse embryos 
T47D Human Epithelial Breast ductal carcinoma 

2.1.2 Starting cell culture from frozen stocks 

The vial of cells was thawed in a 37°C water bath with gentle agitation. Immediately 

upon thawing, the outside of the vial was wiped with 70% ethanol. The following 

operations were carried out in a laminar flow tissue culture hood under strict aseptic 

conditions. The contents of the vial were transferred to a 15ml conical centrifuge tube 

containing 4ml of pre-warmed medium. The mix was centrifuged at 1,000rpm for 5min. 

The supernatant was carefully aspirated and the cells were resuspended in complete 

medium. The cell suspension was mixed thoroughly and added to a T25 tissue culture 

flask (Sarstedt Inc., USA). The flask was gently rocked to distribute the cells evenly 

59 



over the growth surface and was incubated at 37°C in an atmosphere of95% air and 5% 

CO2• The next day, the cells were examined under a microscope. If the cells were well 

attached and confluent, they were passaged for use. If the majority of cells were not 

well attached culturing was continued. Culture was expanded as needed. 

2.1.3 Freezing cell line cultures 

To ensure a renewable source of cells frozen aliquots were prepared. To prepare frozen 

stocks cells were trypsinised using 0.3ml of trypsin-ethylene diamine tetra acetic acid 

(EDTA) (0.05% trypsin, 0.53mM sodium EDTA) (Invitrogen, UK) and resuspended in 

3ml of 10% dimethyl sulfoxide (DMSO) (Sigma, UK) in 90% Fetal Bovine Serum 

(FBS) (Invitrogen, UK). Cells were aliquoted into individual sterile cryovials (NUNC, 

USA). Vials were frozen at -20°C for 1-2h and then transferred to -80°C to freeze 

overnight. The following day, vials were placed in liquid nitrogen storage. Two or more 

weeks later, a vial of frozen cells was plated to confirm viability. 

2.1.4 Routine culture and maintenance of cell lines 

All cell lines used in this study were grown as adherent mono layers. Standard tissue 

culture techniques were used. The cell lines were grown in Dulbecco's modified Eagle's 

medium (DMEM) supplemented with 10% FBS, L-Glutamine (1%) and 

penicillin-streptomycin (I %) all from Invitrogen, UK. Cells were incubated at 37°C in 

an atmosphere of 95% air and 5% C02 using T25 tissue culture flasks then plated out 

for experiments. The cells were briefly washed in Iml of trypsin-EDTA and replaced 

with O.5ml of trypsin-EDT A and incubated for 1-5min until cells were detached from 

the flask. 5ml of fresh medium was added to the trypsinised cells, which were then 

resuspended in the medium and aliquoted out into flasks or dishes accordingly the 

experiments undertaken. For routine maintenance of cell lines 0.2ml of cells were 

pipetted into T25 tissue culture flasks containing 5ml of medium. 

2.1.5 Transient transfections 

Transient transfections were carried out in a number of different cell lines. Initially two 

transfection reagents were tried for each cell type and the most effective one was 

optimised further by varying the DNA to reagent ratio ifneeded. 

Cells were plated one day before the transfection experiment so that they would reach 
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50-80% confluent after overnight incubation. The following transfection methods are 

based on cells growing in 35mm culture dishes. 

2.1.5.1 FuGENE 6 transfection reagent 

The starting volume of the reagent and the mass of DNA listed in Table 2-2 was based 

on a FuGENE 6 transfection reagent: DNA ratio of 3: 1. 3111 of FuGENE 6 reagent was 

added to serum free medium to make a total volume of lOOlli. After 5min incubation at 

room temperature, 21lg of DNA was added to the pre-diluted FuGENE 6 reagent. The 

mixture was incubated for a minimum of ISmin at room temperature and then added 

dropwise to cells. Cells were returned to the incubator for 24-72h depending on the 

experiment purpose. 

Table 2-2. Transfection setup using FuGENE 6 transfection reagent. 

Type of 
dish or 
plate 

60mm 
35mm 
24-well 

Total medium 
volume per well 
or plate (mI) 
4 
2 
0.5 

FuGENE6 
Reagent (pi) 

6 
3 
0.6 

Mass of 
DNA 
(pg) 

2 
2 
0.2 

2.1.5.2 Lipofectamine 2000 transfection reagent 

Approximate total 
volume of complex 
(pi) 

200 
100 
20 

41lg of DNA was diluted in 2S01l1 ofOpti-MEMnI Reduced Serum Medium (Invitrogen, 

UK). lOll1 of Lipofectamine 2000 transfection reagent (Invitrogen, UK) was diluted in 

250111 of Opti-MEM I Medium. After 5min incubation at room temperature, the diluted 

DNA was mixed with the diluted Lipofectamine 2000 transfection reagent. The mixture 

was incubated for 20min at room temperature. Complexes were added to cells and 

mixed gently. Cells were incubated at 37°C for 24-72h prior to testing for expression. 

To transfect cells in different tissue culture fonnats, the amounts of Lipofectamine 2000 

transfection reagent, nucleic acid and medium were varied (Table 2-3). 

Table 2-3. Transfection reaction setup using Lipofectamine 2000 transfection reagent. 

Type of Volume of Volume of Lipofectamine Mass of 
dish or plating medium dilution 2000 (pi) DNA (pg) 
(!Iate (mil medium (!!I} 
60mm 4 2 x 500 20 8 
35mm 2 2 x250 10 4 
24-well 0.5 2x 50 2 0.5 
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2.1.6 Hemocytometer counting and cell viability 

The hemocytometer (Marienfeld, Germany) consists of a thick glass microscope slide 

with two chambers, each of which is divided into nine squares with the dimension of 

IxImm. A cover glass (Marienfeld, Germany) is supported O.Imm over these squares so 

that the total volume over each square is lmm x lmm x O.lmm or 1O-4cm3. In total each 

large square has volume ofO.OOOlml. Cell number was calculated by: 

Cells/ml = average count per square x 104 

Total cells = cells per ml x dilution factor x total volume of cell preparation from which 

the sample was taken. 

The dye Trypan blue (Sigma, UK) was used to determine the number of viable cells 

present in a cell suspension. It is based on the principal that live cells possess an intact 

cellular membrane which can actively exclude dyes, whereas dead cells do not have 

such integrity and so are stained in a blue colour. 0.2ml of Trypan blue was diluted with 

0.8ml of Ix phosphate buffered saline (PBS) to make a 1 in 5 dilution. Cover glass was 

placed over the hemocytometer chamber. 0.5ml of agitated cell suspension was mixed 

with an equal amount of diluted Trypan blue. With a glass Pasteur pipette (Sigma, UK) 

both chambers of the hemocytometer were filled by capillary action. The 

hemocytometer was placed on the stage of an inverted microscope. The number of 

non-blue cells in each of 9 squares of hemocytometer was counted. For cells on the 

boundaries, only cells intersecting two of the boundaries were counted. If over 10% of 

the cells represented clumps, all steps were repeated. If fewer than 200 or more than 500 

cells were present in the 9 squares, the process was repeated with a more suitable 

dilution factor. Each count was repeated three times. 

2.1.7 Isolation of individual colonies using cloning cylinders 

Culture dishes containing clones were examined with an inverted microscope with a 

x I 0 objective. Once average size, healthy and well separated colonies were located, a 

circle around them was drawn on the bottom of the dish with a marker pen. Individual 

colonies were isolated and picked from the dish using 8mm x 8mm cloning cylinders 

(Millipore, UK). 
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The growth medium was removed and the cells were rinsed twice with PBS to remove 

any floating cells. A cloning cylinder was picked using curved tip forceps and the 

bottom of the cylinder was gently pressed into the silicone grease to make sure an even 

distribution of grease on the bottom of the cylinder. The cylinder was placed over a 

marked colony so that the cells were in the centre of the cylinder. The cylinder was 

gently pressed down to create a seal between the cylinder and the dish. Extra care was 

taken to not to slide the cylinder across the colony. O.2ml of trypsin-EDT A was added to 

fill the cloning cylinder without making it overflow. The dish was returned to the 

incubator for 5min. Once cells began to round up and came off the dish bottom, they 

were transferred to a 96-well plate for further propagation in the presence of selective 

medium. After all of the desired clones were picked from the dish and the cloning 

cylinders were removed from the plate, fresh complete growth medium was added to the 

dish. The remaining clones were left to continue to grow. 

2.2 RNA purification and analysis 

RNA is highly susceptible to degradation so special care was taken when handling RNA. 

Whenever possible, sterile disposable plasticware was used. Non-disposable plasticware 

was thoroughly rinsed with O.lM NaOH, 1mM EDTA followed by spraying RNase 

AWAY (Molecular BioProducts, USA) to remove nuclease and nucleic acid 

contamination. Glassware was filled with 0.1 % diethylpyrocarbonate (DEPC) (Sigma, 

UK), allowed to stand overnight at 37°C and autoclaved to eliminate residual DEPC. 

Electrophoresis tanks were cleaned with 0.5% sodium dodecyl sulfate (SDS) detergent 

solution and rinsed with ethanol. All solutions were treated with 0.1 % DEPC. 

2.2.1 Total RNA extraction 

To obtain optimal RNA yield, no more than 1x107 cells were used as the starting 

material. Total RNA was extracted from animal cells using RNeasy Mini Kit (Qiagen, 

UK) according to the manufacturer's instructions. Purified RNA was stored at -70°C. 
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2.2.2 Determination of total RNA yield and quality 

2.2.2.1 Yield and purity 

The yield of total RNA obtained was determined spectrophotometrically at an 

absorbance of 260nrn using the SmartSpec™ 3000 (Bio-Rad, UK). To ensure 

significance A260 readings should be greater than O.1S. Pure RNA should exhibit 

A260i A280 ratios of 2.0. However, due to the variations between different starting 

materials and variations in performing the procedure, A260i A280 ratios ranging from 

1.7-2.0 was acceptable. Cuvettes were washed with O.IM NaOH, ImM EDTA followed 

by washing with RNase-free water. For accurate values, absorbance was measured in 

IOmM Tris-HCl, pH 7.S. 

2.2.2.2 Formaldehyde agarose (FA) gel electrophoresis 

The integrity of the purified RNA was determined by denaturing agarose gel 

electrophoresis. If the ribosomal RNA bands of a specific sample were not sharp but 

appeared as a smear, it was likely that the sample was degraded. 

FA gel preparation 

0.6g agarose was mixed with lOx FA gel buffer. RNase-free water was added to make 

up to 50ml. The mixture was microwaved for I min to melt the agarose then cooled 

down to 60°C in a water bath. 0.9ml of 37% formaldehyde (Sigma, UK) and 5J.lI of 

SybR Green (Invitrogen, UK) were added before pouring onto the gel support. Prior to 

running, the gel was equilibrated in Ix FA gel running buffer for at least 30min. 

RNA sample preparation for FA gel electrophoresis 

I volume of 5x RNA loading buffer was added to 4 volumes of RNA sample and mixed. 

The mixture was incubated for 5min at 6SoC. chilled on ice and loaded onto the 

equilibrated FA gel. 

Gel running conditions 

Gels were run at 50-70 voltage (V) in 1 x FA gel running buffer. 

Quantification of RNA signals 

Image processing of RNA gel pictures was performed by ImageJ software Ver. 1.38 

(http://rsb.info.nih.gov/ij/). ImageJ is a public domain Java image processing program 

which allows quantifying band intensity. 
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Compositions of FA gel buffers 

lOx FA gel butTer 
3-[N-morpholino ]propanesulfonic acid 
Sodium acetate 
EDTA 

1x FA gel running buffer 
1 Ox FA gel buffer 
37% (12.3M) formaldehyde 
RNase-free water 

Sx RNA loading butTer 

100mI 
20ml 
880ml 

200mM 
50mM 
10mM 

Saturated aqueous bromophenol blue solution 16~1 
500 mM EDTA ,pH 8.0 80~1 
37% formaldehyde 720~1 
100% glycerol 2ml 
Formamide 3ml 
1 Ox FA gel buffer 4ml 
RNase-free water 100~1 

2.3 eDNA synthesis by Reverse Transeriptase (RT-peR) 

SuperScript II Reverse Transcriptase (Invitrogen, UK) was used to reverse transcribe 

RNA obtained from various cell lines. The reaction was set up as follows: 

Table 2-4. Two-step RT-PCR. Step one. 

Component 
Total RNA 
Oligo(dt) 12-18 [O.Smglml] 
DE PC water 

Amount 
5~g 
1~1 
to make a final volume of 10gI 

The mixture was incubated at 70°C for 10min then chilled on ice for 2min. The 

following reagents were then added and incubated at 37°C for 90min. 
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Table 2-5. Two-step RT-PCR. Step two. 

Components Amount 

Sx First Strand Buffer 4,.11 

Dithiotheitol, O.1M 2111 

dNTP mix [SmM each] 2111 

RNAsin I III 

Superscript II RT 1 III 

2.4 Cloning 

2.4.1 Polymerase Chain Reaction (PCR) 

2.4.1.1 Components 

Taq DNA polymerase (Roche, UK) was used in PCR detection applications. For peR 

cloning applications, Plu DNA polymerase (Promega, UK) was used to enable the 

production of peR products with high-fidelity and yield. For mUltiple reactions, 2 

master mixes were prepared as described in Table 2-6 and Table 2-7 to keep the enzyme 

from interacting with primers and template during preparation of the reaction mixes. 

The volume of each Master Mix was 110% of the volume needed for all the samples. 

The extra volume allowed for losses during pipetting. For each reaction, 25J.lI Master 

Mix 1 was combined with 25J.lI Master Mix 2 in a thin-walled PCR tube on ice. The 

mixture was gently votexed to produce a homogeneous reaction and then centrifuged 

briefly to collect the solution at the bottom of the tube. In every set of peR reactions a 

negative control was used in which template DNA was replaced by deionised H20 to 

check for contamination. Thermal cycling was started immediately after this step. 
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Table 2-6. PCR Master Mix 1 components. 

Component Concentration Volume 
Water, PCR Grade 
dNTP 200llM 

SIlM 

to make a final volume of2SIlI 
1 III 

Forward primer 
Reverse primer 
Template DNA 
Final volume 

SIlM 
0.01-11lg/1l1 

Sill 
Sill 
variable 
25gl 

Table 2-7. PCR Master Mix 2 components. 

Component 
Water, PCR Grade 
peR reaction buffer with MgCh 
Taq DNA Polymerase 
Final volume 

2.4.1.2 Thermal cycling 

Concentration 

lOx 
5U/IlI 

Amount 
19.7S1l1 
Sill 
1.251ll 
2Sgl 

Thermal cycling was carried out in the GeneAmp PCR System 9700 (Applied 

Biosystems, UK) and the thermal profile described in Table 2-8 was used to perform 

PCR. 

Table 2-8. PCR thermal profile. 

Step Temperature Time Number of Cycles 

Initial denaturation 9SoC 2min 1 cycle 
Denaturation 9SoC O.S-lmin 
Annealing 42-65°C O.5-1min 25-35 cycles 
Extension noc Iminlkb 
Final Extension noc 5min 1 cycle 
Soak 4°C indefinite 1 c,cle 

2.4.1.3 Primers used in this study 

All the primers used in this study are listed in Table 2-9. The specificity of the primers 

that were designed manually was checked with the EMBL-GenBank database software 

using the Blast program. All the primers were synthesised by Lark Technologies, Inc. 

(Essex, UK). 
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Table 2-9. Primers used in this study. 

Pu!]!ose Name Sequence 5'-+3' 

Cloning of mCherry 
CherryF GATCCCGCGGATGGTGAGCAAGGGCGAG 
CherryR GATCGCGGCCGCCTTGTACAGCTCGTCCATGC 

Cloning of NRGl~3F CAAGTGAATTCATGTCCGAGCGCAAAGAA 
NRGlp3-PAGFP NRGl~3R TACCAGGATCCTTCAGGCAGAGACAGAAAGG-
Sequencing NRGIPAGFP GTGAATGGAGGGGAGTGCT 

MPI CGGCAAGCTGACCCCTGAAGTTCATCTGC 
Mutagenesis 

MP2 CTGTCTCTGCCTGAA 
CGGGATCCACCGGTCGC 

ErbB4 JM- isoforms JM-F CAGTGTGAGAAGATGGAAGAT 
detection (Gilmour et 

JM-R CTTTTTGATGATCTTCCTTCTAAC al., 2001) 
ErbB4CYT- CYT-F ATCTCTTGGATGAAGAGGATTTG 
isoforms detection 

CYT-R GTCATCAAAAATCTCAGCAGTAGC (Gilmour et al., 2001) 

NRG la detection NRGla-F ACTGGTATGCCAGCCTCAAC 
NRG1 a-R CTCCAGTGAATCCAGGTTGG 

Cloning of ErbB3 ErbB3F ATGAGGGCGAACGACG 
ErbB3R CGTTCTCTGGGCATTAGCC 

2.4.2 Agarose gel electrophoresis 

Agarose gel electrophoresis was employed to check the progression of a restriction 

enzyme digestion, to quickly determine the yield and purity of PCR reaction and to size 

fractionate DNA fragments, which then could be eluted from the gel. The percentage of 

agarose in the gel varied depending on the expected sizes of the fragments. 0.7% 

agarose gels were typically used for DNA molecules larger than 1 kb, whereas 2% 

agarose gel was prepared for smaller DNA fragments. Prior to gel casting, dried agarose 

was dissolved in SOml Ix Tris-acetate-EDTA (TAE) buffer by heating in a microwave 

for l-2min until the agarose was dissolved. SJ.11 of SYBR Green was added to enable 

fluorescent visualization of the DNA fragments under ultraviolet (Lane et al.) light. The 

warm gel solution then was poured into a gel tank with casting comb in place and left 

for 20-30min to allow solidification. 1 x TAB buffer was added to the gel tank until the 

buffer covered the agarose gel. The DNA samples were mixed with Sx loading dye 

(Promega, UK) and loaded into the sample wells along with the DNA ladder (Promega, 

UK) for fragment size determination. Electrophoresis usually was at SO-70V for 0.5-1 h 

at room temperature, depending on the desired separation. After electrophoresis the gel 

was placed on a UV light box and a picture of the fluorescent SYBR Green-stained 

DNA separation pattern was taken with a Kodak camera, using the Bio-Rad bioimaging 

system (California, USA). 
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SOx TAE butTer 
Tris base 
Glacial acetic acid 
EDT A 
dH20 

242g 
57.lml 
18.6g 
to a final volume of IL 

2.4.3 Purification of peR products 

The amplified products were run on an agarose gel and the DNA fragments were 

excised with a razor blade under the UV illuminator. Gel slices were weighed using the 

analytical balance and were purified using QIAEX II Gel Extraction Kit (Qiagen, UK), 

as per the manufacturer's instructions. The concentration of the purified product was 

determined by electrophoresis. Samples (2Jll) were run on an agarose gel with 6x 

loading dye and compared to molecular weight markers (Promega, UK) of known 

concentrations. 

2.4.4 Restriction enzyme digestions 

For restriction enzyme digestions, all reactions were carried out in 20/ll volumes, 

containing approximately l/lg DNA, Ix specific restriction buffer and 5 units of the 

restriction enzyme (Promega, UK). For simultaneous digestion with two enzymes a 

suitable buffer was chosen. Digestion was carried out at 37°C for 1-4h. Reaction 

mixtures were electrophoresed on an agarose gel along with markers and then purified 

by the QIAquick PCR Purification Kit (Qiagen, UK), as per the manufacturer's 

instructions. 

Table 2-10. Restriction digestion reaction setup. 

Components 
Sterile deionised water 
lOx butTer 
Acetylated BSA (IOpg/,d) 
DNA (lpg/pi) 
Restriction enzyme (100lpl) 
Final volume 

Amount 
16.3/l1 
2J,t1 
0.2/l1 
1 III 
0.5JlI 
20g! 

2.4.5 Dephosphorylation of the linearised vector 

Digested vectors were treated with Calf Intestinal Alkaline Phosphatase (ClAP) 

(Promega, UK) to remove the phosphate group from the 5'-ends to prevent self-ligation 

of the vector. Sufficient ClAP was diluted in ClAP I x reaction buffer (Promega, UK) to 

a final concentration of 0.01 U/J,tl. Each picomole of DNA ends required 0.01 U ClAP 

69 



(lJ.lg of 1.000bp DNA = 1.52pmol DNA = 3.03pmol of ends). The reaction mixture was 

incubated at 37°C for 30min. Another aliquot of diluted ClAP (equivalent to the amount 

used in Table 2-11) was added and the incubation continued at 37°C for an additional 

30min. 300J.ll of ClAP stop buffer was then added to the reaction mixture. 

Table 2-11. Dephosphorylation reaction setup. 

Component 
DNA 
ClAP lOx reaction butTer 
Diluted ClAP (0.0101,,1) 
Final 

ClAP stop butTer 
Tris-HCI (PH 7.5) 
EDT A (PH 7.5) 
NaCl 
SDS 

TE buffer 

10mM 
ImM 

200mM 
0.5% 

Tris-HCl (PH 8.0) lOmM 
EDT A ImM 

Amount 
up to 10pmol 

5/l1 
SJ.lI 

SOg! 

2.4.6 Ligation of plasmid vector and insert DNA 

Various vector: insert DNA ratios were tested in order to find the optimum ratio for a 

particular vector and insert. In most cases, either a 1: 1 or 3: 1 molar ratio of vector: 

insert worked well. The following formula illustrates how to convert molar ratios to 

mass ratios. 

(ng of vector x kb size ofinsert)/ kb size of vector x molar ratio of (insert/vector) 

= ng of insert 

Table 2-12 gives an example of a ligation reaction setup using a 1: 1 molar ratio of 

vector: insert. The ligation reaction was incubated at 4°C overnight. T4 DNA ligase and 

ligase lOx buffer were purchased from Promega, UK. 
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Table 2-12. Ligation reaction setup. 

Components 
Vector DNA 
Insert DNA 
Ligase lOx buffer 
T4 DNA Ligase 
Nuclease-free water 

Amount 
3M 
1M 
1 J.11 
1 J.11 
to final volume of lOrl 

2.4.7 Transformation of competent cells 

Stocks of the antibiotics ampicillin (2Smglml) and kanamycin (lOmglml) (Sigma, UK) 

were made up in dH20, filter sterilised and stored at -20°C. Luria-Bertani (LB) (Sigma, 

UK) agar plates were made up with the addition of ampicillin (SOJ..lg/ml) or kanamycin 

(30J..lglml) and stored at 4°C. Selective plates were warmed at 37°C for 30min prior to 

use. The water bath was equilibrated to 42°C. Subcloning was undertaken according to 

the subcloning efficiency DHSa competent cells packet insert. Briefly, an aliquot of 

50J.lI of DHSa cells (Invitrogen, UK) was thawed on ice. I-lOng of DNA 

(approximately 1 III of the ligation reaction) was added to the DHSa competent cells and 

incubated on ice for 30min. The tube was then heated at 42°C for 4Ssec and returned to 

the ice for another 2min. O.9ml of SOC medium (Invitrogen, UK) was then added and 

the mixture was shaked at 37°C for 1h. SO-100J.11 of each transformation reaction was 

plated on a prewarmed selective Lennox L agar plates supplemented with ampicillin or 

kanamycin for selection of recombinant clones. Two different volumes were plated to 

ensure that at least one plate would have well-spaced colonies. After experimental 

reactions were plated out, plates were incubated at 37°C overnight. Sml of autoclaved 

LB (Sigma, UK) medium containing the appropriate antibiotic was added to sterile 

50ml falcon tubes. Tubes were shaken overnight at 37°C in an orbital incubator shaker 

(Stuart Scientific, UK) at 22Srpm. The amplified plasmid DNA was then extracted from 

the bacterial broth using the QIAprep Spin Miniprep Kit (Qiagen, UK) according to the 

manufacturer's instructions. Spectrophotometric determination of DNA concentrations 

were then undertaken using the SmartSpec™ 3000 (Bio-Rad, UK) at an absorbance of 

260nm in a quartz curvette. 
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LB agar 
NaCI 
Tryptone 
Yeast extract 
Agar 
dH20 

109 
109 
5g 
20g 
To a final volume of 1 L 

2.4.8 Confirmation of the presence and orientation of the inserted 
sequence 

Plasmid DNA was either digested using appropriate restriction enzymes or screened by 

PCR to confirm the presence and orientation of the inserted fragment in the vector. 

Positive clones were sent to Lark Technologies, Inc. for sequencing to confirm that the 

sequences had not been altered by any cloning procedures. 

Nucleotide sequence was translated into amino acid sequence using EMBOSS Transeq 

(http://www.ebi.ac.uklembossltranseg/) and aligned with protein database using 

WV-BLAST2 Protein Database Query (http://www.ebi.ac.uklToolslblast2/index.html). 

2.4.9 Mutagenesis 

Mutagenesis was performed using the QuickChange Site-Directed Mutagenesis Kit 

(Stratagene, UK) following the manufacturer's instructions. The mutagenic 

oligonucleotide primers were designed individually for each mutation. In general, 

primers were 25-45 bases in length with a melting temperature (Tm) of ~75°C. The 

desired point mutation was close to the middle of the primer with -10-15 bases of 

template-complementary sequence on both sides. Primers were optimised to have a 

minimum GC content of 40% and to terminate in one or more C or G bases at the 3'­

end. Each reaction was a three-step procedure which introduced mutations at multiple 

sites using a single oligonucleotide per site. The primers were extended during thermal 

cycling by Pfu DNA polymerase. Incorporation of the oligonucleotide primers 

generated a mutated plasmid containing staggered nicks. Following thermal cycling, the 

product was treated with Dpn I. The Dpn I endonuclease was specific for methylated 

and hemi-methylated DNA and so digested the parental DNA template to select for 

mutation-containing synthesised DNA. The nicked vector DNA incorporating the 

desired mutation was then transformed into competent cells where the nicks were 

repaired. Colonies were then screened for desired mutations. 
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2.4.9.1 Mutant strand synthesis reaction 

The ds-DNA template was prepared by standard Miniprep protocols. Each component 

(provided by the kit) of the mutant strand synthesis reaction was added in the order 

listed in Table 2-13: 

Table 2-13. Mutant strand synthesis reaction components. 

Components 
lOx QuikChange Multi reaction buffer 
QuikSolution 
ds-DNA template 
Mutagenic primers 
dNTPmix 
QuikChange Multi enzyme 
Double-distilled HzO 

Amount 
2.51l1 
0.21l1 
lOOng 
lOOng 
1 III 
1 III 
to a final volume of 25eI 

The reaction tubes were placed in the PCR machine and the cycling parameters were set 

up as follows: 

Table 2-14. Mutagenesis thermal cycling profile. 

Cycles 
1 

12-18 

Temperature 
95°C 
95°C 
55 °C 
68°C 

Time 
30sec 
30sec 
Imin 
Iminlkb of plasmid length 

2.4.9.2 Dpn I digestion of the amplification products 

1 III of Dpn I restriction enzyme was added directly to each amplification reaction. Each 

reaction was mixed well by pipetting the solution up and down several times and was 

spun down in a microcentrifuge for Imin. Digestion of the parental ds-DNA was 

achieved by Ih incubation at 37°C. 

2.4.9.3 Transformation ofXLlO-Gold ultracompetent cells 

45111 of the ultracompetent cells were aliquoted into a prechilled 14-ml BD Falcon 

polypropylene round-bottom tube (BD Sciences, USA) for each reaction with the 

addition of 2111 of the p-mercaptoethanol mix provided with the kit. Each reaction tube 

was swirled every 2min for 10min. 1. 5 III of the Dpn I-treated DNA was added to each 

tube of the ultracompetent cells. After incubation on ice for 30min, the tube was 

heat-pulsed in a 42°C water bath for 30sec and was then incubated on ice for 2min. 

Before Ih incubation at 37°C with shaking at 225rpm, to each tube was added O.5ml of 
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42°C NZY+ broth. lOOfll of the transformation reaction was plated on pre-warmed 

LB-ampicillin agar plates. Each plate was incubated at 37°C for 16h. 

Nzr broth 
Casein hydrolysate 
Yeast extract 
NaCI 
1M MgCl2 
1M MgS04 
2M glucose 
dH20 

109 
5g 
5g 
12.5ml 
12.5ml 
10ml 
to a final volume of 1 L 

2.4.10 TOPO TA cloning 

TOPO TA Cloning Kit (Invitrogen, UK) was utilised for the direct insertion of Taq 

polymerase-amplified PCR products into a plasmid vector. 

2.4.10.1 Setting up Tapa cloning reaction 

PCR reaction was performed using Taq polymerase. The TOPO cloning reaction was set 

up as described in Table 2-15 and incubated for 5min at room temperature. 

Table 2-15. TOPO cloning reaction setup. 

Reagent 
Fresh peR product 
Salt Solution 
Water 
TOPOvector 
Final volume 

Amount 
0.5 -4fll 
1 fll 
add to a total volume of 5fll 
1 fll 

6et 

2.4.10.2 Transforming competent cells 

21-11 of the TOPO Cloning reaction from the above step was added to a vial of DH5a 

competent cells. After 15min incubation on ice, the cells were heat-shocked for 30sec at 

42°C in a water bath without shaking. After adding 250fll of SOC medium, the tube was 

shaked horizontally (200rpm) at 37°C for lh. 1O-50fll of the transformation reaction 

was spread on a prewarmed either ampicillin or kanamycin resistant plate which was 

coated with 40fll of 40mg/ml X-gal (Sigma, UK). Plates were incubated overnight at 

37°C. White or light blue colonies were picked for analysis. 
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2.4.10.3 Analysing transformants 

At least 6 white or light blue colonies were cultured overnight in LB media containing 

50!Jg/ml ampicillin or 50!Jg/ml kanamycin. Plasmid DNA was isolated and analysed by 

either restriction digestions or PCR screening to confirm the presence and correct 

orientation of the insert. A patch plate was made at the same time to preserve the 

colonies for further analysis. 

2.4.10.4 Plasmid storage 

Once the correct clone was identified, a stock of plasmid DNA was stored at -20°C. A 

glycerol stock was also prepared for long term storage. The original colony was 

streaked out on LB plates containing 50!Jg/ml ampicillin or 50!Jg/ml kanamycin. A 

single colony was isolated and inoculated into 2ml of LB containing 50!Jg/ml ampicillin 

or 50!Jg/ml kanamycin. 850!JI of culture was mixed with 150!JI of sterile glycerol and 

transferred to a cryovial. The glycerol stocks were stored at -80°C. 

2.4.11 Plasmids constructed in this study 

2.4.11.1 pTRE2- NRG1p3GFP vector construction 

To clone NRGlf33GFP into the Tet-Offresponse vector pTRE2, the pQBI25-fNl vector 

which contains the NRG 1 f33GFP fragment was digested at BamH I and Mlu I restriction 

sites. The response vector pTRE2 was digested with the same restriction enzymes. After 

gel purification the response vector was ligated with the NRG 1 f33GFP insert and the 

ligation mixture was transformed into DH5a cells. The desired recombinant plasmid 

was identified by restriction analysis by choosing another two restriction sites (Sac II 

and Not I) outside the insertion but within the multiple cloning site in the pTRE2 vector. 

