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Abstract

Neuregulins (NRG’s) are pleiotropic growth factors that participate in a wide range of

biological processes.  The family of membrane-bound growth factors bind to and

activate ErbB receptors on adjacent target cells, mediating multiple biological

processes.  NRG-1, NRG-2 and NRG-3 are all highly expressed in the nervous system,

where it has been shown that NRG-1 is important for neuronal development, migration,

synapse formation and glial cell proliferation.  Little is known, however, on the specific

roles of NRG-2 and NRG-3, although it is apparent that despite similar expression

patterns and overlapping receptor specificity, NRG-2 and NRG-3 do not compensate for

the loss of NRG-1 and mediate their own