The orientation and the correct junctions were confirmed by sequencing. 

2.4.11.2 Mammalian cherry vector pmCherry construction 

To generate the mCherry fragment, mCherry was amplified from the bacterial vector 

pRSET-B mCherry (a gift from Dr. Dan Mulvihill, University of Kent, UK) using the 

primers CherryF 5'-GATCCCGCGGATGGTGAGCAAGGGCGAG-3' and CherryR 5' 

GATCGCGGCCGCCTTGTACAGCTCGTCCATGC-3'. This pair of primers contains 

two restriction sites, Sac II and Not I, at the 5' end and the 3' end, respectively. A couple 

of nucleotides were added to both ends of the primers to facilitate restriction digestions. 
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GC contents, melting temperatures and secondary structures of the primers were 

checked using the DNA calculator (http://www.sigma-genosys.comlcalcIDNACalc.asp). 

The pEGFP-Nl vector was double digested with Sac II and Not I restriction enzymes to 

remove the EGFP fragment from the vector. Following PCR product digestions, the 

mCherry fragment was cloned into the digested pEGFP-Nl to create the mammalian 

expression vector pmCherry. Ligation was confirmed by PCR screening using CherryF 

and CherryR primers. DNA sequencing further verified the inserts. 

2.4.11.3 Plasmid pNRG1fB-PAGFP construction 

The pPAGFP plasmid was obtained as a kind gift from Dr. Lippincott-Schwartz 

(National Institute of Health, USA). The NRGl~3-PAGFP expression construct was 

made after first amplifying NRGl~3 from the vector pQB125-fNl using primers 

NRG 1 ~3F: 5' -CAAGTGAATTCATGTCCGAGCGCAAAGAA-3' and NRG 1 ~3R: 

5'-TACCAGGATCCTTCAGGCAGAGACAGAAAGG-3'containing EcoR I (forward 

primer) and BamH I (reverse primer) restriction sites. Utilising these unique restriction 

sites, the NRG 1 ~3 PCR product was ligated into the pPAGFP vector as an EcoR I and 

BamH I restriction digest fragment. Ligation was confirmed by PCR screening using 

NRGl~3F and NRGl~3R primers. The insert was sequenced from both the 5'- and 3' 

ends using universal primers CMV F and EBV R. Primer NRGIPAGFP: 

5'-GTGAATGGAGGGGAGTGCT-3' was synthesised and used to sequence the 

junction of NRGl~3 and PAGFP. The QuikChange Site-directed Mutagenesis kit was 

used to rectify the random mutation resulting from subcloning. The mutagenesis primer 

MPl: 5'-CGGCAAGCTGACCCCTGAAGTTCATCTGC-3' was designed to remove 

the extra nucleotide. To further correct frame shift mutations, two nucleotides were 

introduced by site-directed mutagenesis reactions usmg primer MP2: 

5' -CTGTCTCTGCCTGAACGGGATCCACCGGTCGC-3'. All mutagenesis results 

were confirmed by sequencing. 

2.4.11.4 Plasmid pmCherry-ErbB3 construction 

To construct the pmCherry-ErbB3 vector, ErbB3 was first amplified from its vector 

pBABE-puro ErbB3 using a pair of primers ErbB3F: 5'-ATGAGGGCGAACGACG-3' 

and ErbB3R: 5'-CGTTCTCTGGGCATTAGCC-3'. The amplified ErbB3 PCR product 

was then subcloned into the pCR2.I-TOPO vector using the TOPO TA cloning kit. Both 

of the pCherry vector and the pCR2.1-TOPO ErbB3 vector were digested at Hind III 
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and EcoR I restriction sites. Following gel purification the digested ErbB3 fragment was 

ligated into the pmCherry vector. Ligation was confinned by PCR screening using 

primers ErbB3F and ErbB3R. The sequence of the correct insertion was confinned by 

sequencing. 

2.5 Western blotting 

2.5.1 Cell lysis 

Cells were plated into 35mm polystyrene tissue culture dishes and maintained until they 

were 70% confluent. To make cell lysates cells were washed twice with ice cold, 2mM 

ethylene glycol tetra-acetic acid (EGTA) in PBS and then lysed in 200Jll of ice cold 

lysis buffer for 1-2min. The lysates were collected into 1.5ml eppendorf tubes using a 

cell scraper (Fisher Scientific, UK) and centrifuged at 14,000rpm for 10min in a 

Genofuge 16M centrifuge (Teche Cambridge, UK) at 4°C. If required the protein 

concentration was detennined by the Bradford assay (Bradford, 1976) using BSA 

(Bio-Rad, UK) as the standard. 

Lysis buffer 
Tris HCl pH 7.4 
Triton X-I00 
EDTA 
NaCI 
Phosphatase inhibitor cocktail 2 (Invitrogen, UK) 
Protease inhibitor cocktail (Invitrogen, UK) 

2.5.2 The standard Bradford assay 

0.05M 
1% 
5mM 
0.15M 
1% 
0.5% 

A 96-well plate assay protocol was followed from the Bradford reagent (Sigma, UK) 

instruction booklet. Briefly, the Bradford reagent was gently mixed and brought to room 

temperature. Protein concentration standards were created by serially diluting 2mglml 

Bovine Serum Albumin (BSA). 5 dilutions of the BSA protein standard were prepared 

within the linear range of the assay (0.1-1.4mglml). 5JlI of the protein standards were 

added to separate wells in the 96-well plate. The unknown samples were prepared with 

an estimated concentration between O.I-I.4mglml. 250,..tl of the Bradford reagent was 

added to each well being used and mixed on a shaker for 1 min. Samples were incubated 

at room temperature for 15min. Absorbance was read at 595nrn in a MRX Dynatech 

plate reader (Dynatech Laboratories, Inc., USA). The standard curve was plotted and 
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was used to calculate the concentration of unknown samples. The volume of each 

sample was then adjusted to account for different protein concentrations. 5x sample 

buffer was added to the cell lysate and boiled at 100°C for 5min in a heat block (Stuart 

Scientific, UK), then stored at -20°C. 

5x Sample buffer 
SDS 
Tris pH 6.8 
Bromophenol blue 
f3-mercaptoethanol 
Glycerol 

10% 
1M 
0.015g 
10% 
33% 

2.5.3 Sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE) 

The 'Mighty Small II' Mini Vertical Unit obtained from Amersham Biosciences (Little 

Chalfont, UK) was utilised to run SOS-PAGE gels. Gel plates were cleaned with acetone 

and assembled according to the supplier's instructions. For each SDS-PAGE gel, after 

sandwiching one white plate and one glass plate which were separated by spacers, 7% 

resolving gel were poured into the plate stack until % full. An upper layer of 

water-saturated iso-butanol was added to the top of the gel to allow setting as a flat 

surface. Once the resolving gel was set, 3.75 % stacking gel was poured and a comb 

1.5mm thick with sample wells 5mm across was inserted. 

The gels were placed in a running tank filled with Ix running buffer. Samples were heated 

for 5min at 100°C. 30"d of the cell lysate was loaded into each well with a syringe. 5J.1.1 of 

dual colour molecular weight markers (M.W. 1O-250kDa) (Bio-Rad, UK) was also 

loaded into a well on each gel. Electrophoresis was initially carried out at 60V though the 

stacking gel then the voltage was increased to 120 V though the resolving gel until the dye 

front reached the bottom of the gel. 

7 % resolving gel 
Acrylamide / Bis solution 29: 1 7% 
Tris-HCl pH 8.8, 2M 5.6).11 
SOS 0.1% 
N,N,N,N' -Tetra-methyl-ethylenediamine (TEMEO) 15).11 
10 % Ammonium persulfate (Oapson) 45 0 J.l.l 

3.75 % stacking gel 
Acrylamide / Bis solution 29: 1 
Tris-HCl pH 6.8 
SOS 

3.75% 
O.IM 
0.1% 
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Ix running buffer 
Tris- Hel 0.02SM 
Glycine 0.192M 
SDS 1% 

2.5.4 Electro blotting 

The stacking gel was cut off and top left-hand comer of the resolving gel was nicked for 

orientation. Two pieces of 3mm filter paper (Whatman, UK) and one piece of 

nitrocellulose membrane (Amersham Biosciences, UK) were cut to the dimensions of the 

gel and soaked in the blotting buffer. The gel, filter paper and nitrocellulose were 

sandwiched together and placed in the Trans blot cell wet blotting tank (Bio-Rad, UK) 

filled with blotting buffer. Blotting was carried out either for 3h at 400mA or overnight at 

100mA at room temperature. 

lOx running buffer 
Tris-Hel O.2SM 
Glycine 1.92M 
SDS 10% 

Blotting buffer 
lOx running buffer 10 % 
Methanol 10 % 
SDS 0.1 % 

2.5.5 Immunodetection 

Ponceau S staining was used as a rapid and reversible staining method for locating 

protein bands on western blots. Blots were stained with Ponceau S staining solution and 

then rinsed off with PBS until the background was clean. The membranes were then 

shaken in the blocking buffer for lh, washed in 0.1 % Tween 20IPBS (Sigma. UK) and 

probed with a primary antibody in the blocking buffer for 1.Sh. After washing in 0.1 % 

Tween 20IPBS the membrane was probed with horse radish peroxidase (HRP) 

conjugated secondary antibody (DAKO, UK) for 1 h. Visualisation was carried out using 

enhanced chemiluminescent (EeL) detection (Amersham Biosciences, UK) followed by 

exposure to X-ray film (Amersham Biosciences. UK) and the film was developed using 

a compact x4 hyperprocessor (Xograph imaging systems, UK). 

Ponceau S staining solution 
Ponceau S 0.2% 
acetic acid 3% 

Blocking buffer 
Marvel 5% 
Tween 20/PBS 0.5% 
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2.5.6 Antibodies used in this study 

Table 2-16. List of antibodies used in this study. IF: immunofluorescence, IHC: 

immunohistochemistry, WB: western blotting. 

Antibod~ S).!ecificity Source A22lication Origin 

RTJ2 ErbB3 intracellular Mouse IHC, IF, (Rajkumar et 
domain monoclonal WB ai., 1996) 

HFRI ErbB4 intracellular Mouse 
IF, WB 

(Srinivasan et 
domain monoclonal ai., 1998) 

76HG NRGla 
Rabbit 

IHC 
(Qi et ai., 

polyclonal 1994) 

lO2HG NRGlp 
Rabbit 

IHC 
(Srinivasan et 

polyclonaI ai., 1999) 

1 22NRG3 NRG3 EGF-like Rabbit IHC 
(Dunn et ai., 

domain polyclonal 2004) 

136NRG3 NRG3 intracellular Rabbit IHC 
(Dunn et aI., 

domain polyclonaI 2004) 

PY20 Phosphotyrosine 
Mouse IF, WB Sigma ,UK 
monoclonal 

GFP3El 
Green fluorescent Mouse WB 

(Hunt & Geley, 
protein monoclonal CRUK) 

Hsp70'B Hsp70B' 
Mouse WB Stressgen, UK 
monoclonal 

Tyr984 Phospho-ErbB4 Rabbit WB Cell Signalling, 

~T~984~ monoclonal UK 

2.6 Immunofluorescence staining 

Prior to seeding with cells the coverslips were placed in a 24-well plate. Cells were 

allowed to grow overnight. The following day media was removed from the 24-wel1 

plate. All the following procedures were carried out at room temperature. Cells were 

washed three times with PBS and then fixed with 4% paraformaIdehyde/PBS for 10min. 

The fixative was then removed and the cells were washed three times with PBS. If 

required, cells were permeablised with 0.1% Triton X-IOO (Sigma, UK) in PBS for 

10min and washed. Cells were incubated in 1 % BSAlPBS for 30min to block unspecific 

binding of the antibodies. The blocking buffer was removed by holding each coverslip 

on its edge with forceps and draining it onto a sheet of fibre-free paper. Cells were 

incubated with primary antibody at an appropriate dilution in 1 % BSAlPBS solution for 

Ih in a humidified chamber. An omission of primary antibody was used as the control. 

The antibody solution was removed by aspiration. After three washes in PBS cells were 

incubated with secondary antibody at an appropriate dilution in 1 % goat serum (Sigma, 
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UK) in 1 % BSAlPBS for lh in the dark. Following washing three times with PBS, cells 

were mounted by placing a drop of Mowiol on a microscope slide. Slides were wrapped 

in foil and stored at 4°C. 

Mowiol mounting medium 
Glycerol 6g 
Mowiol 4-88 2Ag 
O.2M Tris, pH 8.5 12ml 
dH20 6ml 

2.6.1 Bromodeoxyuridine (BrdU) immunofluorescence staining 

For DNA synthesis analysis cells were incubated with IOmM BrdU (Sigma, UK) for 

24h. Cells on coverslips were washed with PBS and fixed in 4% paraformaldehydelPBS 

at room temperature for 10min. After three washes with PBS cells were permeablised 

with 0.1% Triton X-IOO for 10min. DNA was denatured by incubating cells in 2N HC! 

for 30min at room temperature. The acid was then neutralised with 0.1 M borate buffer, 

pH8.5. Cells were blocked for 30min in 1 % BSAlPBS and incubated with a monoclonal 

anti-BrdU antibody (1 :500) (Sigma, UK) for lh at room temperature and then washed 

with PBS. Cells were further incubated with Alexa Fluor 546-conjugated secondary 

antibody (Sigma, UK) diluted 1:1000 in 1% goat serum in 1% BSAlPBS for lh at room 

temperature in the dark. Following incubation, cells were washed with PBS. Coverslips 

were subsequently mounted with Mowiol. 

2NHCI 
ION HCI 20ml 
Distilled water 80ml 

O.IM Borate buffer, pH 8.5 
Sodium borate 3.8g 
Distilled water 100ml 

2.7 Immunohistochemical staining 

2.7.1 Tissue source 

Tissue arrays were purchased from SuperBioChips (South Korea) unless specified. They 

were formalin fixed and paraffin-embedded. Human normal tissue array (AC 1) 

contained 60 normal organ samples from non-cancer patients: skin, subcutis, breast, 

spleen, lymph node, skeletal muscle, lung, heart, aorta, salivary gland, liver, gallbladder, 
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pancreas. tonsil. oesophagus. stomach. small intestine, colon. kidney cortex. kidney 

medulla, uterus. prostate. placenta. umbilical cord, adrenal, thyroid, thymus, gray matter, 

white matter. and cerebellum. Human cancer tissue array (VB2) contained 146 samples 

of various cancers including lung (24), bone (16), soft tissue (25). melanoma (l0). skin 

(3). breast (19). uterine cervix (26). endometrium (12) and ovary (11). ACI and VB2 

tissue arrays were immunohistochemically stained with the anti-NRGla and 

anti -NRG 1 P antibodies. 

Human breast cancer-normal array (CBB2) contained samples from 15 cancer patients 

and 15 normal patients with 2 cores each. Human breast cancer-metastasis-normal array 

(eBA3) contained 40 breast cancer cases. 10 metastatic cancer cases and 9 normal cases. 

CBB2 and CBA3 tissue arrays were immunohistochemically stained with the NRG3 

122 and NRG3 133 antibodies by Laura Smart (a former PhD student in the laboratory). 

The tissue arrays containing 104 formalin fixed and paraffin embedded human breast 

cancer tissue cores were obtained from Professor Adrian Harris and Dr Russell Leek 

(Cancer Research UK, UK). They were immunohistochemically stained with the 

anti-NRGIa and anti-NRGlp antibodies by Emmet Mcintyre (another PhD student in 

the laboratory). 

Ethical approval for the use of these tissues was granted by the Research Ethics (Human 

Participants) Committee or the University of Kent. 

2.7.2 Staining procedure 

1. De-paraffinisation and hydration 

- incubate in a dry oven at 60°C for 1 h 

- dewax slides in Histoclear 1 for 4min. Histoclear 2 for 4min and Histoclear 3 

for 4min 

- hydrate slides in 100% Ethanol 1, 100% Ethanol 2 and 70% Ethanol 3 for 4min 

each 

- immerse slides in tap water for 5min and place in PBS for 5min to equilibrate. 

2. Quenching endogenous peroxidase 

- incubate in 3% hydrogen peroxide solution for 10min 

- wash slides in PBS for 5min x 3 times 

3. Primary antibody 
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- incubate with primary antibody diluted in 3% hydrogen peroxide for Ih at room 

temperature 

- wash slides with distilled water for 5min and place in PBS for 5min to 

equilibrate 

4. Secondary antibody 

- incubate for 30min at room temperature with Strep ABC complex! HP from 

DAKO kit. 

- wash slides with distilled water for 5min and place in PBS for 5min to 

equilibrate 

5. Chomogenic reaction 

- incubate slides in fresh DAB solution and wait for colour change 

(approximately 1-5min) 

- wash in distilled water to stop the reaction 

6. Counterstain 

- in Gill's hematoxylin for 30sec 

7. Dehydration, clearing and mount 

- dehydrate slides in 70% Ethanol 1 for 4min, 100% Ethanol 2 for 4min and 

100% Ethanol 3 for 10min 

- clear slides in Histoclear 1 for 4min, Histoclear 2 for 4min, and Histoclear 3 for 

10 min - mount the cover slide with DPX mounting medium (Fisher Scientific, UK) 

2.7.3 Scoring 

In this study, only the presence or absence of nuclear staining was recorded. 

Brown-coloured nuclear staining in tissues samples was evaluated by two observers and 

only obvious nuclear immunostaining was considered to be positive. All statistical tests 

were done using Microsoft Office Excel 2007. 

2.8 Microscopy 

2.B.1 Light microscopy 

Tissue cultures were examined under the Olympus CKX31 inverted microscope. Tissue 

section staining was examined by two observers using double-headed upright 

microscopy (Olympus BX40, Germany). Photographs were taken using a Leica Leitz 
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DMRB microscope (Leica Microsystems, Germany). 

2.8.2 Fluorescence microscopy 

Green fluorescent live cells were visualised by the Leica AS MDW (Application 

Solution Multidimensional Workstation), which is a dedicated workstation for 

multi-dimensional cell imaging with temperature controlled at 37°C. CO2 concentration 

and humidity in the specimen chamber were also well regulated. Cells were growing on 

35mm glass bottom culture dishes suitable for live cell imaging. The culturing medium 

of the cells was removed and washed twice with 2ml of Hanks Balanced Salt Solution 

(HBSS, obtained from Gibco BRL, UK). The images were captured on the basis that 

they were representative of the majority of the cells. 

2.8.3 Confocal microscopy 

The following microscopy was performed on a Leica SP2 laser scanning confocal 

microscope. 

2.8.3.1 GFP and cherry 

For simultaneous imaging of GFP and cherry, OFP was excited using low intensity 

(13%) levels of the 488nm line of an argon ion laser. Emission was collected with a 

505nm filter. The 546nm line of the helium-neon laser (power at 80%) was used for 

cherry excitation and its emission was collected with the 560nm filter. 

2.8.3.2 Alexa Fluor 633 

The 633nm line of the helium-neon laser (power at 60%) was used to excite the 

far-red-fluorescent Alexa Fluor 633 and its emission was collected with the 647nm 

filter. 

2.8.3.3 PAGFP 

Individual cells with PAGFP plasmids can be seen faintly with ultraviolet light and 

selected for photoactivation. The PAOFP photoactivation process was started by 

locating a target cell though the lOx objective and switching to the high magnification 

objective 63x oil immersion lens followed by zooming in on a region around the cell. 

This limited the confocal laser scanning to a more defined rectangular region. An initial 
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excitation scan at 488nm laser light continned the position of the cell within the 

rectangular region. -2s of irradiation with 405nm laser light at a power of 20% 

photo activated PAGFP within the cell. Immediately after each 405nm excitation scan, 

the rectangular region of interest was scanned with 488nm laser light. Pre- and 

post-photoactivation images were captured using low intensity (13%) levels of the 

488nm line of an argon ion laser. Emission was collected with a 505nm filter. 

2.9 Kinomic assay 

The Human Phospho-RTK Array Kit with four membranes was purchased from R&D 

Systems (Minneapolis, USA). 

2.9.1 Cell lysis 

Cells were rinsed with PBS before adding 200,...1 ofNP-40 lysis buffer. The lysates were 

transferred to sterile eppendorfs and pipetted up and down to resuspend and then gently 

rocked at 4°C for 30min. After being microcentrifuged at 14,000rpm for 5min, the 

supernatant was collected and stored at -80°C. The sample protein concentrations were 

detennined using the Bradford assay. 200,...g of total protein from each sample was 

incubated with the Human Phospho-RTK Array membranes. 

NP-40 Lysis Buffer 
NP-40 
Tris-HCI (PH 8.0) 
NaCI 
Glycerol 
EDT A 
Sodium orthovanadate 
Aprotinin 
Leupeptin 
Pepstatin 

1% 
20mM 
137mM 
10% 
2mM 
ImM 
lO,...g/ml 
10,...g/ml 
10,...g/ml 

2.9.2 Array blotting 

The procedures were perfonned according to the manufacturer's protocol. Briefly, 

arrays were blocked in the blocking buffer for 1 h on a rocking platfonn shaker at room 

temperature. Cell lysates were then diluted and incubated with the Human 

Phospho-RTK Array at 4°C overnight. Each array was washed by soaking for lOmin 

with the Wash Buffer (provided in the kit). Washing was repeated two times for a total 
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of three washes. Arrays were incubated with the detection antibody for 2h at room 

temperature and then were washed three times. Each array was exposed to 

chemiluminescent reagents and then the film was developed. 

2.10 Gene transcription assay 

RNA samples were sent to Source BioScience geneservice (Nottingham, UK) and were 

processed in duplicate using the Illumina's Gene Expression Arrays HumanWG-6 v3 

BeadChips. The data was analysed using the Illumina GenomeStudio software v2009.1. 
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Chapter 3. Immunohistochemical study 
of intranuclear expression of NRGs 

3.1 Introduction 

Even though nuclear localisation of NRGs has been reported by independent groups, 

most of their results are based on a single cell line or a particular tissue type 

(Section 1.13.5). To our knowledge the immunohistochemical study presented here is 

the first study which surveyed a wide range of human normal and cancer tissues to 

determine the frequencies of nuclear staining of NRG 1 a and NRG 1 P in various 

physiological conditions. As nuclear expression of NRG 1 a and NRG 1 P was detected 

in a significant proportion of DCIS cases (Marshall et al., 2006), we further examined 

their incidences in 119 cases of invasive breast cancer tissues. The frequency of 

nuclear expression of NRG3 was also examined in normal and breast cancer tissues. 

Although each member of the NRG family ligands is present in pre-invasive ductal 

breast cancer, no nuclear staining of either NRG2 or NRG4 was reported (Marshall et 

al., 2006). Therefore, we prioritised our interests on analysing the nuclear expression 

ofNRGla, NRGlp and NRG3. 

The purpose of this study was to confirm that the observed nuclear localisation patterns 

of GFP-tagged NRGlp3 were also seen in natural tissues. Using fluorescence 

microscopy NRG 1 p3GFP was found to localise to two subnuclear compartments, 

nucleoli and spliceosomes. Perhaps mainly because it did not fit with classical 

paradigms of growth factor signalling, it was necessary to demonstrate that intranuclear 

localisation ofNRGlp3 was not an artefact. This immunohistochemistry study not only 

confirms that intranuclear expression of NRG I occurs in various physiological 

conditions, but also provides a rationale for the functional studies at the molecular level 

described later in this thesis. 
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3.2 Aims 

1. To optimise the anti-NRGla and anti-NRGl~ antibody concentrations in order to 

produce high quality staining with minimal background. 

2. To determine the frequency of intranuclear expression of NRG 1 a and 1 P in a range 

of normal and cancer tissues by immunohistochemical staining of tissue arrays. 

3. To determine the frequency of intranuclear expression of NRG3 in normal and 

breast cancer tissue samples. 
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3.3 Results 

3.3.1 NRG1 antibody concentration optimisation 

To achieve high quality staining with minimal background, optimisation of the 

concentrations ofanti-NRGla and NRGlf3 antibodies was performed on a multi-block 

of rat pancreas tissues prior to use on the tissue arrays. Figure 3-1 shows the 

comparison of the staining of islets of Langerhan using the anti-NRGla antibody at 

concentrations of 1 J.1g/ml and 2J.1g/ml. Islets of Langerhan are special groups of cells in 

the pancreas, which make and secrete hormones. There are at least five different types 

of cells in individual islets. p cells make and release insulin, a hormone that controls the 

level of glucose in the blood. Anti-NRGla showed cytoplasmic staining in cells in 

the centre of the islet of Langerhan. Vascular smooth muscle cells (which compose the 

majority of the wall of blood vessels) and the endothelium (which is the thin layer of 

cells that line the interior surface of blood vessels) were also stained. Staining with the 

anti-NRGla antibody at 21lg/ml exhibited stronger staining of the islet of Langerhan 

without any background signal (Figure 3-1b). Figure 3-2 shows staining of islets of 

Langerhan using the anti-NRGlp antibody at concentrations of 1,2.5,3.5 and 51lg/ml. 

NRG 1 f3 showed cytoplasmic staining in cells in the periphery of the islets. The section 

was under-stained at lllg/mi (Figure 3-2a), and over-stained at 3.5 and 5J.1g/ml 

indicated by the non-specific background (Figure 3-2c and d). This experiment 

allowed us to detect the lower and higher range of the concentration of the anti-NRGI 

antibodies on rat pancreas tissues, which may also apply to other tissue types. The 

optimal antibody concentration should be the highest concentration that gave the 

strongest staining without any background signals. The above staining results 

suggested that NRGla antibody at 21lg/ml and NRGlf3 antibody at 2.SIlg/ml were the 

optimal concentrations and were ultimately used in the following study. 
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Figure 3-1. Rat pancreas tissues were immunohistochemically stained u 109 

anti-NRG la antibody at Illg/ml (a) and 21lglml (b). Original magnifications: x63 . 

Figure 3-2. Rat pancrea tissues w re immunohistochemically stained u 109 

anti- RGl~ antibody at 1 (a), 2.5 (b), 3.5 (c) and 5llg/ml (d). Original magnifications: 

x63. 
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3.3.2 Intranuclear expression ofNRGla and NRGlp in normal 
tissues 

3.3.2.1 Staining patterns 

To analyse the nuclear expression of NRGla and NRGl~ in various normal tissues, 

immunohistochemical staining was done on a tissue array containing 60 cores (30 

different tissue samples in duplicate) from normal organs of non-cancer patients. Most 

normal tissues showed either no staining or only cytoplasmic staining. However, three 

tissues did give clear nuclear reactivity. 

NRGla was expressed in normal skin showing a cytoplasmic staining pattern (Figure 

3-3a). NRG 1 ~ exhibited a similar expression pattern with stronger staining of basal 

cells in the epidermis (Figure 3-3b). Both NRG 1 a and NRG 1 ~ also showed moderate to 

strong nuclear staining. Nuclear expression of NRG 1 a was observed in one of the two 

cases of human skin tissue, whereas nuclear expression of NRG 1 ~ was observed in 

both cases. 
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Figure 3-3. Immunohistochemical staining of human skin tis u treated with 

anti-NRGla (a) and anti- RGl~ antibody (b), showing moderate to trong cytopla mic 

along with nuclear staining (arrowed) in epid r111i . Original magnifications: x63. 
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Figure 3-4. Immunohistochemical staining of human adrenal ti ue treated with 

anti-NRGl~ antibody, showing moderate cytoplasmic along with nuclear staining 

(arrowed) in zona reticularis. Original magnifications: x63. 

The adrenal cortex consists of three distinct layer: zona reticularis, zona fa iculata 

and zona glomerulosa, each with distinct hormonal function . The innermo t lay r of 

the adrenal cortex i the zona reticulari . ells in this layer produce precursor 

androgens including dehydroepiandrosterone and androst nedione from chole terol. 

NRG 1 ~ expression was detected in some of the e cells, showing a moderate 

cytoplasmic along with punctated nuclear taining (Figure 3-4). At x63 magnification, 

intranuclear structure taining was visible. 
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Figure 3-5. Immunohistochemical stairung of human thyroid tissue treated with 

anti-NRG I P antibody, showing weak cytoplasmic along with nuclear staining (arrowed) 

in thyroid epithelial cells. Original magnification: x63. 

Thyroid gland is one of the largest endocrine glands in the body, which controls 

metabolism through the production of thyroid hormone. Thyroid gland i compo ed 

of spherical follicles that selectively absorb iodine from the blood. The follicle are 

surrounded by a single layer of thyroid epithelial cell, which secret thyroid hormone. 

NRG I ~ showed weak cytoplasmic staining of these epithelial cells (Figure 3-5). Again, 

nuclear staining was observed. 

3.3.2.2 The frequency of intranuclear expression of NRGla and NRG1~ in 
normal tissues 

Nuclear expression of RG I a wa detected in one case of normal skin, wherea 

nuclear expression of NRG 1 ~ was detected in both ca e of normal kin, adrenal and 

thyroid tissues. Table 3-1 lists the tissue types examined and whether nuclear R I a 

and RG 1 ~ were detected in each case. 
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Table 3-1. Detection of nuclear expression of NRGla and NRGl~ in human normal 

tissue array. X: uninformative. 

NRGlp NRGla 
Organs 
Skin 
Subcutis 
Breast 

Case 1 Case 2 Case 1 Case 2 

Spleen 
Lymph node 
Sketetal muscle 
Lung 
Heart 
Aorta 
Salivary gland 
Liver 
Gallbladder 
Pancreas 
Tonsil 
Esophagus 
Stomach 
Small intestine 
Colon 
Kidney, cortex 
Kidney, medulla 
Uterus 
Prostate 
Placenta 
Umbilical cord 

+ 
X 

+ 
X 

Adrenal + + 
Thyroid + + 
Thymus 
Gray matter, cerebrum 
White matter, cerebrum -
Cerebellum 

X 
+ 
X 
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Figure 3-6. Immunohistochemical detection ofNRG I a cytoplasmic and nuclear taining 

in various human cancer ti sues. (a) egative cytoplasmic and nuclear taining (lung 

cancer); (b) cytoplasmic positive and nuclear negative taining (oft ti sue); (c) 

cytoplasmic negative and nuclear positive staining (soft ti ue); (d) cytoplasmic positive 

with strong nuclear staining (breast cancer). Original magnification: x63. 

3.3.3 Expression ofNRGla and NRG1(3 in various cancer tissues 

3.3.3.1 Staining patterns 

Immunohistochemical staining was done on a ti ssue array containing J 50 core of 

various human cancers to examine the nuclear expre ion patterns or NRG J a and 

NRG 1/3. Among the variou cancer tis ue positively tained for RG I a , it 

expression patterns were different, with some showing either nuclear or cytopla mic 

localisation and others showing both nuclear and cytoplasmic taining. Figure 3-6 

shows an example of each staining pattern. imilar expre sion pattern were al 0 

observed in the cancer tissue array stained with anti-NRG 1/3 antibody (data not shown). 
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A detailed description of positive nuclear staining pattern of NRG I a and NRG I P in 

each cancer type is given below. 

Figure 3-7. Immunohistochemical staining of bone, chondro arcoma, treated with 

anti-NRG Ia antibody, showing strong nucl ar staining (arrowed). Original 

magnifications: x63. 

Chondrosarcoma is a malignant tumour of cartilag -forming c II haract rised by 

chondrocytes with abundant clear, vacuolat d cytopla m and cattered chondroid 

matrix. When stained with anti-NRG I a antibody, chondrocyte exhibited trong 

nuclear staining without any detectable cytopla mic staining (Figure 3-7). 
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Figure 3-8. Immunohistochemical staining of soft ti sue, liposarcoma, treated with 

anti- RG Ia (a) or anti- RG 1 ~ (b) antibody, showing mod rate, cytopla mi staining 

together with nuclear staining (arrowed). Original magnifications: x63 

Liposarcoma is characterized by small , undifferentiated me enchymal cell , variable 

numbers of lipoblasts and thin-walled capillaries. When tained with either 

anti-NRG 1 a or anti- RG 1 ~ antibody, among the cells positively tained, some showed 

both cytoplasmic and nuclear staining whereas others showed only moderate 

cytoplasmic staining (Figure 3-8). 
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Figure 3-9. Immunohistochemical staining of breast cancer sample, treated with 

anti- RG In antibody showing moderate cytoplasmic along with strong nuclear staining 

(arrowed). Original magnifications: x63. 

Figure 3-9 is an example of NRG 1 a expressIon In breast cancer tissue ample 

showing a predominantly strong nuclear staining pattern in the tumour cells along 

with moderate cytoplasmic staining. 
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Figure 3-10. Immunohistochemical staining of br a t cancer ample, treated with 

anti-NRG 1 ~ antibody, showing weak cytopla mic along with strong nuclear staining 

(arrowed). Original magnifications: x63 . 

NRG 1 ~ was expressed in breast cancer tissue sample howing a weak cytopla mic 

staining pattern in the tumour cells. Granular nuclear staining was apparent in om 

cases in conjunction with the cytoplasmic staining (Figure 3-10). 
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Figure 3-11. Immunohistochemical staining of skin, malignant melanoma, treated with 

anti- RG IP antibody. Original magnifications: x63. 

Melanoma is a malignant tumour of melanocytes, cell that are derived from the 

neural crest and migrate to the periphery during fI tal life. The twnour cell are not 

evenly dispersed, but crowd together. When tain d with anti- RG 1 antibodie , some 

clusters of tumour cells exhibited strong browni h colour in both cytopla m and 

nucleus (Figure 3-11). However, due to the dark colour of melanin pigmentation 

dispersed in cells, it was hard to distingui h from the colour u ed for immuno-detection. 

Whether the strong brownish colour was a re ult of RG I expre ion would requir 

further examination. 

3.3.3.2 The frequency ofintranuc1ear expression ofNRGla and NRGlp in 
various cancer tissues 

In the array of 146 different hwnan cancer tis ue ampl ,nuclear expr sion f 

NRG 1 P was detected in 3 out of 25 oft ti u cancer samples, wh reas nucl ar 

expression of NRG la was detected in 6 out 16 bone cancer amples, in 6 out of 25 

soft tissue samples and in lout of 13 skin cancer ample (Table 3-2). The perc ntage 

of positive cases of each cancer type was compared by hi togram (Figure 3-12). 
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Table 3-2.The frequency of intranuclear expression of NRGla and NRGI~ 10 the 

human various cancer array. 

NRGl l3 NRG l a 

Tumours # of cases Positive Positivity Positive Positivity 

Lung 24 0 0% 0 0% 

Bone 16 0 0% 6 38% 

Soft tissue 25 3 12% 6 24% 

Skin 13 0 0% I 8% 

Breast 19 0 0% 0 0% 

Uterine cervix 26 0 0% 0 0% 

Endometrium 12 0 0% 0 0% 

Ovary II 0 0% 0 0% 

40% 

35% 

30% . 
• NRG1 13 

~ 25% 
:~ 

20% -.~ • NRGla 

0 
Q. 15% 

10% 

5% 

0% 

Figure 3-12. Histograms showing nuclear staining of RIa and RG I ~ in the human 

cancer tissue array. The graphs show the perc ntage of ca e which exhibited po itive 

nuclear staining in various tumour types. 

A tissue array containing one hundred and four human brea t cancer ti ue sample wa 

immunohistochemically stained with the anti- RG 1 a and anti- RG 1 P antibodi by 

Emmet Mclntyre, another PhD tudent in th laboratory. I u ed thi array to cor a 

large number of cases of an individual tumour where the expres ion had b en seen in a 

minority of cases. Four of the 104 samples on the ti ue array wer not informative 

therefore only 100 samples were used. Combined with the 19 breast cancer ample 

from the human various cancer array, 119 ca e were analysed. uclear expr ssion of 
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NRG 1 ~ was detected in 3 cases having a positivity of 2.5%, whereas nuclear 

expression of RG 1 a was detected in 14 cases having a positivity of 11.8% (Table 

3-3). In summary, amongst the tumour types examined NRGla had a higher frequency 

of nuclear expression than NRG 1~ in bone, soft tissue, skin and breast cancer tissues 

(Figure 3-12 and Figure 3-13). 

Table 3-3. The frequency of intranuclear expression of NRG 1 a and RG 1 ~ In 119 

breast cancer samples. 

NRGlf3 NRGla 

# of cases # of po itive Positivity # of positive Positivity 

Breast cancer 119 3 2.5% 14 11 .8% 

Breast cancer 
14.0% 

12.0% - -
10.0 % 

>-;;;-
.... QJ 8 .0 % .- '" > n> °z u 
0V; '" 6 .0 % 0 .... 

• NRG113 

~ .... 
• NRG1a 

4 .0 % 

2.0 % 

0 .0 % 

NRGll3 NRGla 

Figure 3-13. Histograms showing the frequency of intranuclear expre ion ofNRGla 

and NRG 1 ~ in 119 breast cancer samples. 

3.3.4 Nuclear expression ofNRG3 in normal and breast cancer 
tissues 

The nuclear expression of RG3 in tissue array containing 79 brea t cancer anlple 

and 33 normal breast samples were also examined. The immunohistoch mical taining 

was done by Laura Smart, using two RG3-specific antibodie (NRG3 122 and RG3 

136). Antibody NRG3 122 recognises the EGF domain of RG3 , whereas antibody 

NRG3 136 recognises the cytoplasmic domain ofNRG3 (Figure 3-14). 
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Figure 3-14. Transcript variants of human NRG3. TM: transmembrane. Figure taken 

from Hayes et aI , 2007. 

3.3.4.1 Staining patterns 

Figure 3-15. Immunohistochemical staining of normal breast sample tr ated with 

anti-NRG3 antibody (NRG3 122), showing moderate cytoplasmic along with strong 

nuclear expression (arrowed). Original magnification: x63. 

NRG3 was expressed in normal breast samples showing moderate cytoplasmic staining 

along with strong nuclear staining in a high proportion of breast cells (Figure 3-15). 

Staining with the NRG3 122 and NRG3 136 antibodies showed similar pattern . 
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Figure 3-16. Immunohistochemical staining of infiltrating duct carcinoma treated with 

anti- RG3 antibody (NRG3 136), showing moderate cytoplasmic along with trong 

nuclear expression (arrowed) in some of the tumour cell. Original magnification: x63. 

Samples of infiltrating ductal carcinoma of the brea t display d cytoplasmic NRG3 

staining. Strong granular nuclear staining was observed in a high proportion of tumour 

cells (Figure 3-16). The RG3 122 and NRG3 136 antibodie gave imilar taining 

patterns. 

3.3.4.2 The frequency of nuclear expression of NRG3 in normal and breast 
cancer tissues 

The frequency of intranuclear expression ofNR 3 in normal and br a t cancer ti ue 

is listed in Table 3-4 and Table 3-5 and the percentage of positiv ca es u ing each 

antibody is presented using histograms (Figur 3-17). U ing the NRG3 122 antibody, 

nuclear expression ofNRG3 was observed in 14% of breast cancer samples and in 73% 

of normal breast samples. Using RG3 136 antibody, nuclear ex pres ion of RG3 

was observed in 22% of breast cancer samples and in 36% of normal breast ample . 
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Table 3-4. Nuclear staining frequency of NRG3 in normal and cancer br ast sample 

when stained with NRG3 122 antibody. 

Organ 

Breast, cancer 

Breast, normal 

# of cases 

79 

33 

# of positive cases Positivity 

II 14% 

24 73 % 

Table 3-5. Nuclear staining frequency of NRG3 in normal and cancer breast samples 

when stained with NRG3 136 antibody. 

Organ # of cases # of positive cases Positivity 

Breast, cancer 79 17 22% 

Breast, normal 33 12 36% 

NRG3 
80% - 73% 

70% 

60% 

>- 50% .-.:; .. 40% • NRG3122 ·iii 
0 
Q. 30% • NRG3136 

20% 

10% 

0% 

Breast, cancer Breast, norma l 

Figure 3-17. Percentage of RG3 nuclear staining in normal and brea t cancer ti ue 

samples using NRG3 122 and 136 antibodies. 

In general, a higher frequency of intranuclear expres ion of RG3 was detected in 

normal breast tissue samples than in breast cancer tis ue samples, using either the 

RG3 122 or NRG3 136 antibody (Figure 3-17). In breast cancer ti ssue sample , 

nuclear accumulation of NRG3 was detected in fewer ca es using the RG3 122 

antibody than with the RG3 136 antibody. In contra t, u ing the NR 3 122 

antibody, nuclear expression of RG3 was detected in 73% of the ca e in 

normal breast tissue samples, twice as high as with the NRG3 136 antibody. 
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3.4 Discussion 

3.4.1 Immunohistochemistry 

Immunohistochemistry is the localisaton of antigens in tissue sections through 

antigen-antibody interactions by the use of labeled antibody. Antibodies are typically 

made of basic structural units: each with two heavy chains and two light chains. 

Although the general structure of all antibodies is very similar, a hypervariable region at 

the tip of the antibody is responsible for specific binding to an antigen. The unique part 

of the antigen recognised by an antibody is called an epitope which are usually 5-21 

amino acids long. Antigens can have different isoforms and different structures due to 

alternative splicing and posttranslational modifications (Sharp, 1994). 

Alternative splicing of a single gene can produce multiple different transcripts, each of 

which codes for a different protein. NRG 1 a and NRG 1 p, whose intranuclear expression 

was examined in this study, are two splice variants derived from the single NRG 1 gene. 

Posttranslational modifications such as glycosylation, phosphorylation, and proteolytic 

processing can add more complexity to NRG proteins. 

Antibodies are made by immunizing animals (mouse, rabbit, goat, horse, etc.) with 

either purified proteins or synthetic peptides. The animal responds by producing 

antibodies that specifically recognise and bind to the antigen. Monoclonal antibodies are 

produced mostly in mice (Kohler and Milstein, 1976). Polyclonal antibodies are 

produced in mUltiple animal species, particularly rabbit, horse, goat and chicken. The 

advantage of monoclonal antibodies is their higher specificity which greatly reduces the 

possibility of cross-reactivity with other antigens (Nielsen et al., 2003). Polyclonal 

antibodies have higher affinity and wide reactivity (more likely to identify multiple 

isoforms of the protein) but lower specificity when compared with monoclonal 

antibodies. Antibodies to NRGla, NRGlp, and NRG3 used in this 

immunohistochemical study are polyclonal rabbit antibodies. These antibodies were 

raised using synthetic peptides to specific epitopes of each neuregulin (Le., antibody 

NRG3 122 recognises the EGF-like domain of NRG3, whereas antibody NRG3 136 

recognises the cytoplasmic domain of NRG3) and were subject to stringent purification 

using affinity columns. Nevertheless, all precautions were taken to minimise the 

occurrence of non-specific background staining by optimising antibody concentrations 
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on rat pancreas tissues. Moreover, a sensitive detection method was used in this study to 

detect antigens. 

Detection systems are classified as direct or indirect methods (Figure 3-18). The direct 

method is a one step process with a labelled antibody reacting directly with the antigen 

in tissue sections. A variety of labels have been used including fluorescent compounds. 

This method is quick but lacks sufficient sensitivity for detection of some antigens. 

Compared to direct methods with a labelled primary antibody, indirect methods provide 

more sensitive antigen detection (Coons and Kaplan, 1950). In the two-step method, the 

first layer of antibody is unlabeled, but the second layer, raised against the primary 

antibody, is labelled. The unlabelled primary antibody retains its specificities but the 

complex results in a stronger signal as the number of labels per molecule of primary 

antibody is higher thus increasing the intensity of the reaction. The second layer 

antibody may be labelled with an enzyme such as peroxidase, alkaline phosphatase or 

glucose oxidase, and this is called an indirect immunoenzyme method. The 

Avidin-Biotin Complex (ABC) method is a common detection method and was used in 

this immunohistochemical study. Avidin is a large glycoprotein that has four binding 

sites per molecule and high affinity for a low-molecular weight vitamin called biotin. 

Biotin has one binding site for Avidin and can be attached through other sites to an 

antibody. The increased sensitivity of the avidin-biotin method results from the larger 

number of biotin molecules that interact with each primary antibody. Thus, the ABC 

method involves three layers. The first layer is unlabeled primary antibody. The second 

layer is biotinylated secondary antibody. The third layer is a complex of avidin-biotin 

peroxidase. The peroxidase is then used to convert 3,3' diaminobenzidine tetrachloride 

(DAB), which is a soluble chromogen, to an insoluble product giving a brown colour. 

However, DAB is not the optimal chromogen if melanin pigment is present in the same 

cell as the antigen being examined. When staining melanoma tissues with anti-NRG 1 a 

and anti-NRG 1 ~ antibodies, some clusters of tumour cells exhibited a strong brownish 

colour (Figure 3-11). Without performing control experiments (i.e., staining without 

primary antibody) in parallel, the interpretation of the specificities of the result turned 

out to be difficult. To avoid this problem a detection system producing a different colour 

precipitate could be used for any melanin pigment containing tissues. Alternatively, 

Giemsa stain or Azure B dye can be used as a counterstain after the immunoreaction is 

done. In this case the melanin will stain green or blue-green, and DAB product will 

remain brown (Ramos-Vara and Beissenherz, 2000). 
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Figure 3-18_ Direct (a), indirect (b) and ABC (c) immunohistochemical methods. Figure 

adapted from Ramos-Vara and Beissenherz, 2000. 

3.4.2 Scoring 

Usually, scoring by light mIcroscopy can evaluate two parameter: the strength of 

staining and the area of tissue stained. In this study, only the pre ence or absence of 

nuclear staining was recorded. Brown-coloured nuclear staining in tis ue sample was 

visualised by light microscopy and evaluated by two observers and only obvious 

nuclear immunostaining were considered to be positive. Any ambiguous or not obvious 

nuclear immunoreactivity was considered as negative. However, even using the quite 

stringent criteria it was important to test the reproducibility of the scoring. To this end 

the human, breast cancer-normal array stained with NRG3 122 anti body was re- cored 

by the same observers in a reproducibility test. There was about 95% agreement in 

assessing nuclear staining status and therefore, this data can b interpreted with a hi gh 

level of confidence. The disagreement in occa ional ca e 

the status of nuclear staining was inevitably a ubjectiv 

thus only a semi-quantitative method. Particularly in th 

wa partly due to the fact that 

e timate of th inten ity and 

w akly taining ca r th 

cases in which few cells showed nuclear staining, the judgement wa more likely to be 

inconsistent. 

3.4.3 Nuclear expression ofNRGl 

The tissue microarray technology allows imultaneou examination of hundred of 

samples on a single microscope slide. In thi tudy, immunohi tochemistry wa 

performed using well characteri ed antibodies again t RG 1 a and RIP prot in 
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(Srinivasan et al., 1999) analysed on formalin-fixed, paraffin-embedded tissue arrays. 

We examined the nuclear expression of NRG 1 a and NRG 1 ~ in 60 tissue cores (30 

different tissue cores in duplicate) from normal organs of non-cancer patients. Nuclear 

expression of NRGla was detected in one case of normal skin, whereas nuclear 

expression of NRG 1 ~ was detected in both cases of normal skin, adrenal cortex and 

thyroid tissues. We also examined the nuclear expression patterns of NRG 1 a and 

NRGl~ in 146 tissue cores of various human cancers. Nuclear expression of NRGl~ 

was detected in soft tissue cancers, whereas nuclear expression ofNRGla was detected 

in soft tissue, bone and skin cancers. Neither was detected in lung, uterine cervix, 

endometrium and ovarian cancers. The percentage of cases, which exhibited positive 

nuclear staining of NRGla and NRGl~ in various tumours, is shown in Table 3-2. 

When analysing 119 breast cancer tissue cores, nuclear expression of NRG I P had a 

positivity of 2.5%, whereas nuclear NRG 1 a showed 11.8% positivity (Table 3-3). In 

summary, NRG 1 a had a higher frequency of nuclear expression than NRG 1 ~ in normal 

tissues as well as in cancer tissues. The incidence of intranuclear expression ofNRG 1 in 

both normal and malignant tissues is relevant to the further investigation on the 

importance of intranuclear NRG I in different physiological conditions. 

It has recently been shown that NRG 1 P3, a splicing variant of NRG I, when fused to 

green fluorescent protein localised to two subnuclear compartments, the nucleoli and 

spliceosomes (Golding et al., 2004). With the observation of intranuclear expression of 

NRG 1 in different types of tissues it is unlikely that the subnuclear localisation of 

NRG 1 p3 is an artefact. Even though nuclear localisation of the EGFR, ErbB2, ErbB3, 

and proteolytically processed form of ErbB4 has been demonstrated, no evidence has 

yet suggested that nuclear NRG proteins bind and activate their cognate receptors in the 

nucleus. The question remains therefore as to what the functions of this molecule are in 

the nucleus. The answers to this question have been pursued in the following chapters. 

3.4.4 Nuclear expression of NRG3 

Due to alternative splicing, at least two isoforms ofNRG3 (hNRG3 and hFBNRG3) are 

encoded from the NRG3 gene as shown in Figure 3-14. Several other splice variants 

have been identified in our laboratory (Smart and Gullick, unpublished). The hFBNRG3 

variant has multiple differences in the presence and absence of exons in the 5' and 3' 

ends, compared to hNRG3. The translation initiation of hFBNRG3 starts at a unique 

start codon located at exon 2. The encoded protein has a shorter and distinct N-terminus 
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and a large C-terminal domain which has been suggested to be involved in DNA 

binding, protein interaction and trafficking (Carteron et al., 2006). Like other 

neuregulins, hFBNRG3 is probably a type I transmembrane protein with an 

extracellular N-terminus and a cytosolic C-terminus. Evidence suggests that after 

membrane insertion hFBNRG3 is subjected to proteolytic cleavage and can be released 

into the extracellular space where it may activate the ErbB4 receptor. The existence of 

multiple splice variants of NRG3 and the possible proteolytic processing following its 

plasma membrane insertion may explain the observed differences in the frequency of 

intranuclear expression of NRG3 when staining normal and breast cancer tissues using 

two antibodies recognising different domains of NRG3. Compared to the NRG3 136 

antibody which recognises the cytoplasmic domain of NRG3, the antibody NRG3 122 

recognising the EGF-like domain detected a lower percentage ofNRG3 in breast cancer 

tissue samples (14% vs. 22%). In contrast, a higher percentage of nuclear NRG3 (73%) 

was detected in the normal breast tissues using the NRG3 122 antibody than using the 

NRG3 136 antibody. 

NRG3 expression was thought to be highly restricted to the developing and adult 

nervous system (Zhang et al., 1997). Our laboratory has previously reported that NRG3 

is expressed in DCIS as well as in invasive breast cancers along with other neuregulins 

(Dunn et al., 2004). When quantifying ErbB ligands in 363 breast tumours NRG3 was 

detected in 43% of the cases (Revill ion et al., 2008). An important function of NRG3 

has been suggested in promoting early mammary morphogenesis and in breast cancer 

(Howard, 2008). On the other hand, nuclear expression of NRG3 was reported to be 

significantly correlated to low tumour grade (Marshall et al., 2006) and our study 

detected nuclear NRG3 expression in a higher proportion in normal breast tissues than 

in breast cancer tissues. NRG3 can only bind to and activate ErbB4 among the members 

of the ErbB receptor family. Full-length ErbB4 has an established role in postnatal 

development of the mammary gland during late pregnancy and lactation (Tidcombe et 

al., 2003) and many studies have found overexpression of membranous ErbB4 as a 

prognostic indicator for clinical outcome of breast cancer (Aubele et al., 2007). In the 

kinomic analysis, we have shown that intranuclear NRG 1 was able to activate the 

ErbB4 receptor (see Chapter 6). Whether nuclear NRG3 could have a similar effect on 

ErbB4 thereby exerting effects on cell proliferation remains to be determined. 
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Chapter 4. Intranuclear translocation of 
NRG 1 ~3 studied using photoactivatable 
GFP 

4.1 Introduction 

Green fluorescent protein from the jelly fish Aequorea victoria and its multicoloured 

variations have been applied largely as a fluorescent tag to investigate many cellular 

activities especially in analysing protein localisation and dynamics in living cells 

(Lippincott-Schwartz and Patterson, 2003). Recently, photoactivatable fluorescent 

proteins (PAFPs) have been developed. In response to activation with light of a specific 

wavelength, PAFPs undergo significant changes in their photophysical properties. Some 

PAFPs convert from a dark to a more bright fluorescence state (photo activation) 

(Patterson and Lippincott-Schwartz, 2002), whereas others are capable of changing 

colour (photoswitching or photoconversion) (Ando et al., 2002). 

Patterson and Lippincott-Schwartz have reported a photoactivatable variant of the green 

fluorescent protein (PAGFP) (Patterson and Lippincott-Schwartz, 2002). The concept of 

PAGFP design is to develop a variant of GFP with a lower initial minor peak absorbance 

that greatly increases after photoactivation and thus a more noticeable optical contrast 

under 488nm excitation. PAGFP is the result of a single residue substitution of histidine 

for threonine at position 203, in enhanced green fluorescence protein (EGFP). The 

mechanism of the photoactivation process is based on the photophysical properties of 

wild type GFP, which shows two peaks in the excitation spectrum, the major absorbance 

peak at 396nm and the minor one at 476nm. These peaks are produced by the neutral 

and anionic chromophore forms, respectively (Ni wa et al., 1996). When irradiated with 

ultraviolet or 405nm light, chromophores shift towards the anionic form resulting in an 

increase in minor peak absorbance (Yokoe and Meyer, 1996). The conversion from the 

neutral to the anionic form has been shown to be due to Glu222 decarboxylation, which 

results in rearrangement of the hydrogen bonding and chromophore deprotonation (van 

Thor et al., 2002). Among several mutations at the threonine 203 position (T203), 

histidine substitution (T203H) was shown to have minimised minor peak absorbance. 
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This variant produces the mostly neutral chromophore form. Thus, almost no 

fluorescence is observed when excited at wavelengths that correspond to the anionic 

chromophore form (480-510nm). Intense irradiation at 405nm causes PAGFP 

chromophores to convert from the neutral to the anionic form resulting in a dramatic 

increase in the green fluorescence of the anionic form. PAGFP photoactivation has been 

demonstrated to be remarkably stable for days under aerobic conditions 

(Lippincott-Schwartz and Patterson, 2003). Repeated excitation with 488nm light 

indicates its photostability is comparable to GFP. These characteristics of PAGFP offer a 

new tool for exploring intracellular protein dynamics over time by tracking 

photoactivated molecules that are the only visible GFPs in the cell. 

The following study was guided by our interest in understanding intracellular NRG I ~3 

trafficking in live cells. Using fluorescence microscopy, not only is GFP-tagged 

NRG 1 ~3 found to localise to two sub-nuclear compartments: nucleoli and spliceosomes, 

it also has been noticed that NRG 1 ~3 localisation could change from the nucleolar 

pattern to the speckle pattern or vice versa within two hours (Golding et al., 2004). 

There are two explanations for the observed interconversion of NRG 1 ~3 localisation 

patterns. One explanation is that NRG 1 ~3 could redistribute from one site to the other. 

That is, the interconversion between these two compartments is due to the movement of 

the protein over time. The other explanation is that NRG 1 J33 could be degraded in one 

site at one particular phase of the cell cycle, while being re-synthesised and targeted to 

the other site in a new phase of the cell cycle. Patterson and Lippincott-Schwartz have 

demonstrated the uniqueness of PAGFP for analyzing protein dynamics within cultured 

cells by showing that only photoactivated PAGFP molecules show intense fluorescence 

whereas newly synthesised molecules do not become fluorescent (Patterson and 

Lippincott-Schwartz, 2002). If this technique were adapted to our case, PAGFP 

photoactivation could help to test the hypothesis that the appearance of NRG 1 ~3 at 

different locations was due to protein movement. That is, if we observed the movement 

of fluorescent protein after activation, it would demonstrate that NRG 1 ~3 moved from 

one location to the other. If we did not see any movement and the fluorescent proteins 

disappeared after a period of time, it was possible that NRG 1 ~3 was degraded at one 

location and re-synthesised and accumulated at the other location. 
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4.2 Aims 

1. To construct a mammalian cherry vector from a bacterial cherry vector so that it can 

be co-transfected with the PAGFP construct and used as a marker to help identify 

cells that have incorporated PAGFP plasmids. 

2. To photoactivate unconjugated PAGFP in transiently transfected COS-7 cells and to 

optimise photoactivation parameters. 

3. To subclone NRG 1 P3 into the pPAGFP vector and express PAGFP-tagged NRG 1 p3 

in COS-7 cells. 

4. To monitor the trafficking of PAGFP-tagged NRGlp3 in live cells using confocal 

microscopy. 
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4.3 Results 

4.3.1 Construction and expression ofmCherry 

4.3.1.1 Molecular cloning of mammalian vector pmCherry 

To express cherry proteins in mammalian cells, we decided to clone mCherry from the 

bacterial vector pRSET-B (Figure 4-1a) into the pEGFP-Nl vector (Figure 4-1b). The 

pEGFP-Nl vector is a commonly used mammalian vector which expresses EGFP under 

the CMV promoter. The CMV promoter is capable of producing relatively high levels of 

expression of target genes in various mammalian cell types (Wenger el aI. , 1994). A pair 

of unique restriction sites was chosen based on the restriction map of vector pEGFP-Nl 

so that EGFP could be cut out without interfering with the backbone structure. Sac II is 

located at Multiple Cloning Site (MCS) N-terminal to EGFP, whereas Not I is next to 

the C-terminus ofEGFP. Double digestions of the pEGFP-Nlvector by Sac II and Not I 

restriction enzymes should remove EGFP and linearise the vector for subsequent 

cloning. 

a 

pRSET-B 
mCherry 

3.6 kb 
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b As, I 

pEGFP-N1 
4.1kb BsiG 111 

Not II 
n.I· 1 ( 12) 

Figure 4-1. Vector maps. Figure taken from www.c1ontech.com. 

a. Bacterial vector pRSET-B mCherry. 

b. Mammalian vector pEGFP-Nl used for mCherry sub-cloning. 

750bp~ 

1 2 3 4 5 

Figure 4-2. Agarose gel electrophoresis of restriction digestions of vect r p GFP-Nl. 

Digestion reaction mixture (5~1) was run on a 0.7% TA agar e g I. Lane 1: 1 kb DNA 

ladder. Lane 2: double digestions by Sac II and Not I re tricti n enzym . Lane 3: ingl 

digestion by Sac III only. Lane 4: single digestion by ot I only. Lan 5: n gative 

control using deionised water instead of restriction enzym . ach dig ti n mi tur 

was incubated at 37°C for lh. 
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Restriction digestion reactions were setup as described previously ( ection 2.4.4). 

Uncut supercoiled plasmid appeared to migrate more quickly than the nicked plasmid 

indicated by the lower band in Lane 5 (Figure 4-2). No such band appeared in lane 3 

and 4 indicating that single digestion by either Sac II or Not I restriction enzyme was 

complete and this generated a single band of 4.7kb, the size of the vector. Double 

digestions by Sac II and Not I restriction enzymes generated two fragments of 4kb and 

750bp (Lane 2). 750bp was the predicted size of EGFP suggesting complete digestions 

of vector pEGFP-Nl by Sac II and Not I restriction enzymes. 

250bp~ 

1 2 3 4 5 

Figure 4-3. Agarose gel electrophoresis of PCR reaction using pR T-B m herry a 

template (lOOng) and CherryF and CherryR as primer with varying Mg2+ 

concentrations. Annealing temperature was set up at 55° . P R product (51l1) was run 

on a 2% TAE agarose gel. Lane 1: lkb DNA ladder. Lane 2-4: Mg2+ concentration at 

ImM, 1.5mM and 2mM. Lane 5: negative control using deionised water in tead f 

template DNA. 

A pair of primers CherryF and CherryR was designed to amplify m h rry from it 

vector pRSET-B mCherry with Sac II and Not I restriction site added to either end 0 

that the PCR products could subsequently be ligated into the dige ted p G P-Nl vector. 

Initial PCR reactions were designed to optimise the Mg2
+ concentration. When the 

annealing temperature was set up at 55°C, PCR reactions generated short un p cific 
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products as shown in Figure 4-3. The size of th bands and its presence in the negative 

control reaction suggested that they were primer dimers. It was po ible that the right 

PCR products were not obtained due to low DNA templat concentration. nother P R 

reaction was set up with increased DNA template concentrations while keeping other 

conditions the same. As the DNA template concentration tripled, an intense band of 

750bp along with some longer unspecific products was gen rated as hown in Lane 2 

(Figure 4-4). Following gel extraction the 750bp PCR product was digested by Sac II 

and Not I restriction enzymes. 

750bp~ 

1 2 3 4 

Figure 4-4. Agarose g I lectrophore is of P R rea tion using pR ET-B m h rr a 

template and CherryF and herryR primer with varying templat conc ntration . 

Annealing temperature wa set up at 55°C. P R product (5111) wa run on a 2% 

agarose gel. Lane 1: lkb D A ladder. Lane 2-3: 0 templat concentration at 600ng 

and 200ng. Lane 4: negativ control u ing deioni ed wat r in tead of template 0 A. 

Ligation and transformation were carried out a previou Iy de crib d ( cti n 2.4.6). 14 

individual colonies wer picked 24h after the tran formed cells w re plat d onto LB 

agar plates supplemented with kanamycin. One colony e med to b po itive by P R 

screening using primers CherryF and CherryR (Figur 4-5). The pre nce of th corr 

insert was confirmed by equencing. 
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750bp 

1 2 3 4 5 6 7 8 9 10 111213 14 15 16 

Figure 4-5. PCR screening using primers CherryF and CherryR. PCR products (5)11) 

were run on a 2% TAE agarose gel. Lane 1: 1 kb DNA ladder. Lan 2-15: 14 individual 

colonies were picked and used as templates. Lane 15: positive control using pR T-B 

mCherry as template. 

4.3.1.2 Expression ofmCherry 

The newly constructed mammalian cherry expression vector pm herry wa tran iently 

transfected into COS-7 cells. mCherry local ised to the cytopla m and nucleu of the cell 

when viewed under the microscope (Figur 4-6) . As a mutant of GFP ( haner ef al. , 

2004), mCherry exhibited the same localisation pattern a GFP. 

Figure 4-6 Expression of pmCherry in a CO -7 cell. The image wa taken by confocal 

microscopy 24h post transfection. mCherry was excited with 546nm la er li ght and the 

image was acquired with a 560nm emission filter. 
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4.3.2 Photoactivation ofPAGFP 

COS-7 cells were co-transfected with pPAGFP and pmCherry plasmids usmg 

Lipofectarnine 2000 transfection reagent. After 24h of incubation, the culture dish was 

removed from the incubator and examined under the confocal microscope. Initially, an 

excitation scan with 546nrn laser light confirmed the position of mCherry expressing 

cells (Figure 4-7a-b). When the same cell was scanned with 488nrn light at power 13%, 

no fluorescence was noticeable (Figure 4-7c). Two successive scans with 405nrn laser 

light at 20% power photoactivated PAGFP within the cell. Immediately after the 405nrn 

excitation scans, the photoactivated cell was scanned with 488nrn light at power 13% 

(Figure 4-7d). Consistent with the report of Patterson and Lippincott-Schwartz (2002), 

upon irradiation with 405nrn laser light, the fluorescence in a PAGFP expressing cell 

increased dramatically under 488nrn excitation. To optimise the photoactivation 

conditions an analysis was performed using a range of 405nrn laser power settings 

(10%-80%) and varying number of scans. It was found that, when scanning with lower 

405nrn laser power settings (~O%), the fluorescence signal increased up to two scans 

and then stabilised up to 6 successive scans. In contrast, when using high laser power 

settings (>60%), the GFP signal reached the maximum fluorescence intensity at the first 

two scans. Further scanning reduced the fluorescence intensity. To minimise any 

possible cell damage caused by 405nrn laser scanning, photoactivation conditions 

described in Figure 4-7 were applied to photoactivate PAGFP in the following 

experiments. We also tested the photostability of the GFP signal by first photoactivating 

PAGFP within the cell and then continuously scanning with 488nrn excitation wave 

length. The GFP signal intensity remained bright through consecutive 488nrn excitation 

scans, without further scanning with 405nrn laser light. 

During this experiment, we observed that cells expressing PAGFP plasm ids can be 

faintly distinguished using UV-light thus co-transfection with pmCherry was not 

necessary. 
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Figure 4-7. Photoactivation of PAGFP in COS-7 cells co-transfected with pmCherry. (a) 

Bright field image of mCherry expressing cells. (b) mCherry was excited with 546nm 

laser light at 80% power and collected with a 560nm emission filter. Two successive 

scans (- 1 s each at - 1 s interval) of the 405nm laser at 20% power were appl ied to the 

cells. Images of pre- (c) and post-activation (d) were taken with 488nm laser light at 

13% power. Objective: x60. Zoom = 2.2. 

4.3.3 Cloning ofNRGlJl3 into the pPAGFP vector 

A PCR based method was chosen to transfer the RG 1 ~3 sequ nce from the 

pQBI25-fN1 RG 1 p3 vector (Figure 4-8). Following P R reactions, the products were 

run on an agarose gel to confirm that the correct size product of 750bp had been 

amplified (Figure 4-9). The band was subsequently extracted u ing the el xtraction 

Kit (Qiagen, UK) and digested with EcoR I and BamH Ire triction enzym . pP FP 

vector was digested with the same restriction enzymes. Either single or double 

digestions generated a single band of 4.7kb uggesting that dige tions were complet 

(Figure 4-10). 
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Figure 4-8. Vector map ofpQBI2S-fNl showing that RGlp3 is located b tween BamH 

I and Hind III restriction sites. Figure adapted from www.clontech.com. 

750bp 

1 2 3 

Figure 4-9. Agarose gel electrophoresis of P R reacti n by amplifying RIP rr m 

its vector using primers RG IP3F and RG I B3R. nnealing t mp ratur wa et up at 

S2°C. PCR products (Sill) were run on a 2% TA agar e gel. Lan I: negative ntrol 

using deionised water in tead of template 0 A. Lane 2: I kb 0 A ladder. Lane 3: 

reaction contained 200ng 0 At mplate. 
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Both the digested pPAGFP vector and NRG I ~3 P R products wer cl aned up by P R 

Cleanup Kit (Qiagen, UK). The ligation reaction was then performed a d cribed in 

Section 2.4.6. The plasmid constructs were then transformed into DH5a comp t nt cell 

and plated onto LB agar plates supplemented with kanamycin. 10 individual col nie 

from the plates were picked for PCR screening using primers NRG 1 ~3F and NR ] ~3R. 

peR products were run on an agarose gel to confirm if the in ert wa pre ent. Three 

colonies that appeared to contain the insert were ent for DNA equencing ( igure 

4-11 ). 

4kb 

1 2 3 4 5 

Figure 4-10. Agarose gel electrophoresi of re tri ti n dig f th C tor 

p GFP-Nl. Digestion reaction mixture (5~1) wa run n a 0.7% 'A agar e g I. 

Lane 1: 1 kb DNA ladder. Lane 2: double dige ti n by E oR I and BamH r r tri ti n 

enzymes. Lane 3: single digestion by EcoR 1 only. an 4: ingle dige ti n Bamlf T 

only. Lane 5: negative control using deioni ed water in t ad r r tri ti n nzym . 

Each digestion mixture was incubated at 37° for 1 h. 
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750bp 

1 2 3 4 5 6 7 8 9 10 11 12 

Figure 4-11. PCR screening using primers RG I P3F and NRG 1 p3R. P R products 

(3 J.!l) were run on a 2% TAE agarose gel. Lane 1: 1 kb 0 A ladder. Lane 2-11: 10 

individual colonies were picked and used a template for PCR reaction. Lane 12: 

negative control using deionised water instead of template D A. 

Two universal primers CMV F and EBV R were used to sequence RG 1 p3-PAGFP 

from its N-terminus and C-terminus respectively (Figure 4-12). fter tran lating the 

nucleotide sequence into anlino acid sequence a stop codon wa found to be encoded 

right after the junction of NRG 1 p3-PAGFP at th ry b ginning of PA FP a indicated 

by the red bar in Figure 4-12. When comparing thi to th corr ponding P FP 

nucleotide sequence from pPAGFP vector, it was found that thi top codon wa cau ed 

by an extra nucleotide C insertion (Table 4-1). 

The mutated sequence wa corrected using the Quick hange ite- ir cted Mutagen is 

Kit ( tratagene, UK) as describ d in ection 2.4.9. The mutag ne i prim r MPI wa 

designed to remove the extra nucleotide. Foil wing P R reacti n and par ntal pi mid 

digestion, competent cells were transformed and plat d on to L agar plate 

supplemented with kanamycin. Aft r ov might incubation, II individual olonie were 

picked for PCR screening to verify the in ertion. Four ut of II I ni app ar d t b 

positive (Figure 4-13). They were grown up for pia mid miniprep and th n quenced 

to ensure that the extra nucleotide had be n remov d. 
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NRGlp3-PAGFP 

~ 

CMV 

NRGlp3 

~ 
NRGIPAGFP 

PAGFP 

~ 
EBVR 

Figure 4-12. Schematic representation of fusion prot in NRGlp3-PAGFP and primers 

used for sequencing NRG 1 p3-PAGFP. Red bar indicate a stop codon. 

Table 4-1. Comparisons of nucleotide and amino acid equences of pPAGFP and 

pNRG 1 p3-PAGFP. 

pPAGFP 
pNRGlp3-PAGFP 

Nucleotide sequence 
CAA GCT GAC CCT GA 
CAA GCT GAC CCC TGA 

Amino acid equence 
QADP 
QAD P Stop 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Figure 4-13 . PCR screening using prim rs R 1 P3F and NR 1 P R. P R produ t 

(Sill) were run on a 2% TAE agaro gel. Lane 1: 1 kb D A ladder. Lan 2- 12: 11 

individual colonies were picked and u ed a t mplate in P R reaction . Lanc 1 : 

positive control using NRG 1 p3 as template. 

To confirm the expression of the p RG 1 P3-P GFP on truct, tran i nt tran rcction 

were performed in COS-7 cells u ing Lipofectamine 2000 tran fection reag nt ( e tion 

2.1.5.2). Lysate from pPAGFP tran fected cell wa run in parallel t en ure that th 

anti -GFP antibody (GFP3 1) recognised PA FP, a variant of GFP. AI 0, Iy at from 

pQBI25-fNl NRG I p3 transfl cted cell was run a a po itive control. If 

NRG 1 p3-PAGFP were express d correctly, it hould appear on the blot at the ame 
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molecular size as NRGIIBGFP. The blot was probed with anti-GFP antib dy (GFP3 1) 

at a concentration of 10IJ.g/ml. Bands of the expected size were detected in Lane 1 and 2 

but not in Lane 3 suggesting that the newly made construct NRG 1 p3-PAGFP wa not 

expressed (Figure 4-14). 

75 

WB: GFP3El (lOllglml) 

35 

1 2 3 

Figure 4-14. Western blot analysis ofNRG 1 p3-PAGFP expression. ellly ates were run 

on an 8% SDS-polyacrylamide gel and subjected to western blotting. Ly ates included 

COS-7 cells transfected with pPAGFP (LaneJ) pQBI25fNI-NR IP3 (Lane 2) and the 

new construct pNRG 1 p3-PAGFP. Molecular sizes are in kDa. 

The universal primers CMV F and EBV R were used to sequence acro the flanking 

vector insert region. Each primer provided reliable sequencing re ult fi r up t 700bp. 

NRGlp3 and PAGFP were about 750bp each. The 3'end ofNR IP3 and the 5' nd f 

PAGFP were not sequenced with high quality indicated by om un p ifi d nu I tide 

in the sequencing results. The uncertainty about thi 

accounting for the absence of signal of NRG 1 P3-PA 

confirm the whole sequence of NRGlp3-PAGFP, w 

it u pi i u in 

prim r 

NRGIP AGFP to sequence the junction of NRG p3 and PAP ( igur 4-12). 
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750bp 

1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 

Figure 4-15. PCR screening using primers NRG1~3F and NRG1~3R to verify the 

presence ofNRG1~3 in the NRG1~3-PAGFP construct. P R products (31l1) were run on 

a 2% TAE agarose gel. Lane 1: lkb DNA ladder. Lane 2-15: 14 individual coloni s were 

picked and used for template for PCR. Lane 16: positive control u ing NRG 1 ~3 eDNA a 

template. 

The sequencing result suggested that NRG 1 ~3 wa not in the arne reading frame with 

PAGFP. To resolve this problem, we designed another mutagenc i prim r MP2 which 

introduced two nuc1eotides at the 3' end ofNRG I ~3 so that PAGFP could hare the am 

reading frame as NRGl~3. Addition of two nucleotide wa don u ing th ui k hang 

Site-Directed Mutagenesis Kit (Stratagene, UK) as describ din cction 2.4.9. amp tent 

cells were transformed with the products from the mutagen i rea ti n and plated n LB 

agar supplemented with kanamycin. After overnight incubati n, 14 indi idu I 

were picked for PCR screening to verify the pre ence of NR 1 ~ (igur 4-15). All 

colonies appeared to be positive. Four ofthern were gr wn up for pIa mid minipr p and 

then sequenced to ensure that the extra two nuc1e tide had b en in rp rated. 

To examine whether NRGl~3-PAGFP wa ex pre ed pr p rly ft r th 

reaction, COS-7 cells were transfected with pP 

construct pNRG 1 ~3-PAGFP. Cell lysate were prob d with FP "' 1 nti- P anti d 

Bands of the expected size were detected for all con tru t ( . igur 4-) . W t mIt 

analysis confirmed the expression ofNRG1~3-PA .p in -7 \I . 
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75 ~ 

WB: GFP3El (1 O~g/ml) 

35 

1 2 3 

Figure 4-16. Western blot analysis of NRG 1 ~3-PAGFP expression after the mutagene i 

reaction. Cell Iysates were run on an 8% D -polyacrylamide gel and ubjected to 

western blotting. Lysates included COS-7 cells transfected with pPAGFP (Lane), 

pQBI25fNI-NRGl~3 (Lane 2) and the new con truet p RGl~3-PA FP after 

mutagenesis. Molecular sizes are in kDa. 

4.3.4 Microscopy 

ince PAGFP alone was successfully photoactivated inside CO -7 c II , it was expected 

that we could photoactivate NRG) ~3-PAGFP in live cell and monitor it intranuclear 

trafficking over time. To perform this exp riment we transiently transfected 

pNRG 1 ~3-PAGFP into COS-7 cells. 24h po t tran fection, we electively 

photoactivated RG] ~3-PAGFP in expressing cell and ob erved their beha iour over 

time. Figure 4-17 illustrates how PAGFP-tagg d R I ~3 changed it locali ation 

patterns over 90min. At first, an NRG 1 ~3 -PA FP expre ing cell which howed mainly 

a nucleolar localisation pattern was cho en to be photoactivated. Arter two u ce i 

scans with 405nrn laser light at 20% power, P GFP-tagged R I ~3 became highl y 

fluore cent under 488nm excitation a hown at t=O. ontinued imaging with 4 8nm 

light revealed movement of the photoactivated molecul from nucleoli to sp kl . In 

the cell shown at t=45min, more peekled pattern ignal were detected . It s med that 

there was a locali ation pattern shift of R I ~3 from a nucleolar-like pattern toward a 

speckled pattern. This became more obviou after anoth r 45min (t=90min) indicat d by 

the reduced intensity of the ignal in the nucleoli and mor 

throughout the nucleus. During thi proce , only ph toactivat d 

P ckl 

R I ~3-P P 

molecules exhibited noticeable fluor cence, no newly ynthe i ed m b came 

fluorescent. Thus, what we observed sugge ted that PA FP-tagged R I ~ mov d 

from nucleoli to speckles. 
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Figure 4-17. Photoactivation and imaging of NRG 1 ~3-PAGFP trafficking in transiently 

transfected COS-7 cell. NRG 1 p3-PAGFP was irradiated with 405nm laser light at 20% 

power. Live cell images were taken every 45min under excitation with low levels (13%) 

of 488nm laser light post photoactivation. 
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4.4 Discussion 

We have constructed a pmCherry mammalian Cherry expression vector from a bacterial 

vector and expressed it in COS-7 cells. The initial purpose of this cloning was to use 

pmCherry as a marker to help localise cells that had incorporated pPAGFP plasm ids 

without photoactivation. The principle was that the cells that took up one plasmid most 

likely also took up the other plasmid. COS-7 cells were co-transfected with both 

pmCherry plasmid and pPAGFP plasmid. 24h post transfection, the culture dish was 

examined under a confocal microscope. mCherry expressing cells were identified by 

scanning with 546nm laser light. When switched to 405nm laser light, a big proportion 

of mCherry expressing cells were able to be photoactivated suggesting that cells had 

incorporated the pmCherry plasmid were very likely to take up pPAGFP plasmid as well. 

Thus, mCherry could be used as an effective marker to localise PAGFP expressing cells 

without photoactivation. 

We also noticed that PAGFP expressing cells were faintly visible under UV-light which 

made mCherry co-transfection not necessary. We were able to photoactivate PAGFP in 

transiently transfected COS-7 cells using low power (20%) 405nm laser light. Images 

(Figure 4-7c-d) taken pre- and post-photoactivation using 488nm light demonstrate a 

dramatic increase in the fluorescence signal within a photoactivated cell, as suggested 

by Patterson and Lippincott-Schwartz (2002). There are a few things worthy of attention 

when performing photoactivation on a live cell. First, when choosing a target cell, 

long-term exposure to UV has the potential of activating the PAGFP. Thus, locating 

P AGFP labelled cells by co-transfecting with a cherry vector could help to avoid the 

potential harm caused by UV light. Second, photoactivation can be almost instantaneous 

once the 405nm laser light is applied. Thus, the 405nm laser light should remain ofT 

until activation is desired. Third, only a couple of scans of the 405nm laser light at a low 

power are necessary to activate the PAGFP. A series of 405nm laser light scans could 

be carried out to detect how bright a cell becomes during the photoactivation process. 

Last but not least, there is always the trade-off between photoactivation and 

photobleaching. Photoactivation efficiency is essentially a balance between 

photoactivation of PAGFP and photo bleaching of activated molecules (Testa el al., 
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2008). Photobleaching of the fluorescence signal in a photoactivated cell may result 

from a combination of different factors such as the microscope objective used, laser 

power, number of scans and zoom factors (Stark and Kulesa, 2005). Multiple scans 

using the 488nm laser contribute to undetectable or an insignificant amount of 

photobleaching. If a cell is scanned repeatedly with 405nm laser light especially at high 

power, photodamage is likely to occur. Thus, the combination of laser power and 

duration and number of scans should be optimised for experimental purpose. In our 

experiment, two successive scans (- Is each at -Is interval) with 405nm laser light at 

low power (20%) effectively photoactivated PAGFP in live cells without any noticeable 

photo bleaching. 

Here, we took advantage of the PAGFP technique to determine whether PAGFP 

photo activation could be used to address a specific question of protein trafficking inside 

cells. Specifically, we tested our hypothesis of whether the localisation inter-conversion 

between nucleoli and spliceosome we observed on NRG 1 ~3 was due to protein 

movement. We started by making an NRG 1 ~3-PAGFP construct by attaching NRG 1 133 

to the N-terminus of the PAGFP. Following mutagenesis reactions, the expression of 

this construct was confirmed by western blot analysis (Figure 4-16). COS-7 cells were 

transfected with pNRG 1 ~3-PAGFP plasmid for 24h. A healthy-looking cell with a clear 

nucleolar-like pattern or speckled pattern was chosen to photoactivate and monitor for a 

period of time until its localisation pattern changes became noticeable. Most of the time 

cells were monitored for hours without showing any pattern changes and then apoptosis 

occurred (possibly due to repeated exposure to UV light). Even though Figure 4-17 is 

not a perfect example, it does provide important information in understanding NRG I 133 

trafficking in live cells. The photoactivation process was performed under optimised 

conditions. Pictures were taken every 45min. At the beginning it showed mainly a 

nucleolar localisation pattern with few speckles scattered in the nucleus. After 45min, 

more speckles appeared. Another 45min later, the nucleoli dimmed and speckles were 

present throughout the nucleus. These changes strongly suggested that NRG 1 p3 moved 

from nucleoli to speckles and this movement took place in less than 2h which is 

consistent with previous observation that NRG 1133 localisation pattern changes within 

2h (Golding et al., 2004). Furthermore, our findings support the idea that NRGIf33 

moves from one intranuclear compartment to the other rather than being degraded in 

one compartment while re-synthesised and targeted to the other compartment. Future 

experiments might examine how NRG I P3 localisation patterns are associated with 
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phases of the cell cycle by labelling NRG 1 P3 expressing cells with specific cell cycle 

markers. Addressing these questions would provide more insight into the functions of 

intranuclear NRG 1. 

In this study, we have demonstrated that PAGFP photoactivation as an innovative and 

effective tool for labelling and monitoring the trafficking of proteins in live cells. 

PAGFPs allow proteins to be tracked without the need for constant imaging. Since only 

photoactivated PAGFP molecules exhibit noticeable fluorescence, there is no concern 

that newly synthesised molecules will become fluorescent and complicate the 

experimental results. In addition to protein labelling and tracking. PAGFPs have a wide 

range of application at different levels such as visualising RNA and DNA dynamics 

(Shav-Tal e( aI., 2004), following exchange of intracellular organelle content 

(Verkhusha and Sorkin, 2005) and tracking cells during development (Chudakov el al .• 

2003). With microscopy techniques as an integral tool, PAFPs are anticipated to have 

more potential applications that have not been realised yet. For example, by using 

PAGFPs with distinct colours, it should be possible to study the dynamics of several 

proteins simultaneously. In the future, more studies of biological dynamics will benefit 

from this technique. 
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Chapter 5. Establishing an inducible cell 
line with regulated expression of 
NRG1~3GFP 

5.1 Introduction 

Nuclear expression of NRGs has been detected in a range of nonnal and human cancer 

tissues (see Chapter 3). However, their functions in the nucleus remain to be detennined. 

Using high-resolution confocal microscopy, we found that NRGlp3GFP localised to 

nucleoli and SC-35 spliceosomes, nuclear compartments that contribute to ribosome 

synthesis and RNA splicing, respectively. We hypothesised that such distinct subnuclear 

localisation may have specific functions in modifying cell behaviour. To facilitate 

function analysis, we decided to establish a stable cell line in which the expression of 

NRG 1 p3GFP would be inducible. Once established, this cell line could allow us to do 

various small and large scale analyses, including associating NRG 1 p3GFP nuclear 

localisation patterns with different phases of the cell cycle, analysing its effect on cell 

growth, and transcriptomic analysis to investigate how gene transcription profiles are 

affected by targeting NRG 1 p3 to specific subnuclear structures. 

In this study, a commercially available inducible mammalian expression system was 

employed: the Tet-Off expression system (Clontech, USA). The Tet-Off system has two 

critical components, the regulatory protein, encoded by the regulatory plasmid and the 

response plasmid which expresses a gene of interest under control of the response 

element (Figure 5-1). In the absence of the inducer doxycycline (Oox, a derivative of 

tetracycline), the regulatory protein binds the response element and activates 

transcription of the gene of interest. In contrast, transcription is repressed by the 

addition of doxycycline. The ultimate goal in setting up a functional Tet System is 

creating a double-stable Tet cell line which contains both the regulatory and response 

plasmids. We obtained the MCF-7 Tet-Off cell line which already expresses the 

regulatory protein (a gift from Dr Paul Edwards, Cambridge, UK). We therefore cloned 
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the NRG 1 p3GFP cDNA into the Tet-regulated gene expression system and aimed to 

establish a stable cell line with inducible expression of the NRG 1 p3 FP construct. 

Figure 5-2 is an overview of the general strategy for establishing the Tet-Off y tern, in 

which the expression of our gene of interest would be inducible. 

Re~\llate 
t>la~~lllid 

----1 

ITA 
I I 

'CMY ~ ,It' I VPt./----

~ 
( 

T et-Off System 

tTA(c.9) 
binds TRE and activates transcription 
in the absence of Dox 

Response 
plasmid 

Figure 5-1. Schematic of gene regulation in the Tet- :IT ystem. Figure taken from 

www.clontech.com. 

1 4 



Hygromycin 
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~I 'F- Tet- ff 
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Expressi n N 

Figure 5-2. Overview of establishing the inducible xpression of NRG I B3GFP in the 

MCF-7 Tet-Off cell line. MCF-7 Tet-Off cells arc transfected with thc 

pTRE2-NRG IB3GFP plasmid along with a linear hygromycin selection marker (Hygr). 

After the drug selection with hygromycin, a table cell line i produced which ex pres 

NRG 1 B3GFP in response to the withdrawal of doxycycline COox). Figure adapted from 

www.clontech.com. 



5.2 Aims 

1. To clone NRGlp3GFP in the multiple cloning site of the response plasmid (pTRE2). 

2. To test the inducible expression ofNRG 1 p3GFP in the MCF-7 Tet-Off cell line. 

3. To determine the effective concentration of Dox. 

4. To test fetal bovine serum for tetracycline contamination. 

5. To optimise the transfection efficiency in the MCF -7 Tet-Off cell line. 

6. To titrate the effective concentration ofhygromycin for cell killing. 

7. To co-transfect pTRE2-NRGlp3GFP with the linear hygromycin selection marker 

and select hygromycin resistant clones. 

8. To screen clones for inducible expression ofNRGlp3GFP. 
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5.3 Results 

5.3.1 Construction of the pTRE2-NRG1fJ3GFP vector 

To express NRG 1 p3GFP in the Tet-Off system, we first cloned NRG 1 ~3GFP into the 

response vector pTRE2. By comparing the vector maps of pQBI25-fNl NRG 1 p3GFP 

and pTRE2, we found that NRGlp3GFP can be cloned into the pTRE2 vector at two 

compatible restriction sites, BamH I and Mlu I, that are present on either side of the 

NRGlp3GFP fragment and in the multiple cloning site of the pTRE2 vector (Figure 

5-3). 

Restriction digestion reactions were set up as described in Section 2.4.4. Uncut 

supercoiled plasmid appeared to migrate more quickly than the nicked plasmid 

indicated by the lower band in Lane 5 as shown in Figure 5-4. No such band appeared 

in Lane 3 and Lane 4 indicating that single digestion by either BamH I or Mlu I 

restriction enzyme was complete, and this generated a single band of 7 kb, the size of 

the vector. Double digestions by BamH I and Mlu I restriction enzymes generated two 

fragments of 5.5 kb and 1.5kb, as shown in Lane 2. 1.5kb was the predicted size of 

NRGlp3GFP suggesting complete digestions of vector pQBI25-fNl NRGlp3GFP by 

BamH I and Mlu I restriction enzymes. The 1.5kb DNA fragment was purified using 

QIAEX® II Gel Extraction Kit (as described in Section 2.4.3) for subsequent cloning. 
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Figure 5-3. Vector maps. (a) Vector pQBl25-fN I RG I p3 FP. (b) R p neve t r 

pTRE2. Compatible restriction sites are indicated by black arrow . The ircled 

restriction sites were chosen for the ub equent re triction analy i to identify the 

recombinant plasmids. Figure adapted from www.clontech.com. 
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7kb 
5.5kb 

1.5kb 

1 2 3 4 5 

Figure 5-4. Gel of agarose electrophoresis of restriction dige tion f the ve tor 

pQBI25-fNl NRGIB3GFP. Digestion reaction mi ture (Sill) w run n a 0.7% g I. 

Lanel: lkb DNA ladder. Lane 2: double digestion by BamH I and Mlu J r tri ti n 

enzymes. Lane 3: single digestion by BamH J only. Lan 4: ingl dig ti n by Mlu I 

only. Lane S: negative control of uncut pIa mid u ing d i ni d wat r in t d f 

restriction enzymes. Each digestion mixture was incubat d at 37° 6 r 1 h. 

The response vector pTRE2 was digested under the arne ndition. in 

nucleotides exist between the two restriction ite in th muItipl 

vector, a single band of the predicted ize of th 

digestions (Lane 2 in Figure S-5). Following g I purific ti 

nlya fI w 

f th 

treated with Calf Intestinal Alkaline Pho phata n 2.4.S) 

to remove the phosphate group from the 5 -end to pr ent If-Ii ti n fthe e t r. 



3.8kb~ 

1 2 3 4 5 

Figure 5-5. Gel of agarose electrophoresis of restriction dige tion of th r ct r 

pTRE2. Digestion reaction mixture (5J..lI) was run on a 0.7% g I. Lan 1: 1 kb DNA 

ladder. Lane 2: double digestions by BamH J and Mlu r r tri tion nzyme . an 

single digestion by BamH J only. Lane 4: single dige tion by Mlu TonI . ane 5: 

negative control using deionised water instead of r tri tion enzym . ~ach di g ti n 

mixture was incubated at 37°C for 1 h. 

The ligation reaction was transformed into DH5a omp t nt II and pI t d nt B 

agar plates supplemented with ampicillin. 10 individual 01 ni pi k d fr m th 

plates and the DNA plasmid from each colony wa purified u in iag n Mini r p 

Kit (as described in Section 2.4.7). To identify th d ir 

restriction analysis was performed by choo ing an th r tw r 

Not I) outside the gene insertion but within the mUltipl ning it in th p R 2 

vector (Figure 5-3). Figure 5-6 i a g I pictur h wing a p 

restriction analysis, which generated n fragm nt r th 

(1.5kb) and another fragment of the predict d iz 

orientation and junctions of the insertion were confirm d by 

I f3 FP 

rr t 
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3.8kb ~ 

1.5kb ~ 

1 2 3 4 5 

Figure 5-6. Gel of agarose electrophoresi of re tricti n analy i 

recombinant plasmid. Digestion reaction mixtur (5111) wa run on 

lkb DNA ladder. Lane 2: double digestion by ac TT and Nol T r 

Lane 3: single digestion by Sac II only. Lane 4: ingle dig ti n by 

to id ntify the 

0.7% gel. an I: 

negative control using deionised water inst ad of r tri tion nzym . ~ a h dig ti n 

mixture was incubated at 37°C for lh. 

5.3.2 Testing ofNRGlfJ3GFP induction in the MCF-7 Tet-Off cell 
line 

Before creating a double stable M F-7 Tet- IT c Illin , a tran i nt indu ti n a wa 

performed to test whether the expre sion of NR 1 r3 . P indu ibl . rf th 

worked, the expression of NRG 1 r33 FP would b turned IT in th pr r 

turned on by the absence of Dox. 

Duplicate 35rnm tissue cultur di h of M F-7 

transfected with pTRE2-NRG I p3 FP u ing th 

transfection was complete, lllg/mi Dox (rna imum 

literature to achieve full suppre sion of gen e pr 

duplicate dishes, leaving the econd dish untr at d t 

t- IT II r tran i ntl 

n r a) nt. Wh n 

t d in th 

r th 

rull indu ti n r 

NRG I r33GFP expression. After 24h treatment with Do , "+0 x" c II wer mp r d 

141 



to "-Dox" (induced) cells using low light digital mIcroscopy. 0 fluore cence was 

observed in the dish treated with 1 Jlg/ml Dox (data not hown). Approximately 10% of 

the cells were fluorescent in the Dox-free dish (Figur 5-7a). When witched to higher 

magnification (x63), the localisation pattern of NRG 1 ~3GFP was confirmed (Figure 

5-7b). This experiment indicated that the expression of RG 1 ~3GFP was inducible in 

the Tet-Off system. 

Figure 5-7. Testing of RG 1 ~3GFP induction in the Tet-Off system. The pTR ~ 2-

NRG I p3GFP construct was transiently tran fected into M F -7 ~ t-Off cells. In the 

absence of Dox treatment, NRGlp3GFP expres ion wa induced 24h po t tran fection . 

Images were taken at xlO (a) and x63 (b). 

5.3.3 Determination of the effective concentration of Do x 

Doxycycline was needed for controlling th e pre i n of R 1 p3 FP in th ~ t- IT 

system. A wide range of Dox concentration are ugge tcd in the literatur and th 

optimal concentration varies with different cell line. To achi vc full rcpre ion or gene 

expression with minimal cytotoxicity, a Dox do e-respon t up t 

calibrate the effective concentration of Do x in the M F-7 Tet- fTcelllinc . 
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Figure 5-8. Determination of the effective concentration of Dox. 6 dishes of M F-7 

Tet-Off cells were 50% confluent when transiently transfected with the 

pTRE2-NRGl~3GFP construct. Dox was added to each dish at final concentrations of 

(a) 50, (b) 100, (c) 200, (d) 400, (e) 600, and (f) 800ng/ml. 24h post transfection cells 

were visualised using low light digital microscopy. Pictures are representative of each 

condition. Original magnification: xlO. 

6 aliquots of MCF-7 Tet-Off cells were plated into 3ml of complete culture medium in 

35mm glass-bottom culture dishes. Each dish of cells was 50% confluent wh n 

transiently transfected with the pTRE2-NRGl ~3GFP construct using FuG N ( cti n 

2.1.5.1). When transfection was completed, Dox was added to each di h t final 

concentrations of 50, 100, 200, 400, 600, and 800ng/m!. ell were left to grow fi r 24h 

before examining the expression level of NRG 1 ~3GFP expre ion t 

varying concentration of Dox. As shown in Figure 5-8 the concentrati n of t 50, 

100, 200ng/ml suppressed gene expression of NRG 1 ~3GFP to om tent ( igur 

5-8a-c). Full suppression of NRG 1 ~3GFP expression was achieved 

concentration achieved at 400ng/ml or higher (Figure 5-8e-f). This exp rim nt h wed 

that the level ofNRG I ~3GFP expression in the Tet-Off sy tern was Dox d d p nd nt 

and the effective concentration of Dox to fully suppress NRG 1 ~3GFP expr ion in th 

MCF -7 Tet-Off cell line was 400ng/ml. 
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5.3.4 Testing of serum for tetracycline contamination 

Many bovine sera are contaminated with tetracycline or tetracycline-derivatives, 

presumably due to the use of tetracyclines in the diet of cattle. Tetracycline 

contamination could affect basal expression or inducibility in Tet systems. Therefore, it 

was critical that the FBS used for cell culture should not interfere with Tet-responsive 

expression. Even though these problems could be eliminated by using the Tet System 

Approved FBS from Clontech which has been tested and found to be free of 

contaminating tetracycline activity, the cost was high. Another commercially available 

FBS, from Invitrogen, which was routinely used in tissue culture, was therefore tested 

in our Tet system to verify tetracycline contamination. Since we were dealing with the 

Tet-Off system, the traces of tetracycline from FBS were not important in keeping the 

gene expression silent (in the presence of Dox). However, it might affect the induction 

level of the gene expression in the absence of Dox. 

MCF-7 Tet-Off cells were grown in two 35mm tissue culture dishes containing medium 

prepared with FBS from Clontech and from Invitrogen, respectively. They were 

transiently transfected with the pTRE2-NRGlp3GFP construct in the absence of Dox. 

24h post transfection, the fluorescence patterns of each dish were examined using low 

light digital microscopy. No obvious differences were observed in terms of the 

percentage and the intensity of the green glowing cells. To further examine the 

induction level of NRG 1 p3GFP expression, cell lysates from each dish were probed 

with GFP3EI anti-GFP antibody (Figure 5-9). Bands of the expected size were detected, 

and their intensity appeared to be the same. The similar level of induction suggested that 

the FBS from Invitrogen did not contain tetracycline or at a neglectable level, which 

would not affect the inducibility ofNRGlp3GFP expression in the Tet system. 
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Figure 5-9. Western blot analysis of the level ofNRGl~3GFP expres ion when cultured 

in different FBS. MCF -7 Tet-Off cells were transiently tran fected with the 

pTRE2-NRG 1 ~3GFP construct in the absence of Dox. ells were Iy ed 24h po t 

transfection. Cell lysates were run on an 8% SD -polyacrylamide gel and pr b d with 

an antibody specific for GFP. MCF-7 Tet-Off cells were cultured in the Tet y tern 

Approved FBS from Clontech (Lane 1) and in the FB from Invitrogen (Lane 2). 

5.3.5 Optimisation oftransfection efficiency in MCF-7 Tet-Off cell 
line 

Developing a stable cell line in which NRG 1 ~3GFP expre ion would b indu ible 

involved stable transfection of the pTRE2-NRG 1 ~3 FP con truct into th M -7 

Tet-Off cell line. For best results, transfection method were ptimi d t achi high 

transfection efficiency. 

MCF-7 Tet-Off cells were plated out into two 35mm gla b tt m di h 

transfection. Cells reached about 60% confluency at th tim 

pTRE-NRGl~3GFP construct was transiently tran fI ct d into M 

using two different transfection reagents: Fu N 6 (R h, 

2000 (Invitrogen, UK). Transfection procedure were arri d ut 

th day b fI re 

Th 

ip ~ tamin 

rding t th 

supplier's instructions (as described in ection 2.1.5). After 24h in ubati n In th 

absence of Dox, each dish was examined using I w light digital mi r h 

transfection efficiency was calculated for each transfecti n re g nt, b ing 

random fields from which green glowing cell were ounted mpar 

observed, to get a percentage of glowing cell . Lipofi tamin 2000 tran ~ ti n r g nt 

provided higher transfection efficiency (15%) com par d t N (10%). 

To further improve the transfection efficiency u ing the Lip fe t min 2 0 

transfection reagent, three different ratios of DNA (flg): Lipofi tamine 20 0 fll) w r 
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tested as listed in Table 5-1. Transfection efficiency was compar d 24h po t tran ft ction 

( Figure 5-10). The 1:5 ratio of D A: Lipofectamine 2000 gave th highe t tran ft ction 

efficiency. The 1 :2.5 produced a transfection ffici ncy higher than the I : I but lower 

than the 1:5 in the expression ofNRG 1 ~3GFP u ing the cell count . The I : I ratio gave 

the lowest transfection efficiency. 

Table 5-1 . Comparison of transfection efficiency u mg different 0 (J.l g): 

Lipofectamine 2000 (J.lI) ratios. 

DNA (J.lg): 
D A Li pofectami ne Tran £ ction 

Lipofectamine 2000 
(J.lI) (J.lg) 2000 (J.lI) fficiency 

1:1 4 4 10.5% 

1 :2.5 4 10 15% 

1 :5 4 20 25% 

Figure 5-10. Optimisation of transfection efficiency. di he f M 

were 60% confluent when transiently tran Ii cted with the pTR 2- R I ~ P 

construct using D A (J.lg): Lipofectamine 2000 (I-tl) ratio of (a) 1: I , (b) I :2.5 and ( ) 

1 :5 , respectively. ft r 24h incubation in the ab nce of Do, , the tran fecti n ITi ien 

of each dish was examined u ing low light dig ital micro c py. Pi ture ar 

representative of each condition. Original magnificati n: xl O. 

5.3.6 Hygromycin titration 

Hygromycin was used for the selection of th M -7"G t- IT cell lin tabl 

with a linear hygromycin election mark r. ue t variation in the p ten y of 

hygromycin it was important to do a titration experim nt to d tennin th ptimal 

concentration necessary to ki II untransfect d M F -7 Tet-O IT ell . 
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3 .5x 104 MCF -7 Tet-Off cells were plated in each of five 10cm tissue culture dishes 

containing 10ml of the complete medium plus varying amounts (50, 100, 200, 400, 

800J,lglml) of hygromycin. Cells were incubated for 14 days with the selective medium 

replaced only if nutritional compounds were depleted by the cells cultured, indicated by 

a colour change from red to yellow. The dishes were examined for viable cells every 

two days. Cell counting was performed using a hemocytometer (as described in Section 

2.1.6). A dose response curve was generated by plotting the number of viable cells on 

the y-axis versus hygromycin in J,lg/ml on the x-axis (Figure 5-11). For selecting stable 

transformants, the optimal hygromycin concentration was the lowest concentration that 

began to give massive cell death in -5 days and killed all the cells within two weeks, 

which was 200f..l.g/ml according to the data shown in Figure 5-11. This optimised 

hygromycin concentration was subsequently used to block growth of non-transfected 

cells and select for transfected cells when developing the double stable Tet-Off cell line. 

The plating density is another important factor for the selection of stably transfected 

cells. If cells are plated at too high a density, they will reach confluency before the 

selection takes effect. Optimal plating density is dependent on cell proliferation rate and 

cell surface area. For example, large cells that proliferate rapidly have a lower optimal 

plating density than small cells that proliferate slowly. The plating density of MCF-7 

Tet-Off cells was optimised by plating cells at several different densities in the presence 

of 200J,lg/ml hygromycin. 

MCF -7 Tet-Off cells were plated in each of six 10cm tissue culture dishes containing 

lOml of the complete medium at the following densities: 5x 106
, 1 X 106

, 5x lOs, 2x lOs, 

Ix10
5

, and 5x104. Cells were incubated for 5-14 days in the presence of 200f..l.g/ml 

hygromycin. The optimal plating density for selecting stable transfectants should allow 

the cells to reach ~80% confluency before massive cell death begins (at about day 5). 

For MCF-7 Tet-Off cells, we found 2xlOs cellS/IOcm dish to be an optimal plating 

density. 
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Figure 5-11. Hygromycin kill curve showing cell death In relation to increa ing 

concentration of hygromycin over time. 

5.3.7 Developing the double-stable Tet-Off inducible cell line 

5.3.7.1 Co-transfection of the MCF-7 Tet-Off cells 

To generate the double-stable Tet-Off inducible cell line, pTR 2- R I ~3GFP v tor 

was cotransfected along with the Linear Hygromycin Marker (pTK-1 [yg) ( lontech, 

USA) into the MCF-7 Tet-Off cell line. Tran fected M F-7 ~ t-OfT cell were cultured 

in the presence of 400llg/ml Dox in order to keep tran cription of R I ~3 FP turn d 

off. Stable transfectants were selected using hygromycin at 200llg/ml. 

MCF-7 Tet-Off cells were grown to 60% conflu n y in complet m dium for 

transfection. The optimised transB ction method de cribed in ction 5 .. 5 wa II Ilowed. 

The pTRE- RG 1 ~3GFP vector and the linear h gr m cin mark r pTK-I [ g ere 

combined at a ratio of20:1 (according to the manufa tur r ' in tru ti n ). 241lg pIa mid 

D A and 1 .21lg of the linear hygromycin marker wer diluted in ] .5ml r pti-M EM 1 

Reduced Serum Medium. 120lll Lipofectamin 2000 tran II ti n r ag nt wa dilut d 

in 1.5ml of Opti-MEM I Medium. After 5min incubation at room temperatur , th 

diluted D A was mixed with diluted Lipofectamine 2000. The mixtur wa incubated 

for 20min at room temperature and th complexe wer added t th M F-7 t- IT 

cells. The transfected cells wer cultured in the ab ence or Dox for 24h. Following 

14 



examining the transfection efficiency under the microscope, Dox was added to the 

culture medium at a final concentration of 400ng/JlI and transfected cells were 

examined the following day. No fluorescence was observed, suggesting the expression 

ofNRGlJ33GFP was fully suppressed. Transfected cells were plated in ten 10cm culture 

dishes, each containing 15ml of the complete medium, at the optimal plating density 

determined in Section 5.3.6. 

5.3.7.2 Selection of transfected cells 

Selection of MCF-7 Tet-Off cells, co-transfected with the pTRE-NRG 1 ~3GFP and the 

linear hygromycin marker encoding for hygromycin resistance was performed, using 

culture medium containing hygromycin at a concentration of 400Jlg/ml. 

Transfected cells were allowed to divide for two days before adding hygromycin to the 

culture medium. Medium was replaced with fresh complete medium containing the 

hygromycin, when necessary. Fresh Dox was added every two days. After 5-7 days, 

cells started to die. Drug selection was continued until colonies became visible, 

indicating that the cell cultures contained only living cells expressing the hygromycin 

resistant phenotype, and all untransfected cells had died. 

For maintenance of the hygromycin resistant phenotype of established transfected cell 

lines, cells were cultured in hygromycin at a concentration of 200Jlg/ml recommended 

for maintenance of human cell lines. Moreover, to eliminate any revertants, cells were 

cultured in medium containing hygromycin at the same concentration used for the initial 

selection (400Jlg/ml) once a month. 

5.3.7.3 Cloning by picking and limiting dilution 

Colonies became visible in 3-4 weeks. Culture dishes containing colonies were 

examined with an inverted microscope with a xl 0 objective. Once average size. healthy 

and well separated colonies were located, a circle around them was drawn on the bottom 

of the dish with a marker pen. 35 colonies were isolated and picked from ten culture 

dishes using 8mm x 8mm cloning cylinders (Millipore, UK) (as described in Section 

2.1.7). 
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Figure 5-12. Testing individual double-stable clone for expre ion of RG 1 ~3 FP. 

Each clone in a single well of a 96-well plate wa examined by removing Oox. Induced 

NRG 1 ~3GFP expressing cells were indicated by the fluore c nee ignal. 

Individual clones were seeded into single wells of a 96-well plate containing medium 

with maintenance concentration of hygromycin (200Ilg/ml) and 400nglml Oox. When 

they had grown sufficiently, clone for induction were te ted by removing Oox . Wh n 

examined using low light digital micro copy, fluorescence was ob erved in 8 out of 5 

clones. However, not all cells from a singl i olated clone were fluor cent. Only a ft w 

cells were glowing suggesting that RG 1 ~3GFP was only expres ed in a very mall 

proportion of individual cells in th isolated cion (Figure 5-12). 0 cparatc individual 

NRG 1 ~3GFP expressing cells in order to obtain pecific clone with xpre ion of our 

interest gene, ingle-cell cloning by limiting dilution wa carried out. 

The fluorescent clones in the separate well of the 96-w II plate wcr wa h d twice with 

PBS buffer and incubated in 0.2ml of OT -tryp in olution at 7° . n e ccll 

detached from the dish bottom, 2ml offr h medium wa dded . B fI r furth r diluti n, 

I ml from each promising clone wa froz n down a to k . Anoth r 9ml f c mpl 

medium wa added to the remaining 1 ml and mad up to 10mi in ttl. n r p rtl rming 

cell viability count using a hemocytom t r, cell den ity wa adju ted 10 I 106 

One hundred fold dilution wa carried out by tran fI rring 200)..11 of II u pen i n t _ 

ml of medium giving 1 x 104 
C II Iml (10,000 cell p r ml). SuI (50 II), 10111 (100 

cells), 20111 (200 cells) and 50111 (500 c II ) of th c II u p n ion w r pip tt d 

respectively into four pre-labelled tube , ach containing 10ml f m dium gi ing a 

cellsll ami , 100 cellsl l amI , 200 cell 11 ami and 500 cell /1 amI. Four 96-w II plat were 

labelled with 50, 100,200 and 500. lOO1l1 from ach 10ml c II 

into each of the 96 wells in ach labelled plate. Th e dilution provid d at lea t 5ml of 

cell suspension containing 0.5 , 1,2 and 5 c II per well. 
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When the cells in the 96-well plates reached 30% confluency, they were tested for 

induction by removing Dox from the medium. The number of cells seeded into each 

well at the beginning of the experiment was indicated by the number of the clusters of 

the cells. Some wells contained a few clusters of cells suggesting more than I cell was 

seeded; some wells contained no live cells suggesting that probably no cell was seeded 

into those wells. However, even if some wells seemed to have only one cluster of cells, 

only a small portion of cells were fluorescent indicating that not every cell in that 

cluster expressed NRG 1 ~3GFP. Cells from the wells containing fluorescent cells were 

transferred in sequence from the 96-well plate into a 48-well, 24-well plate in the 

presence of Dox. When the cells in the 24-well plate reached 30% confluency, the 

expression ofNRGl~3GFP was checked again by removing Dox. Hygromycin resistant 

clones in culture dishes were examined under low light digital fluorescence microscopy 

after removing Dox. Although the expression of NRG 1 p3GFP was apparent, its 

distribution was heterogeneous. Only a small number of cells exhibited NRG 1 p3GFP 

expression within an isolated clone. We also noticed that the number of NRG 1 fBGFP 

expressing cells decreased as cells were passaged. At this point, we stopped further 

attempts at clone isolation. 
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5.4 Discussion 

5.4.1 Functional testing of Tet-Off system 

NRG 1 J33 has been shown to localise to two known intranuclear structures, nucleoli and 

SC-35 spliceosomes. However, the precise functional correlates of its expression 

patterns remain unclear. We therefore set out to develop an in vitro cell model in which 

NRG 1 J33GFP expression in the cell line could be temporally controlled for functional 

analysis. Several inducible gene expression systems have been developed such as those 

regulated by hormones, heavy metal ions and heat shock (Yarranton, 1992). However, 

most of them are limited by nonspecific induction and toxic effects of the inducing 

agents. The tetracycline (tet)-regulated gene expression system overcomes many of the 

problems of other inducible systems and has been widely used in mammalian cell 

culture (Howe et aZ., 1995), transgenic mice (Ewald et aJ., 1996) and other species 

(Thomas et aJ., 2000). The Tet-Off expression system consists of two separate plasmids, 

the regulatory plasmid which expresses a transactivation element and the response 

plasmid which expresses the gene of interest. In the absence of Oox, the transactivator 

binds to the inducible promoter of the response plasmid, and activates the transcription 

of the downstream gene of interest. Transcription is turned off by adding Oox to the 

culture medium. The system is established in target cells by sequentially transfecting 

them with these two plasmids and selecting stable cell lines. The MCF-7 Tet-Off cell 

line is a stable cell line that expresses the transactivator. We successfully cloned 

NRG 1 J33GFP in the response plasmid pTRE2. This vector was subsequently transiently 

transfected into the MCF-7 Tet-Off cell line. When treated with Dox, the transcription 

of NRGIJ33GFP was turned off and NRG1~3GFP expression was turned on by 

removing Dox from the culture medium. This transient expression assay provided a 

quick indication of the inducibility ofNRGl~3GFP expression in the Tet-Offsystem. 

Before developing the double-stable MCF-7 Tet-Off inducible cell line. more pilot 

experiments were carried out. To calibrate the effective concentration of Oox to achieve 

full repression of NRG 1 J33GFP expression, a range of Oox concentration were tested. 

When Dox reached 400nglml, NRG 1 ~3GFP expression was completely shut down as 

shown in Figure 5-8. Since the tightly controlled induction of the Tet-Off system is 
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based on the tetracycline-regulated transcription activity, tetracycline contamination in 

the culture medium might have an effect on the induction level of gene expression. Due 

to the high cost of Tet Approved FBS (Clontech, UK), the FBS from Invitrogen (UK) 

was tested in our Tet-Off system for any tetracycline contamination. Using fluorescence 

microscopy and western blot analysis no obvious differences were observed in the 

induction level of NRG I p3GFP expression when cultured in these two different FBS 

(Figure 5-9). To generate the double-stable Tet-Off inducible cell line, the 

pTRE2-NRGlp3GFP vector was co-transfected along with the linear hygromycin 

selection marker into the MCF-7 Tet-Off cell line. Before selecting stable transfectants 

using hygromycin, a titration experiment was carried out to determine the optimal 

concentration of hygromycin for our particular cell line. By incubating MCF -7 Tet-Off 

cells with varying hygromycin concentrations, we found 400~glml hygromycin to be 

optimal since it was the lowest concentration that resulted in massive cell death in -5 

days and killed all the cens within two weeks. Also, several plating densities for 

selecting stahle transfectants were tested versus the optimal hygromycin concentration. 

If cells become too confluent before they begin to die, some clones may be lost if they 

detach from the plate. Thus, the optimal plating density should allow the cells to reach 

-80% confluency before massive cell death begins (at about day 5). 

5.4.2 Optimising transfection efficiency 

With any transfection reagent or method. there are some important parameters that can 

greatly influence transfection efficiency, including cell health. degree of confluency. 

number of passages, contamination, and DNA quality and quantity. In general, cells are 

recommended to be transfected at 40-80% confluency. Too few cells will cause the 

culture to grow poorly without cell-to-cell contact. Too many cells results in contact 

inhibition, making cells resistant to uptake of foreign DNA. Actively dividing cells take 

up introduced DNA better than non-dividing cells. The optimal amount of DNA to use 

in the transfection varies depending upon the type of DNA, transfection reagent, the 

target cell line and number of cells. Thus, optimising transfection efficiency for a 

particular cell line is important in order to achieve high transfection efficiency. 

Transfection efficiency is typically measured as the percentage of cells expressing the 

protein of interest for detection in the total population. In this study, GFP, as a visual 

marker, allowed the transfection efficiency to be calculated as the percentage of glowing 

green cells over the total number of cells being counted. Transfection efficiency was 

first optimised by comparing two different transfection reagents Lipofectamine 2000 
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and FuGENE 6, both are a proprietary blend of lipids and other components. Following 

each manufacturer's instructions, Lipofectamine 2000 provided higher transfection 

efficiency than FuGENE 6. To further optimise the transfection efficiency using 

Lipofectamine 2000, we transfected the MCF-7 Tet-Off cells at 60% confluency (in 

35mm tissue culture dishes) with a fixed amount of DNA (4 .... g). With cell number and 

DNA concentration held constant, the amount of Lipofectamine 2000 was varied from 4 

to 20fJI to determine the optimal concentration. Three different DNA (fJg): 

Lipofectamine 2000 (fJI) ratios were tested. 25% transfection efficiency was achieved 

by transfecting MCF-7 Tet-Off cells with DNA: Lipofectamine 2000 ratio at 1 (4fJg): 5 

(20fJI). The 1: 1 ratio gave the lowest transfection efficiency (12.5%). Within the range 

being tested, it appeared that the lower the DNA: Lipofectamine 2000 ratio the higher 

the transfection efficiency. 

5.4.3 DilUtion cloning 

Dilution cloning of adherent mammalian cells is a common technique used for isolation 

of specific mutants (Machatkova et al., 1986). Our particular interest was to separate 

individual transfected cells in order to obtain specific clones with expression of 

NRGIJBGFP. 

Dilution cloning involves detachment of the adherent cells from the culture dish surface. 

After counting and diluting to achieve a concentration suitable for obtaining single 

colonies, the cells are seeded in 96-well plates. To increase the probability of obtaining 

single cells in the wells, we made a range of dilutions aiming for 0.5, 1, 2, and 5 cells 

per well. Medium was not changed unless necessary and a small amount of the old 

medium was left to facilitate cell growth. 

After cells had attached, the plates could be examined under the microscope to confirm 

the presence of individual cells. This procedure, however, could be very time 

consuming. We adapted a more simple procedure which was to wait for one week and 

then to examine the plates for the formation of cell colonies. Those wells with visible 

groups of cells were due to insufficient dilution and those wells containing no cells were 

due to over dilution. Those wells containing one group of cells were likely due to the 

proliferation of a single cell. Among the five 96-well plates with serious dilutions, I 

noticed that the probability of successful cloning was higher if fewer cells were seeded. 

In plates with lower cell densities (aimed for 0.5 cell/well), one colony can be found in 
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every six wells. Learning from this experience, dilution of ceJ]s to 0.5-1 ceJ] per well 

would maximise the proportion of wells that contain one single clone. Also, accurate 

cell counting is important to obtain the best dilution. 

Cloning by limiting dilution aimed to isolate individual NRG 1 ~3GFP expressing cells 

and culture these to produce clones. However, even the wells that appeared to contain 

one single clone exhibited patchy expression. Even though every attempt was made to 

ensure that the cells were in single cell suspension prior to plating, it could not be 

guaranteed that colonies did not arise from two (or more) cells sticking together. 

5.4.4 Failures of Tet-based strategies 

Two explanations are possible to account for the observed heterogeneous expression 

patterns of NRG 1 ~3GFP in isolated clones. The first explanation is a lack of selection 

pressure on NRG 1 JBGFP expressing cells. Heterogeneity of expression happens in 

transfection studies using separate transcription units for antibiotic resistance and a gene 

of interest. We co-transfected a linear hygromycin resistant marker along with the 

pTRE2-NRGl~3GFP vector into the MCF-7 Tet-Off cells, and in this approach the 

antibiotic resistance gene and the NRG 1 ~3GFP gene were translated independently. As 

a consequence, the cells that had one gene incorporated into their genome did not 

necessarily contain the other gene, and vice versa. Thus selecting with the hygromycin 

antibiotic those NRG 1 ~3GFP expressing cells without the hygromycin resistance gene 

were lost. The transfection efficiency ofNRGl~3GFP was about 25% so the percentage 

of cells that had also incorporated the hygromycin resistance gene would be even less. 

Thus, the cells not expressing NRG 1 ~3GFP but hygromycin resistant might have had a 

selective advantage and have grown more rapidly, finally leading to a depletion of the 

desired cell popUlation. Clearly it would therefore have been preferable to use response 

plasmid containing both the gene of interest and the antibiotic resistance gene which 

would ensure translation of the two open reading frames, after selection with the 

antibiotic and all surviving cells should, in theory, stably express the gene of interest in 

a homogenous manner. 
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Figure 5-13. Immunohistochemical staining of human ductal carcinoma of the breast 

with NRG 1 ~ antibody. Figure taken from Marshall et aI , 2006. 

If cells had incorporated both the RG 1 p3GFP plasmid and the hygromycin selection 

marker while showing heterogeneous NRG 1 p3GFP expres ion patterns, a second 

possibility was that the observed expres ion pattern of RG 1 p3GFP wer as ociated 

with the phases of the cell cycle. This hypothesi is supported by the nuclear ex pres ion 

patterns of NRG 1 ~ in immunohistochemical stained hun1an ductal carcinoma ti sue 

(Marshall et aI. , 2006). As shown in Figure 5-13, nuclear RGl~ expre ion i trong in 

some cells but undetectable in the adjacent cells. imilar heterogeneou R 1 ~ nuclear 

expression patterns were observed in normal skin, adrenal , thyroid ti sue a well a in 

soft cancer tissues (see Chapter 3). On thing In common \0 both the 

immunohistochemical staining and the expre ion ofNR I ~3 in vitro i that ell were 

not synchronised when examined. If the expre sion of R I ~3 FP i turn d on only at 

a particular phase of the cell cycle it explain why orne cells expre ed R 1 P3 FP 

while the others did not in an isolated cIon . 

The promising clones showing heterogen ous RIP FP xpr sion patt rn wer 

frozen down once those clones were i olated. In the future , fluor cent a tivat d II 

sorting (FACS) (which was not available to u ) may h Ip i olate a population of Tet- ff 

double-stable NRGI ~3GFP expressing c II and facilitate fun tional analy i for 

NRG 1 p3GFP expression in vitro. 
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Chapter 6. Exploring the functions of 
intranuclear expression of NRG 1 ~3 

6.1 Introduction 

Failure to establish an inducible cell line with regulated expression of NRG 1 P3 lead us 

to seek for other approaches to explore the functions of intranuclear expression of 

NRGlp3. Previous mutational analyses carried out in our laboratory have mapped the 

amino acids responsible for either the nucleolar or the spliceosome localisation of 

NRGlp3. Using wild type NRGl~3 and its two mutants which could localise only at 

spliceosomes (FLAAA) or only in nucleoli (K69A), we explored the functions of 

nuclear NRG I p3 in each of these compartment separately using two different 

experimental approaches. One was based on "candidate" effects of intranuclear 

expression of NRG 1 P3 such as cell mitogenesis, the level of ribosomal RNA and 

splicing effiCiency. The other screening approach aimed for new discoveries of genes 

whose expression was altered at either the transcriptional or the protein level. 

The most prominent substructure within the nucleus is the nucleolus, which is the site of 

rRNA transcription and processing. Nucleoli assemble around the tandemly repeated 

ribosomal DNA gene clusters and 28S. 18S and 5.8S ribosomal RNAs are transcribed as 

a single precursor, which is processed and assembled with the 5S rRNA into ribosome 

subunits (Okuwaki, 2006). Cells require large number of ribosomes to meet their needs 

for proteins synthesis. A parallel effect on increasing cell growth by more rapid 

synthesis of proteins would also affect the possible rate of the cell cycle. Bouche et al. 

observed a correlation between the nucleolar localisation of bFGF and the stimulation 

of ribosomal gene transcription (Bouche et al., 1987). Thus, it would be logical to 

explore whether nucleolus localised NRG 1 p3 had any effect on ribosome synthesis. In 

this study, we therefore investigated how nucleolar localisation of NRG 1 p3 could affect 

the ribosomal RNA levels in transiently transfected COS-7 cells using RNA gel 

electrophoresis. 
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While the nucleolus is well-known as the centre of ribosome biogenesis, a number of 

mitogenic growth factors and other growth regulatory proteins have been observed to be 

localised there. These include parathyroid hormone-related peptide (Nguyen and 

Karaplis, 1998), basic fibroblast growth factor and acid fibroblast growth factor 

(Moroianu and Riordan, 1994). In particular, other growth factors such as 

Schwannoma-derived growth factor (a rat equivalent of the human Amphiregulin 

protein) and hepatoma-derived growth factors (HDGF) (Everett et al., 2001) are able to 

stimulate cell growth when localised inside nuclei. Therefore, we hypothesised that 

nucleolar localisation of NRG 1 rn might have a similar mitogenic effect. To test this 

hypothesis we performed a bromodeoxyuridine (BrdU) incorporation assay on COS-7 

cells that were transiently transfected with wild type NRG I p3GFP, the mutant FLAAA 

which lost the ability to target to nucleoli, and GFP as a control. BrdU is a synthetic 

thymidine analogue that gets incorporated into newly synthesised DNA strands of 

actively proliferating cells. Following denaturation of double stranded DNA, antibodies 

that are conjugated to fluorescent markers bind to BrdU allowing the DNA-synthetic 

activity of transfected cells to be measured using fluorescence microscopy. 

The other subnuclear structure where NRG 1 P3 accumulates is spliceosomes. Many 

pre-messenger RNA splicing factors have been localised to nuclear spliceosomes by 

immunofluorescence. Moreover, this localisation pattern is highly characterised for 

proteins that are involved in pre-mRNA splicing (Fu, 1995). We therefore also tested the 

hypothesis that NRG 1 ~3 localised in the spliceosomes could be a component of the 

splicing machinery. In support of this, Li et a1. reported that TGF~ can positively 

regulate the expression of its own splice variants in cultured trabecular cells (Li et aI., 

1996a). Based on the fact that at least fifteen different NRG I isoforms exist due to rich 

alternative splicing and the use of mUltiple promoters (Steinthorsdottir et aI., 2004). we 

hypothesised that spliceosome localisation of NRG 1 P3 might have a role in regulating 

its own gene splicing. Using the RT-PCR technique, we designed specific primers to 

detect the mRNA level of NRG 1 a in NRG 1 p3GFP transiently transfected 

MDA-MB-231 cells. Peles et al. showed that this breast cancer cell line expressed 

NRG 1 endogenously (Peles et al., 1992). We further confirmed the transcription of 

NRG 1 a splice variant in this cell line. 
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Figure 6-1. Schematic presentation of juxtarnembrane (JM-a and 1M-b) and cytopla mic 

(CYT-l and CYT-2) ErbB4 isoforms. Sites to which P R primer are targeted are 

indicated. Figure adapted from Elenius et aI , 1999. 

NRG 1 is a direct ligand of the ErbB4 receptor and a featur ul1lqu among rbB 

receptors is that ErbB4 pre-mRNA is alternatively pliced ithcr at th extrac lIular 

juxtarnembrane region or at the intracellular cytopla mic tail , gen rating four 

structurally different isoforms (Figure 6-1). idence ha hown that th pI' t 01 tic 

cleavage processing of ErbB4 is promoted by binding of it cognat ligand in luding 

neuregulin (Zhou and Carpenter, 2000). There are vera l cxamplc of E I·-likc ligand 

inducing expression of other ligands of the arne famil and of th ir r c ptor . ror 

instance, an autocrine loop of TGFu ha b en d ribed in human I ncar inoma ccll 

that express EGFI GFR (Howell et aI. , 1995). 1--1 rc, w 

spliceosome localisation of N R I p3 might b in 01 d in th alt mati e pli ing r 
ErbB4 pre-mRNA. To inve tigate the efil ct rb 4 pli ing RT-P R 

was carried out on RG l p3 transiently tran fI ' II linc In 

which high levels of ErbB4 mR A hav b en d t t d previou I ( ilmour ef 01. , 

2001 ). 

In addition to the approach ba ed on "candidate" efT cts aforemcntioned , w ' pi r d 

the functions of intranuclear localisation of RIP u ing the di co very appr a h of 

kinomic and transcriptomic analysis. Growth factor mediate diver e bi logical 
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responses by binding to and activating cell surface receptors that have intrinsic protein 

kinase activity. RTKs are the main mediators of the signalling network that transmit 

extracellular signals into the cell. They have been viewed as functioning at the cell 

surface; however, evidence has now accumulated that some cell surface RTKs 

translocate to the nucleus. Both intact full-length receptors and fragments corresponding 

to the intracellular domain (leD) have been identified in the nuclei of various cells and 

tissues. The best described examples of intact receptors in the nucleoplasm include 

FGFRI and the EGFR, ErbB2, and ErbB3 family members (Carpenter, 2003; Wells and 

Marti, 2002). As mentioned above, the ErbB4 receptor is cleaved constitutively 

following binding of the ligand NRG (Ni et al., 2001). Two successive proteolytic 

cleavages release the ICD of ErbB4, which then trans locates to the nucleus. Even 

though nuclear localisation of NRG 1133 has been shown to be receptor independent 

(Golding et aI., 2004), this does not exclude the possibility that a receptor mediated 

function could occur in the nucleus. Using wild type NRG 1133 and its two mutants 

which could localise only at spliceosomes (FLAAA) or only in nucleoli (K69A), we 

investigated whether localisation of the NRG 1133 either in nucleoli or in spliceosomes 

had any effects on the differential expression or phosphorylation levels of fourty two 

human RTKs by using the phospho-RTK array technique. 

It is not clear yet how the intranuclear expression of NRG 1 133 is involved with normal 

physiological conditions as well as in human cancers; however. several NRG-responsive 

target genes have been identified to regulate malignant tumour progression 

(Bagheri-Yarmand et aI., 2000; Mandal et al., 2002; Mazumdar et al .• 2001). In a yeast 

two-hybrid screen, NRG was found to interact specifically with several proteins 

implicated in transcriptional regulation (Breuleux et al., 2006). supporting the 

hypothesis that nuclear NRG may be directly implicated in transcriptional control. With 

the availability of the two mutants of NRG 1133 which exhibited exclusive subnuclear 

localisation patterns we examined how NRG 1133 might directly regulate gene 

transcription by performing a transcriptomic analysis. 
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6.2 Aims 

1. Using mutants of NRG 1 localising to different suhnuclear compartments we aimed 

to quantify the amount of 288 and 188 ribosomal RNA as an assay for possible 

effects on nucleoli function. 

2. To observe the effects of nucleolar localisation of NRG 1 p3 on cell growth using 

BrdU labelling followed by immunofluorescence analysis. 

3. To investigate the possible effects of intranuclear NRGlfn on NRGI and ErbB4 

splicing. 

4. To examine the effects of differential subnuclear localisation of NRG I p3 on the 

expression and/or phosphorylation of fourty two RTKs using the Human 

Phospho-RTK Array. 

5. To determine whether localisation of the NRGlp3 protein either in nucleoli or in 

spliceosomes alters gene transcription profile using the Illumina's Gene Expression 

Arrays. 
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6.3 Results 

6.3.1 Effects of nucleolar targeting ofNRG1p3 on ribosomal RNA 
levels 

To obtain optimal RNA yields and minimise differences due to experimental procedures 

5xl0
6 

COS-7 cells were plated into five T25 tissue culture flasks. Wild type 

NRG Ij33GFP, the FLAAA mutant or GFP were transiently transfected into the cells. 

Mock transfection was performed at the same time and one flask of COS-7 cells was 

left without any treatment. 24h post transfection total cellular RNA was extracted from 

each of the five samples using the RNeasy Mini Kit (Qiagen, UK) and then treated with 

DNase I (Invitrogen, UK) to remove genomic DNA contamination. The purity of the 

RNA was checked by spectrometry to ensure that the A2601 A280 ratios ranged between 

1.8 and 2.0, typical values for high quality RNA. The extracted total RNA samples were 

run on a 1 % formaldehyde agarose gel which was then stained with SYBR Green 

(Invitrogen, UK). Figure 6-2 shows that the RNA appeared as two bright discrete bands 

that represent the 28S and 18S ribosomal species. Since mammalian 28S and 18S rRNA 

are approximately 5kb and 2kb in size, a 2: 1 of 28S: 18S ratio of signal intensity is 

considered as an indication for intact RNA. No background smear behind these bands 

that gets heavier at lower molecular weights indicated no significant degradation of the 

RNA had occured. Also, the absence of sharp bands higher than the 28S ribosomal band 

indicated no genomic DNA contaminations in the sample. After the integrity and purity 

of the extracted total RNA samples was confirmed, the intensity of ribosomal RNA on 

the gel image was analysed using ImageJ software. 

When quantifying the 28S and 18S rRNA species across all the samples. we used the 

rRNA level of NRG Ij33GFP as a reference against which other rRNA values could be 

compared. In Figure 6-3, no significant variations existed among samples however 

taking into account the limited sample number (n=3) and the variances that existed 

during the experimental procedures, including the amount of RNA loaded, 

electrophoresis conditions and saturation of SYBR Green fluorescence, we would have 

to repeat this experiment before drawing any conclusions. However, within the limited 

time available we did not pursue this question further. 
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6.3.2 Effects of nucleolar targeting of NRG IfJ3 on mitogenesis 

To test whether nucleolar targeting of NRGI[33 could be involved in regulating cell 

mitogenesis, COS-7 cells were transiently transfected with wild type NRG 1 133GFP, 

FLAAA, or GFP as a control. For DNA synthesis analysis, cells were pulsed with 

10mM BrdU for 24h. Immunofluorescence staining was performed by incubating the 

permeablised cells with the monoclonal anti-BrdU antibody (Sigma, UK) followed by 

the Alexa Fluor 633 secondary antibody (Sigma, UK). The transfected cells were 

examined using confocal fluorescence microscopy for BrdU incorporation as a marker 

of DNA synthesis. 

BrdU incorporation of each construct in COS-7 cells was measured by counting how 

many green cells (expressing the transfected gene) were also red (indicating 

incorporation of BrdU) (indicated by arrows in Figure 6-4a). Cells were counted from 3 

randomly selected fields (100 green cells/field). 27% of cells transfected with GFP 

vector were BrdU positive, 24% of cells transfected with wild type NRG 1133 were BrdU 

positive, and 22% of cells transfected with FLAAA mutant were BrdU positive (Figure 

6-4b). Nucleolar localisation ofNRGl[33 increased DNA synthesis by 2% compared to 

the mutant which lost the ability to target to the nucleolus. If p<0.05 was considered 

statistically significant, these data had a p value equal to 0.13 when analysed with the 

one-way analysis of variance (one-way ANOVA), which indicated no effect. 
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6.3.3 Splicing assay 

6.3.3.1 RT-PCR analysis of NRG1 splicing 

To examine the effect of subnuclear I cali ati n r R I W' n it wn gcnc 'pli ing 

we performed a RT-PCR analy i on the M -MB-2 I 'II line which 

expresses RG 1. MDA-MB-231 cell wer growing in ultur' flu k 

and were transiently transfected with wild lyp R I ~ FP, lh mUlant I' L and 



K69A, or GFP as a control, using the Lipofectamine 2000 tran fe ti n r ag nt. M k 

transfection was perfonned at the same time and one fla k of MDA-MB-231 c 11 wa 

left with no treatment. 24h post transfection total cellular RNA wa e tract d fr m th 

seven samples using the RNeasy Mini Kit (Qiagen, UK) followed by DNa e J tr atment. 

The purity of the RNA was checked by spectroscopy. Rever e tran cripti n w 

perfonned with a First-strand cDNA synthesis kit (Invitrogen K) u ing the lig-d 

primer provided (as described in Section 2.3). 50111 of cDNA from each ampl wa 

used for each subsequent PCR reaction. 

To verify the reliability of cDNA prepared from each ample, a 500bp region f the 

house-keeping gene glyceraldehyde 3-phosphate dehydrogenase ( APDH) wa 

amplified using the GAPDH primer pair (Invitrogen, K) (data not hown). A th 

quality of cDNA was confinned to be satisfactory these cDNA ample w re u ed a 

templates in the following PCR reactions to detect th tran cription Ie I fNR I a. 

200bp 

1 2 3 4 5 6 7 8 

Figure 6-5 . RT-PCR analysis ofNRGl i ofonn in MDA-M -2 I ell tran 

different constructs. NRG 1 ~3GFP (Lane 2) LAAA P 

(Lane 5), mock (Lane 6), no treatment (Lan d 

water instead of cDNA (Lane 8). lO1l1 ampI h Ian . 

products were detected using a 2% agaro e g I tain d with Y 

visualisation. 

mplifi d P R 

V 



A pair of primers NRGla-F and NRGla-R, was designed specifically to detect the 

NRG 1 a isoform. The PCR reactions were set up as described in Section 2.4.1 (annealing 

temperature: S2°C) and the products of the reaction were analysed on a 2% agarose gel. 

A band of 247bp corresponding to NRG 1 a was observed in all samples as shown in 

Figure 6-5. The band detected in the MDA-MB-23I cells without any treatment (Figure 

6-5, Lane 7) confirmed that NRGla is expressed endogenously in this cell line. The 

amount of NRGla PCR products was very similar in the MDA-MB-231 cells 

transfected with wild type NRGl~3GFP and mutants FLAAA and K69A, suggesting 

that neither the nucleolar nor spliceosome localisation of NRG 1 p3 had any obvious 

effect on the NRG 1 a mRNA expression levels. 

6.3.3.2 RT -peR analysis of ErbB4 splicing 

Several splice variants of ErbB4 have been reported, which were predicted to initiate 

different signalling events and to have differing functions (Elenius et aI., 1999). It was 

therefore of interest to examine the effects of intranuclear localisation of NRG I IB on 

the transcription level of ErbB4 splice variants. T47D cells were transiently transfected 

with the wild type NRGlp3GFP, the mutants FLAAA and K69A, or GFP using the 

Lipofectamine 2000 transfection reagent. Mock transfection was performed at the same 

time and one flask of cells was left without any treatment. As described previously, 24h 

post transfection total RNA was isolated from those cells, subjected to reverse 

transcription and analysed by primers flanking the JM and CYT regions (Figure 6-1). 

For the JM region, the expected product size for the JM-a eDNA was 414bp and for the 

JM-b eDNA, 375bp. After separation on a 2% agarose gel, bands corresponding in size 

to JM-a and JM-b were observed in all samples (Figure 6-6a), The JM-a isoform was 

clearly a minOrity product (approximately 10% intensity) compared to JM-b form. A 

similar analysis was undertaken with primers flanking the cytoplasmic site. In the 

RT-PCR reactions, products consistent with the CYT-J (27Sbp) and CYT-2 (3J3bp) 

isoforms were identified (Figure 6-6b). Expression levels appeared to be the same for 

both isoforms among the samples (Figure 6-6). Taken together, intranuclear localisation 

ofNRGlp3 had no obvious effect on the transcription level of the ErbB4 isoforms. 
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6.3.4 Intranuclear localisation ofNRG1{l3led to differential 
expression or phosphorylation of RTKs 

The Human Phospho-Receptor Tyrosine Kina e (Ph ph -RTK) rra R 0 



Biosciences, UK) is a commercial available kit, which allow the cr ning o r fI urt 

two different phosphorylated human RTKs at the arne time (Figur 6-7). The 1'0110 109 

experiment was performed on the HEK-293 , a human embry nic kidn y II linc. cll 

were transiently transfected with RGl ~3GFP, mutants FL A and K69A, or with 

GFP alone using the FuGE E 6 transfection reag nt. 24h aft r tran fecti n ccll Iy atc 

were prepared using P-40 lysis buffer. Protein concentration were d termined u ing 

the standard Bradford assay (as described in ection 2.5.2). 200flg of total protcin rr m 

each condition was incubated on separate Human Pho pho-RTK rra membran . 
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Figure 6-7. Principle of the Pho pho-RTK arra. aptur and ntr I antibodi arc 
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with the membranes. After binding of both pho ph r lat d and unpho ph rial d RTK , 
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horseradi sh peroxidase (HRP) then u ed t d t t pho phor lcd t r sine on 
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membranes to different extents. VEGF R3 activation was detected in NRG 1 p3GFP and 

K69A transfected cells but not in FLAAA and GFP transfected cells. Wild type 

NRG 1 p3GFP and the FLAAA mutant increased the phosphorylation and/or expression 

of the ErbB4 receptor and to a lesser extent the ErbB2 receptor. No increase in either 

receptor was detected in the K69A and GFP transfected cells. 

We attempted to further evaluate ErbB4 expression using western blot analysis. The 

NRG 1 ~3GFP and FLAAA transfected cell lysates used in the above experiment were 

run on a 7% SDS PAGE gel. Proteins were transferred to a nitrocellulose membrane and 

probed using a mouse monoclonal anti-ErbB4 antibody (HFRl) and a mouse 

monoclonal anti-phospho-tyrosine antibody (PY20), respectively. Blots were labelled 

using a rabbit anti-mouse HRG-conjugated secondary antibody and developed using 

EeL. However, no corresponding bands were detected using either antibody (data not 

shown). A possible explanation to account for this is that western blot analysis is less 

sensitive in detecting ErbB4 expression compared to the Phospho-RTK Array technique. 

Table 6-1. Comparison of activated RTKs in transfected HEK -293 cells. Either signals 

were detected (+) or not (-). 

NRG1~3GFP FLAAA K69A EGFP 
EGFR + + + + 
ErbB2 + + 
ErbB4 + + 
IGF-I R + + + + 
Insulin R + + + + 
VEGFRJ + + 
E~hB2 + + + + 

6.3.5 No secreted NRGlp3 was detected In the conditioned 
medium 

The Human Phospho-RTK Array analysis showed increased phosphorylation and/or 

expression of ErbB4 in NRG 1 p3GFP and FLAAA transfected HEK-293 cells. Whether 

the anti-ErbB4 antibody spotted on the array membrane recognised the extracellular or 

the intracellular domain of ErbB4 was unknown as this was not stated in the 

manufacturer's literature. To our knowledge, only the cytoplasmic domain of ErbB4 has 

been reported to be present in the nucleus (Williams et al., 2004) and the majority of 

evidence suggests that no full length ErbB4 trans locates to the nucleus. Since NRG 1 is a 

direct ligand of ErbB4, we next investigated whether any secreted form of NRG I P3 
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might exist that can bind and activate ErbB4 at the cell membrane, even though this 

could not explain why only one of the mutants of NRG 1 p3 was able to activate ErbB4 

in the kinomic assay. In the following experiments, the conditioned medium of 

NRGlp3GFP transfected HEK-293 cells was collected and analysed by western 

blotting. 

HEK-293 cells were plated into 35mm culture dish containing 2ml of growth medium 

and transfected with the NRG 1 p3GFP construct. 6h after transfection growth medium 

was changed to Iml to enrich the protein concentration in the medium. 24h post 

transfection conditioned medium was collected followed by cell lysis. 30111 of three 

two-fold cell lysate dilutions were loaded on a 7% SDS PAGE gel along with 30111 of 

the conditioned medium. Proteins were transferred to a nitrocellulose membrane and 

probed using a monoclonal anti-GFP antibody, GFP3El. Based on the running pattern 

of the conditioned medium (Figure 6-9 Lane 6), we suspected that there was an 

interference of albumin. Bovine serum albumin (BSA) is a major component of fetal 

bovine serum, which is a widely used growth supplement for cell culture media 

(Zunszain et al., 2003). It is the most abundant plasma protein and has a molecular 

weight of 66kDa, very close to the molecular weight of NRG 1 p3GFP. To mimimise the 

interference of albumin on the SDS-PAGE gel, we reduced the FBS concentration from 

10% to 0.5% in the culture medium. 

HEK-293 cells were transfected with wild type NRGIJ33GFP or GFP alone as a control. 

6h post transfection, media in both dishes were changed to Iml containing 0.5% FBS. 

Conditioned media were collected and celllysates were prepared 24h after transfection. 

1 :2, 1:4 and 1:8 dilutions were made from each cell lysate. 30lll of conditioned medium 

from each condition was loaded on a 7% SOS PAGE gel. After electrophoresis and 

transfer to nitrocellulose they were probed with the anti-GFP antibody. A signal 

representing GFP expression was detected in all dilutions of GFP transfected celllysates 

(Figure 6-10 Lane 2-4). NRG 1 J33GFP expression at the predicted molecular weight was 

detected in the cell lysate with the lowest dilution factor (Figure 6-10 Lane 8). Reducing 

the FBS concentration from 10% to 0.5% did eliminate the albumin interference. No 

bands were detected in the conditioned medium of HEK-293 cells transfected with 

either construct (Figure 6-10 Lane 5 & 11). However, it did not rule out the possibility 

that NRG 1 J33 might be secreted from the producing cell but at levels too low to be 

detected by western blot analysis. 

172 



75 

50 WB: GFP3El (lO~glml) 

-
1 2 3 4 5 6 

Figure 6-9 Western blot analysis of NRG 1 p3 expression in tran fected H K-293 cell 

and in conditioned medium containing 10% FBS. HEK-293 cells wer tran ientl y 

transfected with the NRG I p3GFP construct. Conditioned medium wa collected 24h 

after transfection and run on a 7% SOS PAGE gel (Lane 6) along with th c II Iy ates of 

the transfected cells at 1:2 (Lane 2), 1:4 (Lane 3), and 1:8 (Lane 4) dilution . The bl t 

was probed with the anti-GFP antibody, GFP3E t. Lane t: molecular weight marker . 
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Figure 6- to. Western blot analysis of NRG 1 p3 expr K-2 

and in conditioned medium containing 0.5% FB . H K-293 ell w r tran i ' ntl 

transfected with the NRG Ip3GFP construct. onditi n d m dium wa 

after transfection and run on a 7% SDS PAG gel (Lane 11 ) a1 n with at 

1:2 (Lane 8), 1:4 (Lane 9), and 1:8 (Lane to) dilution . H K-2 II 

transfected with the GFP construct as a control. onditi ned m dium w d in 

Lane 5. Celllysates from OFP transfected cells were run at 1:2 (Lan 2), 1:4 

and 1:8 (Lane 4) dilutions. Lane 6: blank. Lane 1 and 7: mole ular w i ht m rk r . Th 

blot was probed with the anti-OFP antibody, GFP3 1. 
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6.3.6 Effects ofNRGlp3 on ErbB4 expression 

ErbB4 activation detected in NRGlp3GFP and FLAAA transfected HEK-293 cells 

demonstrated that this cell line expresses endogenous ErbB4 protein. Previous western 

blot analysis was unable to detect NRG 1 p3 expression in the conditioned medium. To 

continue exploring the location where ErbB4 was activated by NRG 1 ~3 we turned to 

immunofluorescence labelling to examine the localisation patterns of ErbB4 in 

HEK-293 cells when coexpressed with NRGlp3GFP. 

HEK-293 cells were grown on coverslips and transfected with the NRG1~3GFP 

construct. 24h post transfection, cells were fixed and permeablised. This would allow 

receptor expression inside the cell as well as that on the surface to be detected. The cells 

were incubated with mouse monoclonal antibody HFR-l which is specific to the 

cytoplasmic domain of ErbB4, and labelled with rabbit anti-mouse Alexa Fluor 633 

secondary antibody (Invitrogen, UK). Using confocal microscopy no fluorescence was 

detected either in the transfected cells or cells without any transfection (data not shown). 

We therefore suspected that the level of endogenous ErbB4 expression in the HEK-293 

cell line was under the threshold to be detected by either western blotting or 

immunofluorescence staining. 

To solve this problem we turned to the NIH3T3-ErbB4 cell line, which is a mouse 

fibroblast cell line stably transfected with a plasmid encoding ErbB4. The expression of 

ErbB4 in this cell line has been confirmed by western blot analysis (Cohen et aI., 1996). 

The following experiments utilised this cell line to continue investigating the effect of 

NRG 1 on the expression and/or activation of ErbB4. 

6.3.6.1 Exogenous NRGl131 stimulated ErbB4 phosphorylation in the 
NIH3T3-ErbB4 cell line 

Before testing the effect of NRGlp3 on ErbB4 activation, the NIH3T3-ErbB4 cells 

were treated with exogenous NRGI~1 as a positive control. One of the duplicate 35mm 

tissue culture dishes ofNIH3T3-ErbB4 cells was treated with 100 nglml of recombinant 

NRG 1 P 1 for 10min, leaving the second dish untreated. The cell lysates of stimulated 

and unstimulated NIH3T3-ErbB4 cells were subjected to electrophoresis on a 7% 

SDS-PAGE gel and were blotted onto a nitrocellulose membrane. Antibodies used in 

detection were HFRI (monoclonal anti-ErbB4 antibody). PY20 (monoclonal 

anti-phosphotyrosine antibody) (Invitrogen, UK), and Ty984 (pol yc lonal 
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anti-phospho-ErbB4 antibody) (Cell SignaJling, UK), respectively. nd r ba al gr wth 

conditions, basal expression of ErbB4 was detected in the NIH3 3- rbB4 cell lin 

(Figure 6-11 a, Lane 2). Neither tyrosine phosphorylation nor site-specific tyr in 

phosphorylation of ErbB4 was detected (Figure 6-11b and c Lane 2). Following 

treatment with NRG1~1 (lOOng/ml) a band shift was observed in Figure 6-11a Lan 3, 

suggesting that ErbB4 became phosphorylated upon NRG 1 stimulation. Figure 6-11 b 

shows that treatment of NIH3T3-ErbB4 cells with NRG 1 ~ 1 timulated tyro in 

phosphorylation, indicated by the appearance of a band corresponding to the mol cular 

weight of ErbB4. No signal for the site-specific tyrosine phosphorylation of rbB4 wa 

detected even with NRG I stimulation, aJthough many non-specific bands of other 

molecular weight were seen (Figure 6-11 c). The reliability of thi commercial antibody 

remains to be confirmed. 

250 
150 

WB: HFRI (1:1000) 

1 ., 3 

250 
150 

WB: PY20 (1 :2000) 

1 ., 3 

\VB:1)tr984 (1 :1000) 
c 

250 ~ -
150 

-
3 

Figure 6-11. Western blot anaJyses of NIH3T3-ErbB4 cell ly ate untr t d ( n 2) r 

stimulated with NRGI~l (lOOng/ml) for lOmin (Lane 3). Lane 1: m I ul r wight 

markers. 

In order to determine whether expression of NR 1 ~3 in di cr nt u nu I ar 

compartments might affect activation or expre ion of rbB4, NIH II 

were transiently transfected with NRG 1 ~3GFP, the mutant P 

alone. Cells were lysed 24h after transfection. Cell lysate wer 

gel, and probed with the HFRI and PY20 antibodie , 

expression level of ErbB4, no observable difference 

expression of any of the four constructs (Figure 6-12a), n r w 

phosphorylation detectable (Figure 6-12b) except in the po iti e c ntr I. 

th 

t r in 
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250 -7 
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Figure 6-12. Western blot analyses of the effects of intranuclear locali ati n of NR 1 p3 

on ErbB4 expression (a) and on tyrosine phosphorylation (b). NIH3T3- rbB4 cell 

were transiently transfected with NRG 1 p3GFP (Lane 2), FLAAA (Lan 3), K69A (Lan 

4), or with GFP alone (Lane 5) and incubated for 24h after transfection. ell Iy ate 

were run on a 7% SDS PAGE gel along with the cell Iy ates of NIH3T3- rbB4 

untreated (Lane 7) or treated with NRG 1 (100ng/ml) for 10min (Lane 6) a ntr I . 

Lane 1: molecular weight markers. 

6.3.6.2 Immunofluorescence study of ErbB4 localisation when coexpres ed 
with NRG1~3 

Despite seeing no effect on total ErbB4 expression or pho ph ryl ti n it r main d 

possible that a small fraction of the protein might be acti ated at a if! I ati n in 

cells. Immunofluorescence staining was therefore carried out t amine th f 

NRG 1 PI stimulation on the subcellular localisation of rbB4 on th NIH - rbR4 

cell line. NIH3T3-ErbB4 cells were grown on cover lip and timulated with 1 ng/ml 

of recombinant NRGlal for ]Omin. Cells were fixed , perm abli d, and in u at d with 

the HFRI and PY20 antibodies, respectively. AI a ' Iuor 6 3 wa 

secondary antibody for labelling. Negative control wer p rform d at th am tim t 

ensure that there was no non-specific binding of the antib dy. 

Subcellular localisation of ErbB4 was examined in NR I PI timulat d NIll 

cells by confocal immunofluorescence microscopy. Membran taining r 
detected with the HFRI antibody. Cytoplasmic and peri-nu lear taining w 
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observed, as expected. Immunofluoresc nce taining of R I ~ I timulated 

IH3T3-ErbB4 cells with PY20, which was abl to detect all tyro ine ph ph r lat d 

proteins, showed signals throughout the cells. No PY20 ignal w r detected in 

unstimulated NIH3T3-ErbB4 cells (data not hown), ugge ting the tyro ine 

phosphorylation detected in the IH3T3-ErbB4 c lis wa due to R I ~ I timulati n. 

We next examined the effects of differential subnuclear localisation of R I ~ on the 

protein tyrosine phosphorylation in the NIH3T3-ErbB4 cell line. IH3T - - rb 4 cell 

were transiently transfected with RG 1 ~3GFP, mutant FL and K69 , r FP 

alone. 24h post transfection, the transfected cells wer perm abli ed, incubated ith the 

PY20 antibody, and labelled with Alexa Fluor 633. RG I ~ I timulat d "I 3- rbB4 

cells were also stained as a positive control. The expre ion of each con truct wa 

confirmed using confocal microscopy. When excited with He- e 633nm I cr light, 

PY20 signals were detected in RG 1 ~ 1 stimulated IH3T3- rbB4 II but not in an 

of the transfected cells (data not shown). The re ult ofkinomic a ay d m n trated that 

NRG 1 ~3 stimulated expression and/or activation of rbB4. Howe r, w w r unabl to 

confirm this using either western blot analysis or immun fluOl·e cence micr 

+ 1 st Ab 

HFR1 

PY20 

Figure 6-13. Effects of RGI timulation on rbB4 tudi d u ing nro al 

immunofluorescence micro copy. w rc treat d with r'combinant 

RGl~l (lOOng/ml) [or IOmin and immuno tained u ing the IIFRI and P _0 

antibodies, and labelled with lexa Fluor 633. Original magnification: x 
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6.3.7 Analysis of the effect of differential subnuclear localisation 
of NRG 1 on gene transcription 

6.3.7.1 Differential subnuc1ear localisation of NRG1 regulate g n 
differentially 

In order to determine whether localisation of the RG 1 p3 prot in either in nucleoli or 

in spliceosomes altered gene transcription we utilised wild type R 1 p3 FP and two 

mutants which could, as described above, localise only at spliceo om (K69) or only 

in nucleoli (FLAAA). To obtain optimal RNA yields and minimi e difTerenc due to 

experimental procedures, 5x106 HEK-293 cells were plat d into three T25 ti ue culture 

flasks . The transient transfections were performed u ing the Lipofectamine 2000 

transfection reagent (as described in Section 2.1.5 .2). 24h po t tran fection, tran fe tion 

efficiency was approximately 50% in each ca e when examin d under low light digital 

fluorescence microscopy (Figure 6-14) and th subnuclear locali ation pattern f ach 

construct were confirmed. Total cellular RNA wa ub equently extracted u ing the 

RNeasy Mini Kit (Qiagen, UK) followed by DNa J (In itrogen, K) trcatmcnt to 

remove genomic DNA contamination. The purity of th R wa checked by 

spectroscopy to ensure that the A26o/A28o ratio rang d between 1.8 and 2.0 

demonstrating the high quality of the RNA. 

Figure 6-14. Expressions of RG 1 p3 and its mutant ell 

were transiently transfected with wild typ RG 1 p3 FP, and th mutants FL and 

K69A. Transfection efficiency was xamined u ing digital flu 

Original magnification : xlO. 

ence n i ' ros op . 
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Total RNA prepared from each condition was sent to and analysed by Source 

BioScience Geneservice (Nottingham, UK). The concentration and quality of the total 

RNA was further assessed by spectrophotometry. Samples in duplicate were nonnalised 

and were hybridised to the Illumina's Gene Expression Arrays Human WG-6 v3 

BeadChip. The array intensity data was analysed using the Illumina GenomeStudio 

software v2009.1. Individual mRNA species were quantified. Those which showed 

statistically different expression between the three conditions are listed in Table 6-2 

with a short description of their functions. Among thousands of transcripts analysed, 

relatively few differences were observed (adjusted p-value =< 0.05) but some were 

highly significant, in particular the Hsp70B' mRNA was found at 2.5 fold higher levels 

in cells transfected with the wild type NRG 1 p3GFP and the FLAAA mutant relative to 

the K69A transfected cells. 
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Table 6-2. Comparisons of genes preferentially induced by differential ubnucl ar 

localisation ofNRG 1 determined in transcriptomic assay. 

NRGI 3GFPvs FLAAA 
Name GenBank lD Log Adjusted 

fold p-value 
change 

TAFt5 RNA NM_003487 0.641 0.009 
polymerase II, TATA 
box binding protein 
(TBP)-associated 
factor 
Dynein, axonemal, NM_173628 -0.568 0.024 
heavy chain 17 

Denticleless homolog NM_016448 -0.5 16 0.D38 
(Drosophila) 

NM_OO1034077 -0.523 0.042 
Histone cluster 2, H4b 

SNF8, ESCRT-II NM_007241 0.S06 O.OSO 
complex subunit, 
homolog (S. 
cerevisiae 

NRGI 3GFPvs K69A 
Name GenBank Log Adjusted p-value 

lD fold 

Heat sbock 
70kDa 

FLAAA vs K69A 
Name 

Heat shock 70kDa 
protein 6 (Hsp70B') 

Interferon-induced 
protein with 
tetratricopeptide 
repeats 2 

chan e 

GenBank Log Adjusted 
lD fold p-value 

chan e 
NM_OO2ISS -1.349 7.23E'()8 

NM_OOI547 0.696 4.38E-03 

Ryanodine receptor NM_OOOS40 -0.591 1.12E-02 
I (skeletal) 

Heat shock 70kDa 
protein tA 

NM_00S345 -0.517 4.23 -02 

Description 

A component of the lran rlptl n 
factor complex. whi h serves as 
the cafTold for the remainder of 
the tran cription comple and 
facilitates tran cription initiation. 
A component of the 
microtubule-as ociated m tor 
protein complex. 

Rctinoic acid-regulated nuclear 
matrix-as ociated protein. 
A member of the histone 114 
family which are basic nuclear 
proteins responsible for the 
nucleosome structure of the 
chromo omal fiber. 
A component associated in a 
multi protein omple ' with R 
polymerase II el ngation fa tor. 

De cription 

A unique member of the human 
Hsp70 family of chaperon . It i 
strictly inducible in respon to 
various cellular tresses. 

De cription 

A unique member of th human 
H p70 family of chaperones. It i' 
strictly inducibl in rcspon to 
heat stress. 
It bind tll'tron Inti n initinti n 
fa lor elF3 and inhibits inititltion of 
protcin synlhc is. 

"Log Fold Change" is the value of the contrast. U ually thi repr 
change between two or more experimental condition a1th ugh metim it r'pr nts 
a log2-expression level. Up-regulated genes are indicated b p iti I g ft Id h ng 
value. Down regulated genes are accordingly given a negati lu . 
"Adjusted p-value" is the p-value adjusted for multipl te ting. It i gen rail 
considered that a p-value of 0.05 or less is a reliable indicator of diffi r ntial pr> I n. 
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6.3.7.2 Effects of NRG1~3 subnuclear localisation on Hsp70B' expression 

To test whether the significant change at the mRNA level was found also at the level of 

protein expression we repeated the experiment and probed the cell lysates with a 

Hsp70B' specific monoclonal antibody (Stressgen, UK). Using the concentration 

(1:1000) recommended by the manufacturer's instruction, no signals were detected in 

HEK-293 cells transfected with any of the constructs (data not shown). 

Noonan et al. detected Hsp70B' expression in the heat shocked HT-29 cells using the 

same antibody at a concentration of 1:500 (Noonan et al., 2007b). To test the reliability 

of this commercial antibody we repeated the heat shock experiment on the HT-29 

human colon cancer cell line. HT-29 cells were heat stressed for 60min at 42.5°C and 

returned to 37°C. Cell lysates were prepared at 6h and 12h after the start of heat 

treatment. As shown in Figure 6-15, Hsp70B' was absent in unstressed cells and was not 

detectable after 6h following heat shock. At 12h, however, Hsp70B' accumulated to a 

detectable level. 

As the activity of the Hsp70B' antibody was confirmed, HT-29 cells were transiently 

transfected with NRG I ~3GFP, the mutants FLAAA and K69A, or GFP as a control. 

Celllysates were prepared 24h after transfection. Immunoblotting detected the Hsp70B' 

protein in the wild type and FLAAA mutant transfected cells but not in the K69A 

transfected or in cells transfected with GFP alone (Figure 6-16). The same experiment 

was repeated on the HEK-293 cell line where similar results were observed, suggesting 

that NRG IP3 localised in spliceosomes induced the expression of Hsp70B'. 
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WB: Hsp70B' (1:500) 
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Figure 6-15. Western blot analysis of the expression of Hsp70B'. HT-29 cell w rc heat 

shocked under standard conditions, and returned to 37°C. ells were lysed at 6h (a) r 

12h (b) after the heat shock and analysed by immunoblotting using an antibody pe ific 

for Hsp70B' . Lane 2: no heat shock. Lane 3: heat shocked. Lane!: molecular wight 

markers. 

70-7 WB: Hsp70B'(1:500) 

1 2 3 4 

Figure 6-16. Western blot analysis of the expre n of H p70B ' in 11 -2 

transfected with NRG 1 p3GFP and its mutants. HT-29 1\ w r Ir n i ntly tran ~ 

with NRGlp3GFP (Lane 1), FLAM (Lane 2) K69A ( an 3), r FP 

(Lane 4). Ceillysates were prepared 24h after transfi ction run n 

and probed with anti-Hsp70B 'antibody. Arrow indicate the pili n 

molecular weight marker. 
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6.4 Discussion 

6.4.1 Candidate effects of intranuclear NRG1(J3 

Structure determines functions. Based on the distinct subnuclear compartments where 

NRG 1133 localised we hypothesised that its function could be related either to RNA 

splicing or ribosomal biogenesis (or both). In this study, we examined the effects of 

nucleolar localisation of NRG 1 133 on the level of ribosomal RNA expression as well as 

on cell growth. Compared to wild type NRG 1133 the mutant FLAAA which could not 

localise to nucleoli slightly increased the level of the 28S and I8S rRNA species in 

transiently transfected COS-7 cells (Figure 6-3). However, when measured by BrdU 

incorporation nucleolar localisation of NRG 1133 resulted in only a 2% increase in DNA 

synthesis (Figure 6-4). The rate of rRNA gene transcription, pre-rRNA processing and 

nascent ribosome unit assembly is positively associated with cell growth. Thus, if 

nucleolar localisation of NRG 1133 stimulated cell growth, we would expect a positive 

effect on the level ofrRNA synthesis. Inversely ifNRGI133 stimulated the efficiency of 

protein synthesis this might facilitate reduced cell cycle time and increased growth rates. 

In this respect however our data showed inconsistency. Counting BrdU-Iabelled 

proliferating cells was relatively laborious and subjective. Also, variances inevitably 

existed throughout the process of RNA extraction and quantification which made the 

data less reliable. Both of these experiments were performed on the COS-7 cell line 

which, to our knowledge, has limited expression of the ErbB receptors. As shown in the 

results of the kinomic analysis, intranuclear localisation of NRG 1133 was able to activate 

the ErbB4 as well as the ErbB2 receptor but the signals were weak. Future experiments 

could be carried out on a cell line (Le. the T47D cell line) naturally expressing higher 

levels of each of the ErbB receptors to study the effects of intranuclear NRG 1133 on cell 

growth. 

Another candidate effect of the spliceosome localisation of NRG I 133 is that it might be 

involved in RNA splicing. If so, we hypothesised that the first candidates that NRG I 133 

could exert its splicing regulation on would be its own gene or its cognate receptor gene. 

By designing specific primers we identified the NRGla isoform in the MDA-MB-231 

cell line as well as four ErbB4 isoforms in the T47D cell line using the RT-PCR 

technique. As these experiments required transient transfection of the NRG 1 133 

construct, we were unable to examine its effect on NRG 1 13 splicing or the ratio of the 
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two products. Even though no detectable changes of the expression of either the NRG I a 

or the ErbB4 splice variants were observed, intranuclear localisation of NRG I ~3 might 

be indirectly involved in RNA splicing as a co-factor to facilitate the splicing factors 

assembly. Breuleux et al. reported similar nuclear localisation patterns of the NRG Ia 

splice variant and in the two hybrid interaction assays, several potential partners were 

identified including proteins involved in pre-mRNA splicing (Breuleux et al., 2006). It 

would be of interest in future to explore and explain their possible functional 

relationship. 

6.4.2 Kinomic analysis of intranuclear NRGlp3 

The Human Phospho-Receptor Tyrosine Kinase (Phospho-RTK) Array is a rapid and 

sensitive tool to detect changes in phosphorylation between samples. In this study, 

HEK-293 cells were transiently transfected with wild type NRG 1 ~3GFP, the FLAAA 

mutant (which localised to spliceosomes but not nucleoli) and the K69A mutant (which 

localised to the nucleoli but not spliceosomes), or with GFP as a control. We found that 

four RTK receptors were activated in all transfected cells, the EGFR, IGF-I R, Insulin R 

and EphB2 receptors, all of which are involved in cell proliferation and differentiation 

(Bennasroune et al., 2004). The observed phosphorylation of these receptors could be 

due to either the basal level expression in HEK-293 cells or the transient expression of 

GFP. VEGFR3 phosphorylation was detected in NRG 1 p3GFP and K69A transfected 

cells, suggesting nucleolar localisation of NRG 1 was involved in VEGFR3 expression 

and/or phosphorylation. VEGFR is one of the receptors for vascular endothelial growth 

factor, which is an important signalling protein involved in vasculogenesis (the 

fonnation of the embryonic circulatory system) and angiogesesis (the growth of blood 

vessels from pre-existing vasculature) (Stuttfeld and Ballmer-Hofer, 2009). In vitro, 

VEGF has been shown to stimulate endothelial cell mitogenesis and cell migration by 

binding to tyrosine kinase receptors (the VEGFRs) on the cell surface, causing them to 

dimerise and become activated through transphosphorylation, a mechanism similar to 

ErbB activation. Even though NRGl~1 has been shown to induce the expression of 

VEGF in breast cancer epithelial cells (Bagheri-Yarmand et al., 2000) and there is 

evidence of nUclear accumulation ofVEGF in an experimental wound model (Keresztes 

and Boonstra, 1999), how VEGFR3 expression and/or phosphorylation are associated 

with nucleolar localisation of NRG 1 p3 requires further investigation. 
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The wild type NRG 1 p3 and the FLAAA mutant increased the phosphorylation and/or 

expression of the ErbB2 receptor and to a greater extent of the ErbB4 receptor. NRG 1 is 

a direct ligand of ErbB4 and it can activate the kinase activity of ErbB4. Even though 

ErbB2 is unable to bind any ligands, it is possible that ErbB2 became phosphorylated by 

fonning heterodimers with ErbB4. While the observed signals of ErbB2 and ErbB4 

were not strong, according to the manufacturer's data, the Human Phospho-RTK Array 

is specific for ErbB2, ErbB3, and ErbB4 and no cross-reactivity occurred. Moreover, 

they showed that even though NRG 1 ~ 1 stimulated tyrosine phosphorylation of ErbB2, 

ErbB3, and ErbB4 was detected by both .array and western blot analyses, the Human 

Phospho-RTK Array was considerably more sensitive than western blot, requiring 

20-fold less lysates for the detection of the ErbB4 receptor. This might explain why we 

were unable to detect ErbB4 expression in western blot analysis using the same Iysates. 

The results of the kinomic assay showed that ErbB4 was activated by NRG 1 p3. Since 

no full-length ErbB4 has been reported to be present in the cell nuclei, it was possible 

that the observed ErbB4 activation occurred at the cell surface upon NRG 1 ligand 

binding. However this could not explain why NRG 1 ~3 localised only to spliceosomes 

induced the effect. Western blot analysis of the conditioned medium of NRG I p3GFP 

transfected HEK-293 cells was unable to detect any corresponding signals of 

NRG 1 p3GFP using the anti-GFP antibody. As there is a threshold protein level to be 

detected by western blot analysis, the absence of signals did not indicate the absence of 

secreted NRG 1 p3 proteins in the conditioned medium. Future experiments could be 

carried out using an antibody that blocks the extracellular domain of ErbB4. If ligand 

binding is blocked, membrane-bound ErbB4 activation due to secreted NRG 1 ~3 would 

be inhibited. The kinomic assay would also be repeated under this condition. If similar 

results are observed, we could conclude that the expression of ErbB4 due to NRG 1 p3 

stimulation occurs inside the nucleus rather than at the cell surface. 

The kinomic results did not specify whether the observed ErbB4 activation was due to 

the increased protein expression, or the phosphorylation of ErbB4, or both. To test these 

alternatives we purchased a site specific phospho-ErbB4 antibody (Tyr984) from Cell 

Signalling, UK. The same cell lysates used in the kinomic assay were probed with this 

commercial antibody, however, no signals were detected. To check the activity of this 

antibody, untreated and NRG 1 ~ 1 stimulated NIH3T3-ErbB4 cell lysates were probed 

with Tyr984, anti-ErbB4 (HFRl) and anti-phosphotyrosine (PY20) antibodies, 
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respectively (Figure 6-11). In the absence of any treatment ErbB4 expression was 

detected in NIH3T3-ErbB4 cells, without any tyrosine phosphorylation observed. Upon 

NRG 1 ~ I stimulation, ErbB4 was phosphorylated, detected by both HFR 1 and PY20 

antibody. Tyr984 detected no signals in either condition but gave several apparently 

non-specific bands. Each activated ErbB receptor has unique tyrosine phosphorylation 

sites. This Tyr984 antibody is reported to detect ErbB4 protein only when 

phosphorylated on the tyrosine residue 984 and it is possible that NRG 1 ~ 1 stimulated 

NIH3T3-ErbB4 may have other tyrosine sites phosphorylated. However, the reliability 

of this commercial antibody needs to be confirmed. 

Western blot analysis showed no observable effects of localisation of NRG 1 ~3 on total 

ErbB4 expression or phosphorylation. However, it is possible that ErbB4 might be 

activated by spliceosome localised NRG1~3. Immunofluorescence staining carried out 

in this study examined the subcellular localisation and activation state of ErbB4 in 

NRGI~l stimulated NIH3T3-ErbB4 cells (Figure 6-13). ErbB4 exhibited membrane 

and cytoplasmic staining, as expected. Tyrosine phosphorylation was observed 

throughout the cell. No signals of tyrosine phosphorylation were detected in either 

untreated NIH3T3-ErbB4 cells or in cells expressing NRGl~3 construct, which was 

inconsistent with the results of kinomic assay. A possible explanation would be, as 

discussed above, that the RTK-array assay is more sensitive in detected tyrosine 

phosphorylation than immunofluorescence staining. 

6.4.3 Transcriptomic analysis ofintranuclear NRGlfJ3 

Gene expression arrays are a powerful tools used in high-throughput experiments to 

screen for biologically relevant gene expression changes (Yao et al., 2004). In order to 

determine whether localisation of the NRG1~3 protein either in nucleoli or in 

spliceosomes altered gene transcription, mRNA prepared from HEK-293 cells 

transfected with wild type NRG 1 ~3GFP and two mutants which could localise only at 

spliceosomes (FLAAA) or only in nucleoli (K69A) was analysed by Source BioScience 

Geneservice. The relative gene expression level was compared between the three 

conditions. A summary of the results which showed statistically different expression is 

listed in Table 6-2. Some of the genes identified in Table 6-2 are not informative due to 

their unidentified functions. We observed however that the level of Hsp70S' (heat shock 

protein 70B') transcription was 2.5 fold higher in cells transfected with the wild type 

NRG 1 ~3 and the FLAAA mutant relative to the K69A transfected cells. To test whether 
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this was found also at the level of protein expression, we analysed the same cell lysates 

by western blotting with an antibody specific for the Hsp70B' protein. The Hsp70B' 

protein was detected in the wild type and FLAAA mutant transfected cells but not in the 

K69A transfected or in cells transfected with OFP alone (Figure 6-16). This data 

suggests that spliceosome localisation of NRO 1 p3 induced expression of this protein, 

which is consistent with the transcriptomic results. 

Hsp70B' is a member of the highly conserved heat shock protein 70 family, which is a 

group of chaperones involved in protein folding, stabilisation, and shuttling functions 

throughout the cell (Tavaria et al., 1996). Members of this protein family can be induced 

by various cellular stresses, including heat stress, radiation, heavy metals, certain 

chemotherapeutics, and other stimuli that are able to activate heat shock transcription 

factors. To date, knowledge about Hsp70B' is limited. Unlike other members in the 

Hsp70 family, Hsp70B' is strictly inducible, having no detectable basal level of 

expression in most cells (Leung et aI., 1990). Consistent with this we observed no basal 

expression of Hsp70B' in the HT-29 human colon cancer cell line. However, 12h post 

heat shock it reached a detectable level (Figure 6-15). This data suggests that the 

expression of Hsp70B' is indeed strictly in response to stress. It has been reported that 

Hsp70B' is essential to survival during intense proteotoxic stress (Noonan et al., 2007a). 

It is possible that Hsp70B' may contribute to resistance to cell death in pathological 

conditions where this cellular state exists. In human breast cancer cells, Hsp70 has been 

identified as one of the NRO-inducible gene products in human breast cancer cells. In 

addition, a higher expression level of Hsp70 protein was found in human breast tumour 

samples than from adjacent normal tissue (Mandal et al., 2002). Intranuclear localisation 

ofNR01P protein has been observed in various human cancer types (Chapter 3). There 

therefore remains the possibility that nuclear expressions of NRO 1 p3 may cooperate 

with Hsp70B' in certain tissues or disease states. 
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Chapter 7. Investigating the subcellular 
localisation of ErbB3 when coexpressed 
with NRG1~3GFP 

7.1 Introduction 

The ErbB3 gene is located on chromosome 12q 11-13 and transcribed as a 6.2 kb 

message of 4080 nucleotides (Sithanandam and Anderson, 2008). The ErbB3 mRNA 

encodes a transmembrane glycoprotein with the same basic structure as the other 

members of the ErbB family. Due to mutations in the tyrosine kinase domain, ErbB3 

has been generally considered as kinase-inactive (Citri et al., 2003). However, a recently 

published paper demonstrates that despite those sequence alterations ErbB3 retains 

sufficient kinase activity to transphosphorylate its dimer partner (Shi et al., 201 Ob). 

ErbB3 mRNA has been detected in a number of human tissues including placenta, 

postnatal skin, stomach, lung, kidney, and brain (Kraus et al., 1989). ErbB3 protein is 

expressed in various normal tissues and in several cancers (Gullick, 1996; Prigent et al., 

1992; Srinivasan et al., 1999). Aberrant increases in ErbB3 expression have been found 

in breast, ovary, and prostate carcinomas and different cancer cell lines (Leng et aI., 

1997; Leung et aI., 1997; Naidu et al" 1998). Moreover, it has been suggested that high 

expression of ErbB3 is associated with short patient survival in breast cancer, lung 

cancer, and oral squamous cell carcinomas (Shintani et al., 1995; Vi el al., 1997). 

ErbB receptors are usually located at the cell surface and are activated by extracellular 

binding of EGF-like growth factors. Unexpectedly, Offierdinger et al. reported high 

levels of ErbB3 within the nuclei of MTSVl-7 immortalized nonmaligant human 

mammary epithelial cells (Offierdinger et aI., 2002). Two recent studies show that 

although nuclear expression of ErbB3 was not frequently observed in normal prostate 

tissues, its expression became more evident in prostate cancer, especially in the 

advanced hormone-refractory cases (Cheng et aI., 2007; Koumakpayi et al., 2006). 

Immunohistochemically staining of invasive breast cancer tissues using the monoclonal 

188 



anti-ErbB3 antibody (RTJ2) showed strong granular nuclear staining (Figure 7-1) 

(staining was performed by Stefania Zona, a current PhD student in our laboratory). 

Thus there is accumulating evidence that ErbB3 is indeed present in cell nuclei. 

NRG 1 131 is a direct ligand of the ErbB3 receptor. In addition, NRG 1131 treatment has 

previously been reported to affect the subcellular localisation of ErbB3 in human 

mammary cell lines MTSVI-7 and MCF-7 by shifting ErbB3 from the nucleolus into 

the nucleoplasm and then into the cytoplasm (Offterdinger el al., 2002). Even though 

nuclear uptake of NRG 1133 has been shown to be independent of ErbB3 binding 

(Golding ef al., 2004), NRGl133 might be associated with and/or function through 

nuclear ErbB3. In this study, we explored any possible effects of NRGlp3 on ErbB3 

localisation patterns in cell lines either transiently or stably expressing ErbB3 proteins. 

7.2 Aims 

1. To subclone ErbB3 into the pmCherry vector. 

2. Using confocal microscopy to examine the localisation patterns of Cherry-tagged 

ErbB3 when coexpressed with NRG 1133GFP in COS-7 cells. 

3. Using immunofluorescence staining to investigate ErbB3 localisation in the 

HEK-293-ErbB3 cell line transiently transfected with the NRG 1 j33GFP construct. 

189 



Figure 7-1. Immunohistochemical detection of ErbB3 nuclear staining In breast, 

infiltrating duct carcinoma tissues using the anti-ErbB3 antibody (RT12). Original 

magnification: x63. 
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7.3 Results 

7.3.1 pmCherry-ErbB3 plasmid construction 

To investigate the localisation patterns of ErbB3 wh nco pr d ith RI B ' FP, 

we started by engineering a Cherry-tagged ErbB3 con tru t (Figur 7-2) that wh n 

co-transfected into COS-7 cells OFP and Ch rry ould b b d itTer ' nt 

wavelengths, allowing simultaneous visualisation of NR 1 ~ 

ErbB3 was first cloned into pCR2.1-TOPO vector u ing th 

(Invitrogen, UK). Subsequently, ErbB3 wa ligated into the pm herr 

double digestion reactions. 

Eco01091 
:38541 

Stu I 
(2SnJ 

Asel 
8) 

pmCherry 
4.7 kb 

Nhe 1 5911 
Ec047111 (!)971 

Age I GO I) 

I ning kit 

e tor r 1I 0wing 

Figure 7-2. Schematic representation of ub I ning r rbB int th pm h ' rr 

at Hind III and EcoR I restriction it . Figur adapt d rr m w\, \ . ' I nt ' ' h. ·O IT\. 

A pair of primers ErbB3F and ErbB3R wa d ign d t amplir ErbB li'( m it ' )ri lin II 

vector pBABE-puro ErbB3. Initial P R rea ti 

of DNA template. When the annealing temp ratur wa ct up at ... 0' , a sin d hun I or 
4kb was generated in each of the P R reaction (Figur > 7- Lan' 2-4) hi h was th ' 

predicted size of ErbB3 . 
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4kb 

1 2 3 4 5 

Figure 7-3. Agarose gel electrophoresis of PCR reaction u ing pBAB -pur rbB3 a 

template and ErbB3F and ErbB3R as primers. Annealing t mp ratur wa t up at 

52°C. PCR product (Sill) was run on a 0.7% TAE agaro e gel. Lan 1: 1 kb DNA ladd r. 

Lane 2-4: reactions with DNA template at 500, 200 and SOng. Lan 5: n g tiv ontr I 

using deionised water instead of DNA template. 

Gel purified PCR products (from Lane 2 in Figure 7-3) w r cl n d into p R2.1-

vector using TOPO TA Cloning Kit (Invitrogen, K). t up 

described in Section 2.4.10 and incubated for 5min at r h P 

cloning reaction product was then transformed int DH5a mp t nt 

plated onto LB agar plates supplemented with ampicillin and -g I. II indi idu I whit 

colonies from the plates were picked for P R scre ning u ing prim r M I 

provided in the TOPO Cloning Kit ( igure 7-4). Purifi d DNA pI mid w r 

from positive colonies using the PIa mid Miniprep Kit ( i g n, K). u 

pCR2.1-TOPO ErbB3 was digested at Hind III and E DR T r nt n 

either end of the ErbB3 insertion (data not shown t fa ilitat 

the pmCherry vector. 

qu nt Ii Inti n int 

I 2 



4kb 

2 3 4 5 6 7 8 9 10 11 12 13 

Figure 7-4. PCR screening u ing primers M13F and MI3R. P R product (3 111) w re 

run on a 0.7% TAE agarose gel. Lane 1: 1kb D A ladder. Lane 2-12: II indi idual 

colonies were picked and used as templates for P R reaction . Lane I : n gati 

control using deionised water instead of template D A. 

The pmCherry vector was digested at the same re triction ite . Re tricti n dig ti n 

reactions were set up a described in Section 2.4.4. Uncut up roil d pIa mid app ared 

to migrate more quickly than the nicked pIa mid indicated by the low r band in Lan 5 

as shown in Figure 7-5 . ince only a few nucleotide exi t b twe n th two r tricti n 

sites in the mUltiple cloning site of the vector and mpl te ing l dig ti n wa 

achieved by either Hind III or EeoR I restriction nzym 

we assumed that a single band of the predicted ize of th v ct r ugg t d 

complete double digestions of the pm herry v ctor (Figur 7-5 Lan ing gel 

purification, the digested vector wa treat d with aIr Int tinal Alkalin Ph ph La 

(ClAP) (as described in ection 2.4.5) to r mo the ph phat gr up fr m the ' - end. 

to prevent its self-ligation. 
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4.7kb -7 

1 2 3 4 5 

Figure 7-5. Gel of agarose electrophoresis of re tri tion dig 

vector. Digestion reaction mixture (Sill) was run on a 0.7% gel. 

Lane 2: double digestions by Hind III and EcoR I r tri Ii n nz me . Lane : inglc 

digestion by Hind III only. Lane 4 : ingl dige tion b E oR T nl . Lan : n gati e 

control using deionised water in tead of re tri h dig' ti n mi. tUf' 

was incubated at 37°C for Ih. 

4kb 

1 2 3 4 5 6 7 8 9 10 11 12 

Figure 7-6. PCR screening u ing prim r rbB F and ,' rb R. P R pr tlu Is (. pi) 

were run on a 0.7% TA agaro e g I. Lan ladder. an' _- II : 10 indi iUlIal 

colonies were picked and u ed a templat r r P R n . Lan ' 1_: n gutiv 

control using deionised water instead of templat 

I 4 



Ligation and transformation were carried out as previou Iy d cri and 

2.4.7). 10 individual colonies were picked after the tran formed ell wer plat d nt 

LB agar plates supplemented with kanamycin. One col ny e med p itiv by P R 

screening using primers ErbB3F and ErbB3R (Figure 7-6. h quen and the 

junction of the correct insertion were confirmed by sequencing. 

To confirm the expression of the newly made pm Cherry- rbB3 con tru t tran i nt 

transfection was performed in COS-7 cells. Lysate from pBAB -pur rbB 

transfected cells was run in parallel as a control. Cell lysate were probed with R J2, a 

monoclonal antibody directed against a cytoplasmic epitope of rbB3. Band of th 

expected size were detected for both constructs. ErbB3 wa approximately 150kDa, 

whereas Cherry-ErbB3 was approximately l80kDa (Figure 7-7). An extra band wa al 

observed below the expected molecular weights of the two con truct . Thi uld be du 

to either the proteolytic cleavage or inefficient glycosylation ofth protein pr du t . 

180~ 
150 

WB: R J2 (5/lg/ml) 

2 3 

Figure 7-7. Western blot analysis of ErbB3 e pr ion In -7 II tr n inti 

transfected with the pmCherry- rbB3 (Lane 1) or pBAB -pur ~ rbB 

3). Lane 2: molecular markers. 

7.3.2 Localisation study of Cherry-tagged ErbB3 

As western blot analysis confirmed it expr ion pm 

transfected into COS-7 cells. The ubcellular di tributi n 

w tran inti 

confocal microscopy. Both nuclear and cytopla mi lit' 

7-8, top panel). To examine the localisation patt rn ith 

NRGl~3GFP, the pmCherry-ErbB3 and NR 

into COS-7 cells. In the bottom panel of Figur 7-8 Ii 

and spliceosomes, the same as NRG 1 ~3GFP. It appear d that h rr - rbB d 

with NRG 1 ~3GFP in the subnuclear structures. 



Figure 7-8. Locali ation of herry-ErbB3 in II . p pan I: tran ' ient 

transfection of the Cherry- rbB3 con tru t al n . B tt m pan I: -transl' ' li)l1 " ith 

the NRG 1 p3GFP construct. 

To complete this study we carried out a contr 

localisation patterns of Cherry when expr d 

NRG If33GFP. In pmCherry tran iently tran fc t d 

cytoplasm and nucleu of th c II a exp ct d (Figur 

with RGl133GFP, eh rry howed th am 

NRGlf33GFP (Figur 7-9 right pan I), 

herry- rbB3 and NRG I 133 

possible explanation to account for thi 

rim nt hi h to 'xamin Ih ' 

-7 

7-9 I 

ubnu 

ting 

xpr ss'd ""ith 

10 'a li sed I Ih 

I ar 10 alisali n pall rn as 

Ihat Ih ' )1' 

rt 'fa I. J'h 'r' Uf' Iv ( 

Ihat ' h'rr is I mutant l r 
monomer DsRed (haner tal. , might ' mpl x ilh ,I-I t r 1"111 n 

polymer. Thus, when co xpr d in and . hit it 'cl III sum ' 

localisation pattern. Howe er, no u h iden ha b n r 'P rl'd in th ' lit mtuf . 

The other possible explanation i that th ali ati)n I' 'h'rr antl IFf> 

was due to a bleed-through art fact in th nf al mi ' r)s '( I . Wh 'l) 

emission spectra of two l1uorophore 

to the other channel. 

r1ap, ml i n from on hann'l ukl xt nu 
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Cht>lTy alone C'heny+ NRGlp3GFP 

Figure 7-9. Localisation of herry in -7 tran inti tran r ted with right 

panel) or without (left panel) the RO 1 ~3 FP 

To examine the emission sp ctrum of FP and h rr , p rf rm d a hmda an on 

s 'an r 'o rd d a s ri 'S f COS-7 cells transfected with either FP or 

individual image within a u er-defin d wa length rang ( FP hann I: 4( 0-700nl11 : 

Cherry channel: 560-700nm. The bandwidth of th cmi i n lilt ' r s s' t up at I On 111 in 

this experiment), and each imag wa dete t d at a h ' l1 

the emission spectrum of OFP and d pict d b th '( nl' al l11i ros '( I 

software, we noticed that th ir emi i n p tra did crJap (v ithin th' ran) )f 

540-590nm) (data not hown), whi h ' pi in d th obs r dIa ls p )siti • 

colocalisation ofNRG 1 ~3GFP and herr. 

Bleed-through artefacts can be corr cted to m t 'nt b adju tin) las r int'llsi t , 

gain and offset on the photo multipli r tub (PMT). To tabli sh th ' I \ f 

7 



bleed-through, the NRG I ~3GFP expressing cell wa imaged ith an argon-i 11 4 8nm 

laser under the optimum conditions (Ia er inten ity: l3%; ofF t: -20; gain : 70 ) and 

the amount of signal present in the Cherry chann I a r I'd d at two difl' I' nl 

conditions (Figure 7-10). When the gain of the red chann I wa kept at 00 . no 

bleed-through from the green channel was observed. When th gain a lu wa adj ust ' d 

to 1300V, a considerable amount of bleed-through wa ob r ed in th r d hann I. Thi 

signal represented GFP bleed-through. The procedure wa r peat d wilh th 

expressing cells to examine any bleed-through into th P chann I (data nth wn). 

By examining fluorescence once at a time, any ignal in oth r hann I w uld b fa l 

and should be removed and this served as reference to change th t r g in Ie el 10 

get rid of emission bleed-through. 

Green channel Red channel Oligb gilin} Red channel (low gain) 

Figure 7-10. Emission bleed-through correcti n. NR I ~ 

into COS-7 cells. Images were taken by confo al mi r 

GFP was excited using the 488nm Ar la er at a p w r ml 

with a SOSnrn filter. The 546nm line of He- at 

the same time and the emission was collect d with a 

intensity, gain and offset of the GFP chann I wer k pt )f' Ih ' 

red channel were adjusted from 1300V (high gain) t 60 (I w ga in ) I liminal ' iFP 

bleed-through signals. 

7.3.3 Immunofluorescence study of ErbB3 localisation 

To avoid any bleed-through artefacts which uld mpli al th 'xp rim ' IHal r 'sulls. 

we utilised a far-red fluorescent dye 

the following immunofluorescenc prim nt 

ErbB3 when coexpressed with NRG 1 ~3 FP. 

11 , ) t lab I I ~ rb l . 111 

patt rns r 
trans l' t d 

with the pBABE-puro ErbB3 construct. 24h p t tran fe Ii n, lis v ' r Ii: 'd. 

I { 



permeablised and incubated with the anti-ErbB3 antib d R 12. n gati 

performed at the same time to ensure that th r wa n 

antibody. Figure 7-11 shows nuclear immunofluore 

n n- p iii binding 01' the 

btained \i ith Erb l 

found to localise in the nuclei but was excluded from nu I Ii. 

+ 1st Ab 

[F: RTJ2 (2.5~g/ml) 

Figure 7-[ 1. ubcellular locali ation of rbB3 in tran inti tr n r 
Confocal immunofluorescent microscopy d m n trating nu ar 

-7 'ells. 

u in) th 

monoclonal RTJ2 antibody. Alexa Fluor 633 wa 

images were acquired with a 647nm emission filt r. 

We next examined the locali ation pattern f rbB 

NRG1p3GFP. COS-7 cells were co-transfl ct d 

ErbB3 construct. Immunofluor cence taining a 

As Alexa Fluor 633 is not i ibl to the human 

11m la 'r li ghl nd th 

h n xprcss d wilh 

rib d pr ' \ i{ lIsl . 

was first confirmed by an excitation can with 4 nm I ubs qu nl s un 

with 633nm laser light wa then performed to amll1 th r th ' 'II als) xpr ss '<.I 

ErbB3. Figure 7-12 how th ubnu I ar I ali ati n patt rn R J10. ,1·1 as 

expected. In the ame c II , ~ rbB3 e hibit d m 10 ali . uli n, Ih ' sam' 

localisation pattern a it gave wh n e pr ting th t th ':\pr ssi)f1 or 
NRG I p3 did not cau e extra accumulati n r ~ rbB in th pun ' tuat ' stru ' tur '$ in th 

cell nuclei. 

As the above experiment were ba d on th Iran i 'nl xpr' i n (I' Ert B. in th ' 

CO -7 (monkey kidney) cclI line, we n t amin d th' I alisuti n patt rn of' Frl B 

in a human embryonic kidn y c II -ErbB. II lin' \ hi 'h stabl 

expresses ErbB3 was utilised in th 

HEK-293-ErbB3 cells were fix d, pClmeabli d and in ub t d \i ith th' I TL tlnlibo I . 

Figure 7-13a shows membran taining of rbB. ppar ntl , th I ali ati n pall 'rn I' 



ErbB3 was different in transiently transfected CO -7 II and in II K-29 tabl 

expressing ErbB3. To examine whether transient or table tran fI t1i cts 

on the subcellular localisation of ErbB3 , we repeat d th immun Ilu 

experiment on the HEK-293 cell line transiently tran fI ct d with th pB 8 ' -pur~ 

ErbB3 construct. ErbB3 exhibited the same membrane I cali ation p tt rn a in the 

stably transfected HEK-293 cells (Figure 7-13b). Th data d m n trat d that th 

localisation pattern of ErbB3 was different in the two t ted cell lin 

IF: RTJ2 (2. 5~g!ml ) 

Figure 7-12. Localisation pattern of ErbB3 when co pre ed i th R 1 ~ \-P. 

COS-7 cells were cotransfected with the NR I ~3 FP and p . rb B 

construct and incubated for 24h. ErbB3 was immun ntl lab II d ith IC/3 

Fluor 633. 

T : RTJ2 (2. ~ )/ml ) 

Figure 7-l3. Localisation patterns of rbB3 In ith r tabl (a) r transi nIl (b) 

transfected HEK-293 cell . 
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7.4 Discussion 

7.4.1 Spectral bleed-through artefacts in confocal microscopy 

Imaging experiments having two or more fluorescent labels are often complicated by 

bleed-through artefacts. Bleed-through can occur during both excitation and emission of 

the fluorescent proteins and synthetic fluorophores commonly utilised in confocal 

microscopy. In general, bleed-through between fluorescence excitation spectral profiles 

occurs toward the blue end (shorter wavelengths) of the spectrum, whereas 

bleed-through between fluorescence emission spectra occurs in the red (longer 

wavelengths) region. For example, emission from a green fluorophores can often be 

detected through red emission filters, but a red dye is not imaged through a green 

emission filter. This is due to the fact that the absorption and emission spectra for most 

fluorophores are not symmetrical, but usually display long skewed tails that cover a 

broad region. A comparison of spectral overlap for OFP, Cherry, and Alexa Fluor 633 

that were utilised in this study is presented in the Figure 7-14 (Fluorescence 

SpecraViewer, adapted from the Invitrogen website). The emission spectra for the OFP 

and Cherry indicate separation of the peak wavelengths. However, the moderate level of 

spectral overlap (gray shaded area in Figure 7-14b) illustrates that there is a 

considerable amount of emission from OFP at the peak emission wavelength of Cherry 

(denoted by a blue line running from the emission peak to the abscissa). This high level 

of signal bleed-through makes the separation of the fluorophores difficult since the 

fluorescence quantum yield of OFP is much higher than that of Cherry. Moreover, due 

to the fact that these fluorophores have broad excitation and emission spectra, excitation 

of OFP using the 488nm spectral line of argon-ion laser also produces excitation of 

Cherry. although to a lesser degree (Figure 7 -14a). Thus. the combination of these two 

fluorescent proteins should be avoided in colocalisation experiments. 

The spectral overlap between fluorophores decreases as the bandwidth between 

emission maxima increases. Alexa Fluor 633 is mostly excited by the 633nm line of a 

red helium-neon laser and has peak emission at 647nm. As shown in Figure 7-14 OFP 

and far-red fluorescence Alexa Fluor 633 demonstrate a significantly reduced level of 

overlap and bleed-through artefacts should be minimal. 
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Spectral oyerlap of tluorophores 
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Figure 7-14. Comparison of spectral overlap for flu rophore utili sed in th 

colocalisation experiments. (a) Excitation pectra. (b) mi ion pectra . Figure adapted 

from http ://www.invitrogen.com/site/us/en/home.html . 

Spectral bleed-through artefacts often complicate the interpr tati n of xperimental 

results, particularly if colocalisation of fluorophore under in tigation r 

quantitative measurements are necessary. But th unwant d bleed-through an b 

minimised in different ways. First, choosing fluorophore with w 11- cparatcd 

absorption and emission spectra would avoid bleed-thr ugh (i .. FP 

633). In addition, probes with narrow emi ion p tra may dramati all rcduc th 

problem of bleed-through. Compared to traditional fluorophore , quantum d t " hi h 

are semiconductor nanocrystals coated with a hydrophili polymer hell and njugatcd 

to antibodies, display highly defined spectral profile (Figur 7- 15) (Zor v tal. , 2004) . 

The fluorescence emission intensity is confined to a ymmetrical p ak with a ma.ximum 

wavelength that is dependent on the dot size, but independent of th ex itati n 

wavelength. As a result, all the dots can be efficiently excit d at a inglc wavel ngth in 

the UV/violet region (e.g., 405nm). Th narrow mi ion profil enabl 
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quantum dots to be simultaneously observed with a minimal Ie I r ble d-through. 

econd, a series of controls should be prepared when perfonl1ing multipl lab'lling ith 

two or more fluorophores in order to minimis the confu i n in e prim nlal re ults due 

to bleed-through artefacts. An important control i to lab I th P imen r to expres ' 

the fluorescent proteins separately. This is nece ary to det rmine th amount f ignal 

gain possible in each channel without initiating bl ed-through int adja nl hanncl . as 

shown in Figure 7-10. Third, the optical filter et cho n t 'amin fluor ph rc 

emission should be closely matched to the pectral profil f th prob with r g rd t 

bandwidth size and location to avoid any sp ctral ov rlap. La t but n t lea t, there arc 

some softwares allowing subtraction of a predetermined percentag 

the other to minimise the effects of bleed-through. 
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Figure 7-15. Fluorescence emi ion pectra of quantum dot . I-i lur taken li'om 

http://www.invitrogen.com!site/u /enlhome.html. 

7.4.2 Nuclear ErbB3 

Offterdinger et al. first provided evidenc that ErbB can b' I cali d in th nU '1 'us )1' 

nonnal and malignant human mammary epith lial 'cll ( tl1crding r ' t HI. . _OCL ). 

Without adding exogenou NRG I, ErbB wa 1-7 

human man1ffiary epith lial cells. Addition of thc RIB allsed r 10 ati)n f ErbB 

into the cytoplasm and to the c 11 membran . Ther r r , we h that th' 

nuclear localisation of NRG I ~3 might also affi ct th lib 'lIl1la!" I ali ation ( r ErbB .. 

A Cherry-tagged ErbB3 plasmid wa con tru t d t e amin the I ali ation pattern or 



ErbB3 when coexpressed with NRGlf33GFP. ErbB3 was subcloned into the pmCherry 

vector downstream of the Cherry encoding region (Figure 7-2). Tagging Cherry to the 

N-terminus of ErbB3 is very likely to interfere with the protein sorting signals which 

are usually located at the N-terminus of the protein. This probably explained why 

inconsistent subcellular localisation patterns of ErbB3 were observed in transiently 

transfected COS-7 cells. As shown in the top panel of Figure 7-8, both cytoplasmic and 

nuclear expression of ErbB3 was observed. Also, as discussed above, the colocalisation 

analysis of GFP and Cherry was complicated by the bleed-through artefacts. Therefore, 

we turned to other methods to continue the localisation study of ErbB3. 

Immunofluorescence labelling ErbB3 with Alexa Fluor 633 avoided bleed-through 

artefacts. Confocal microscopy demonstrated nucleoplasmic localisation of ErbB3 using 

the monoclonal RTJ2 antibody (Figure 7-11). Transient co-expression of NRG 1133 did 

not affect its localisation pattern. Even though both NRG 1 133 and ErbB3 exhibited 

nuclear localisation in transiently transfected COS-7 cells, it appeared that NRG 1 133 did 

not cause any relocalisation of ErbB3 inside the nucleus (Figure 7-12). We also 

examined the subcellular localisation of ErbB3 in the HEK-293 cell line. ErbB3 

exhibited membrane localisation in both stably and transiently transfected HEK-293 

cells. The localisation pattern of ErbB3 differed between cell lines (nucleolar 

localisation of ErbB3 in nonmaliganant human mammary epithelia cells (Offierdinger et 

aI., 2002), nucleoplasm accumulation of ErbB3 in transiently transfected COS-7 cells. 

and membrane localisation of ErbB3 in HEK-293 cells) implying the importance of 

the cell type in which ErbB3 was expressed. In support of this hypothesis. Cheng et al. 

has reported that the bone microenvironment and androgen status could influence the 

nuclear localisation of ErbB3 in prostate cancer cells (Cheng et aI .• 2007). Moreover. 

the significance of nuclear localisation of ErbB3 has been assessed in prostate cancers. 

Both Cheng et al. and Koumakpayi et al. have provided evidence that nuclear 

localisation of ErbB3 is associated with prostate cancer cell survival and prostate cancer 

progression (Cheng et aI., 2007; Koumakpayi et al., 2006). Thus, identifying factors that 

regulate subcellular localisation of ErbB3 would provide new perspectives on the 

functions of intranuclear ErbB3. 
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Chapter 8. Discussion 

The classical signalling pathway involves membrane bound or secreted growth factors 

binding to and activating their cognate tyrosine kinase receptors at the cell surface. The 

phosphorylated tyrosine residues on the activated receptor then recruit and activate 

second messengers thereby initiating downstream signalling pathways that relay 

information to the nucleus and other intracellular compartments. Beyond this well 

established mechanism of growth factor signalling, evidence has accumulated in the 

past two decades that cell surface growth factor ligands and their cognate receptors are 

present within cell nuclei. Several lines of evidence demonstrate that FGF, EGF, growth 

hormone and a number of other ligands, as well as their receptors, are targeted to the 

nucleus (Bryant and Stow, 2005). Acceptance of intranuclear growth factors and their 

receptors, however, is not universal and many questions remain regarding the transport 

and functions of intranuclear growth factor ligands and receptors. Nevertheless, the 

presence of growth factors and their receptors in the nucleus suggests a novel 

intracellular signalling activity that might complement the canonical cell surface 

localised signalling mechanism. In our study, we investigated the action of intranuclear 

NRG 1 in attempt to further understand this new mode of signal transduction. 

Immunohistochemical staining of nCls of the breast showed nuclear expression of 

NRGla and NRGI~ in 40-50% of the cases examined (Marshall et al., 2006), and we 

also found them in nuclei when surveying a panel of human normal and invasive 

cancers tissues (see Chapter 3). However, the functions ofNRGs in the nucleus are not 

yet known. To provide further insight into the mechanism of nuclear translocation, we 

focused our analysis on the ~3 isoform of NRG 1. The NRG I gene contains at least six 

promoters and its pre-mRNA is extensively spliced to give more than fifteen different 

protein products (Steinthorsdottir et al., 2004). Most of them are first synthesised as 

transmembrane precursors and are trafficked to the cell surface. Upon proteolytic 

cleavage, they are released as secreted molecules. acting in a paracrine and/or autocrine 

fashion. Alternatively, there are proteins like NRG 1 ~3 which lacks a transmembrane 

domain and is not secreted from the producing cell, but harbours a putative nuclear 

localisation sequence at its N-tenninus. Using GFP-tagging and digital fluorescent 

microscopy, which allows higher resolution than immunohistochemical staining, 

NRG 1 ~3 was found in two subnuclear structures, nucleoli and spliceosomes (Golding et 
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al., 2004). Recently, Breuleux et al. reported similar results of another splice variant of 

NRG 1 (Breuleux et al., 2006). 

As some NRG isoforms can translocate to the nucleus, one question that needs to be 

addressed is whether nuclear NRGs function through its cognate receptors or by some 

other process. These two alternative mechanisms are not of course mutually exclusive. 

Even though it has been shown that localisation of NRG 1 p3 to the nucleus is receptor 

independent as it occurs in cells lacking its cognate receptors, ErbB3 and ErbB4, and is 

unaffected by removal of the receptor-binding domain (Golding et al., 2004), this does 

not rule out the possibility that a receptor-mediated function could take place in the 

nucleus. Accumulating evidence has shown that ErbB receptor family members are 

present in the nucleus. Among the ErbB family members, EGFR (Marti el al., 1991), 

ErbB2 (Xie and Hung, 1994) and ErbB3 (Offterdinger el al., 2002) are detected in the 

nucleus as full length receptors. ErbB4 undergoes sequential proteolytic processing 

producing an intracellular domain (ICD), which translocates to the nucleus and 

functions as a transcription factor (Ni et al., 2001). Full length ErbB4 was once been 

detected in the nucleus of human umbilical venous epithelial cells and arterial 

endothelial cells (Bueter el al., 2006). Using immunohistochemically staining we 

observed strong nuclear expression of ErbB3 in invasive breast cancer tissues. 

Moreover, confocal immunofluorescence microscopy showed nucleoplasmic 

localisation of ErbB3 in transiently transfected COS-7 cells (see Chapter 7). 

There are examples of growth factors functioning through their cognate receptors in the 

nucleus. For instance, it has been demonstrated that nuclear EGF binds EGFR in 

comparable fashion to surface EGFR and this nuclear ligand/receptor complex could 

induce tyrosine autophosphorylation of EGFR (Cao et al., 1995). In this study, we used 

two experimental approaches to investigate the receptor-mediated effects of intranuclear 

expression of NRG 1. One was based on "candidate" effects. As quite a few growth 

factors localised in the nucleolus show mitogenic functions and nucleolus is well-known 

as the centre of ribosome biogenesis, we looked at the effect of differential subnuclear 

localisation of NRG 1133 on cell mitogenesis which was measured by 

bromodeoxyuridine incorporation and on the level of ribosomal RNA using RNA gel 

electrophoresis. The other structure where NRG 1 p3 accumulates is spliceosomes. This 

localisation pattern is highly characteristic for proteins that are involved in pre-mRNA 

splicing. Moreover, the spliceosome exhibits exceptional compositional dynamics (Wahl 
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et aI., 2009). It contains many proteins that are loosely associated and are only called 

into action or required in certain situations. As demonstrated by Golding et al., (2004) as 

well as our findings, NRG 1 p3 is a dynamic protein which could relocalise from nucleoli 

to spliceosomes within 90min, suggesting that NRG 1 p3 might be involved in the 

spliceosome activities such as to prepare for the splicing ofpre-mRNA and/or to react to 

changes in the state of the cell or its environment. As the mRNA of both NRG 1 and 

ErbB4 its cognate receptor genes are subjected to alternative splicing and there are 

examples that the system can regulate itself, we looked at the splicing efficiency of 

subnuclear localisation of NRG 1 p3 on its own gene and on the ErbB4 gene products 

using the RT-PCR technique. No significant effect was however observed in any of the 

above experiments. While these techniques are only semiquantitative the lack of an 

obvious effect inclined us to explore other possible activities and we did not pursue 

these experiments further due to time constraints. 

The other screening approach utilised in my project aimed for new discoveries of genes 

whose expression was altered at either the transcription or the protein level. In our 

attempt to identify genes regulated due to differential subnuclear localisation of NRG I, 

we observed induced Hsp70B' transcription only when the protein was present in the 

spliceosomes. Moreover, we were able to confirm its expression at the protein level by 

performing western blot analysis with an antibody specific to the Hsp70B' protein. 

Consistent with our transcriptomic results, Hsp70B' was identified as one of the 

NRG-inducible gene products in human breast cancer cells (Mandal et al., 2002). 

Mammalian heat shock proteins have been classified into different families according to 

their molecular size and each family of heat shock proteins is composed of members 

expressed either constitutively or those which may be regulated inductively. Under 

non-stressed conditions, the expression of Hsp70B' is usually very low. In contrast, the 

expression of Hsp70B' is induced after many different kinds of stresses such as heat. 

irradiation, oxidative stress, or anticancer chemotherapy. High expression of Hsp70B' 

has been reported in high grade malignant tumours such as breast, endometrial and 

gastric cancer (Brondani Da Rocha et aI., 2004; Vargas-Roig et al., 1998) and it appears 

to be a factor in tumour pathogenesis largely explained by its anti-apoptotic functions 

which permit malignant cells to arise despite the triggering of apoptotic signals during 

transformation. Moreover, a molecular link has been shown between Hsp70B' 

expression and tumour progression in prostate cancer (Grossmann et al .• 2001). 
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As reported by Marshall et al. NRGI and NRG3 were found expressed at quite high 

levels in up to half of cases of nCIS of the breast and we observed relatively high 

incidence of nuclear NRG 1 expression in invasive cancers such as bone and soft tissue 

cancers (Marshall et al., 2006). One hypothesis consistent with our observations is that 

those cells may be in a stressed state due to hypoxia and accumulation of waste products. 

Our transcriptomic results for the first time linked spliceosome localised NRG 1 with the 

highly conserved heat shock response. At this stage, we do not know if stresses have 

any effect on the nuclear splice variants of the NRG 1 gene as they have on the 

translation control of some cytokine mRNA products (Cully and Downward, 2009) and 

if spliceosome accumulation of NRG 1 could increase the tumourigenicity of cancer 

cells by utilising the cytoprotective effects of molecular chaperone genes or even is 

associated with poor prognosis and resistance to chemotherapy or radiation therapy; 

given this, however, it will be of interest to explore the underlying mechanisms. 

Another important finding of my study is that using mutants of NRG 1 ~3 which 

localised exclusively to spliceosomes or to nucleoli we demonstrated that spliceosome 

localisation increased the expression and/or phosphorylation of the ErbB4 receptor, and 

to a less extent the ErbB2 receptor (see Chapter 5). NRGI is a direct ligand of ErbB4 

which can activate the kinase activity of ErbB4. Even though NRG 1 does not bind to 

ErbB2, it is possible that ErbB2 became phosphorylated by forming heterodimers with 

ErbB4. However, we were unable to confirm these results by western blot analysis. One 

possible explanation to account for this is that the Human Phospho-RTK Array is more 

sensitive than western blot in detecting the phosphorylation/expression level changes. 

To distinguish whether the observed ErbB4 activation in the kinomic results was due to 

the increased protein expression or the phosphorylation of ErbB4, we purchased a site 

specific phopho-ErbB4 antibody, which should be able to detect ErbB4 phosphorylation. 

However, no specific signals were observed when blotting the cell lysates with this 

antibody, although many non-specific bands of other molecular weight were seen. The 

reliability of this commercial available antibody needs to be confirmed. 

ErbB3 is another cognate receptor of NRG 1. It has been reported that NRG 1 PI 
treatment could affect the subcellular localisation of ErbB3 in human mammary cell 

lines by shifting ErbB3 from the nucleolus into the nucleoplasm and then into the 

cytoplasm (Offierdinger et 01., 2002). In our experiments, when NRG 1 p3 and ErbB3 

were coexpressed and examined by confocal immunofluorescence microscopy, we 
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observed nUcleoplasmic localisation of ErbB3, without any extra accumulation in 

spliceosomes where NRG 1 p3 localised. Our results suggest that spJiceosomes are the 

site where activation of the nuclear ErbB receptors occurs upon NRG 1 p3 binding. Also, 

we noticed that ErbB3 exhibited either nucleoplasmic or membrane localisation 

depending on the type of cell line in which it was expressed, which is supported by the 

findings of other research groups, that ErbB3 localisation patterns are greatly affected 

by the microenvironment of the expressing cell (Cheng et al., 2007; Koumakpayi et al., 

2006). More specifically, it has been demonstrated that ErbB3 nuclear localisation 

discriminated normal from malignant prostate tissues and between tumours from 

hormone-sensitive versus hormone-refractory prostate cancer. Taken together the 

kinomic results and the regulated nuclear localisation of ErbB3, we hypothesised that 

activation of the ErbB receptor family members in different subcellular compartments 

might engage and activate different second messengers thus leading to different cellular 

responses. There is, indeed, evidence to support this hypothesis. 

At the cell surface, ligand binding triggers receptor dimerisation which subsequently 

activates many downstream signalling pathways, including the ERK-MAPK pathway, 

the PI3K pathway, and the pathways that regulate small GTPases (Schlessinger, 2000). 

Signals transmitted through these pathways regulate transcription of the 

immediate-response genes, such as those encoding the transcription factors Myc and 

Fos, which greatly affect nuclear events such as mitogenesis and changes in gene 

expression. 

In the cytosol, it has been shown that activated EGFR tightly controls its overall 

endocytosis by modulating the trafficking of the clathrin-coated pit associated proteins 

such as epsin and Eps 15 (Vecchi et al., 2001). These endocytic proteins shuttle in and 

out of the nucleus where they are believed to regulate a limited and specific set of genes 

implicated in specific processes, for example in this instance in clathrin-coated pits or 

endosome formation. The possibility that activated receptors organise their own 

endocytosis has been considered as an extension of membrane receptor function in 

terms of the assembly of signalling cascades. 

Inside the nucleus, the C-terminal regions of EGFR (Lin et al., 2001), ErbB2 (Xie and 

Hung, 1994), and ErbB4 (Ni et al., 2001) have been reported to possess transactivation 

activity and mUltiple promoters have been identified as the targets of nuclear ErbB 
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receptors. As EGFR lacks a DNA binding domain, it can physically interact with signal 

transducers and activators of transcription 3 (STAT3) in the nucleus. This complex was 

shown to bind to the AT-rich sequence of the promoters leading to transcriptional 

activation of several genes, including cyclin Oland inducible nitric oxide synthase (Lo 

et al., 2005). Nuclear ErbB2 forms a complex at a specific nucleotide sequence of the 

cyclooxygenase enzyme COX-2 gene promoter and is able to stimulate its transcription 

(Wang et al., 2004). COX-2 affects cell proliferation and has been shown to be 

important in carcinogenesis (Soslow et ai., 2000). ErbB4 conveys its transcriptional 

function through its ICD domain. Ligand binding activates ErbB4 leading to the 

recruitment of STAT5A to a phosphorylated receptor tyrosine residue. The cleaved JCD 

conveys STAT5A to the nucleus which in tum transactivates the f3-casein gene promoter 

(Williams et ai., 2004). In addition to a role of RTKs in the control of gene regulation, 

modification of nuclear proteins is another function for nuclear-localised receptors or 

their cytoplasmic domain fragments. EGFR phosphorylates the chromatin-bound DNA 

replication and damage repair factor proliferating cell nuclear antigen (PCNA). 

Increased PCNA phosphorylation is associated with increased cell proliferation and is 

correlated with poor survival of breast cancer patients (Wang et aI., 2006a). ErbB2 has 

been shown to colocalise with and bind to cyclin B-Cdc2 complexes and phosphorylates 

Cdc2 in the nucleus. Increased phosphorylation of Cdc-2 in ErbB2 overexpressing cells 

inhibits the kinase activity of Cdc-2 and delays M-phase entry, leading to taxol 

resistance in breast cancer (Tan et al., 2002). Expression of ErbB4 ICD phosphorylates 

and inhibits the nuclear protein Mdm2 and consequently increases the levels of p53 

and p21 expression (Arasada and Carpenter, 2005). 

Despite the evidence of localisation of full length ErbB receptors in the nucleus as well 

as their hypothesised or demonstrated molecular functions, the mechanistic basis of how 

intrinsic membrane proteins translocate to the nucleoplasm, unassociated with the 

nuclear envelope, has remained to be identified. A mechanism termed 

"retro-translocation" has been proposed by a number of investigators. It is an alternative 

application of the endoplasmic reticulum (ER) associated degradation (ERAD) pathway 

(Tsai et aI., 2002), which functions to move unfolded or misfolded proteins from the ER 

lumen to the cytoplasm for ubiquitin-dependent degradation. The assumption that 

ERAD facilitates the movement of cell surface proteins to the cytoplasm or to the 

nucleus is based on several toxins entering cells by this route (Sandvig and van Deurs, 

2000). For example, following binding to cell surface receptors, the plant toxin ricin is 
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endocytosed then moves from the endosome through the Golgi to the ER, where it is 

transported to the cytoplasm. The typical fate of proteins moving through the ERAD 

pathway is that they get ubiquitinated and degraded. The ability of ricin to escape the 

nonnal degradative fate of ERAD substrates suggests there are alternative fates but it is 

unclear that how normal cellular proteins can exploit such a retrograde transport system 

in the manner demonstrated by toxins. It has been proposed that the retro-translocation 

model involves the intemalisation of the surface receptor through the clathrin-coated 

endocytotic vesicle, which then merges with the ER through the Golgi. The 

retro-translocation of ER-bound EGFR into the cytosol involves the Sec61 translocon 

(Liao and Carpenter, 2007) which forms a channel across the ER membrane for protein 

transport (Wiertz et al., 1996). The membrane protein in the cytosol is stabilised by the 

chaperone protein HSP70, and then directed by the nuclear transporter importin proteins 

to the nucleus through the nuclear pore complex (Giri et al., 2005). The above scenario 

provides the only currently available plausible hypothese for liberation from a lipid 

bilayer and transport to the nucleus but does not define the complete process of how 

these receptors make their way to the nucleus. A completely different hypothesis argues 

that full length growth factor receptors are located at the nuclear membrane (envelope) 

rather than in a soluble form in the nucleoplasm. As nascent receptors are synthesised 

by nuclear membrane associated ribosomes, the newly synthesised receptors will be 

found in the outer leaflet of the nuclear envelope which could have multiple intranuclear 

invaginations and pores (Fricker et al., 1997). However, without being glycosylated in 

the Golgi apparatus the functionality of these receptors remain questionable. All these 

proposed mechanisms remain speculative and thus need to be demonstrated 

experimentally. 

Considering that the double nuclear membrane with nuclear invaginations are 

surrounded by the endoplasmic reticulum, plasma membrane, and other various 

exocytotic and endocytotic vesicular structures, it is not surprising that researchers 

using microscopy techniques find identifying true intra-nucleoplasmic proteins rather 

difficult. The membrane structures within a cell grown in tissue culture as a monolayer 

are remarkably flat and as such the actual localisation of these growth factor receptors 

needs to be examined with extra care. Thus while there is some evidence and much 

speculation regarding the presence of truly nucleoplasmic growth factor receptors it 

must also be considered that they are not present. If we assume that there are no fuJI 

length ErbB receptors in the nucleus, the most intriguing question needs to be 
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considered is what is intranuclear NRG 1 doing? 

In the experiment exploring intranuclear trafficking of NRG 1 p3 using the 

photoactivateable GFP-tagged protein, we observed that when the fusion protein located 

in nucleoli was activated it gradually disappeared from this site and reappeared in 

spliceosomes over a ninety minute period, which is consistent with previous findings 

that NRG1~3 localisation patterns interconverted within two hours (Golding et aI., 

2004). Furthermore, this observation provides evidence in support of the hypothesis that 

NRG 1 ~3 moves from one intranuclear compartment to the other rather than being 

degraded in one compartment while re-synthesised and targeted to the other 

compartment. We suspected that relocalisation of NRG 1 ~3 might be associated with 

other nuclear proteins in each subnuclear compartment. Using a yeast two-hybrid screen 

Breuleux et al. identified several spliceosome located proteins that interacted with 

NRG 1 a in spliceosomes (Breuleux et aI., 2006). In a mutational analysis perfonned in 

our laboratory by Dr C. Trim, four positively charged resides were identified which 

were necessary for spliceosome localisation of NRG 1 p3. Molecular modelling 

suggested that three of these may form a binding site for interaction with structures 

within the spliceosome (Wang et aI., 2010, submitted). Therefore, it is possible that the 

two localisation sequences of NRG 1 ~3 identified to be responsible for each subnuclear 

structure localisation are involved in protein-protein interactions. When NRG 1 ~3 needs 

to relocate, associated nuclear proteins presumably dissociate from it, allowing it to 

move. Several proteins have been reported with the similar behaviour of moving 

between different subnuclear compartments. One such example is Cdc 14. which is 

sequestered in the nucleolus for most of the cell cycle and then is released from the 

nucleolus during nuclear division, allowing it to reach its targets (Visintin et aI .• 1999). 

It is possible therefore that controlled relocalisation of NRG 1 ~3 is associated with the 

cell cycle, and its interacting proteins might be cell cycle regulators. 

The conventional view that ligands and their membrane receptors fulfil their signalling 

roles uniquely at the cell membrane and that signals are subsequently relayed on to the 

nucleus through pathways involving common second messengers and phosphorylation 

cascades fail to explain the wide diversity of ligands/receptors and their corresponding 

unique and specific gene expression profiles (Subramaniam et aI., 2001). Direct action 

within the nucleus of specific ligand and/or ligand/receptor complexes provides an 

additional level of regulation in terms of selectivity, specificity. and efficiency of gene 
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transcription control. To leap to the next step in understanding these processes, we will 

have to discover the mechanistic basis of the molecular and cellular functions of these 

nuclear ligands and receptors before they will be generally accepted. Now the weight of 

evidence has tipped the scales towards the belief that these events do occur in at least 

some cells under specific circumstances. We expect an expanding effort by many more 

investigators in the next few years and the findings are likely to be as unexpected as 

they have been so far. 
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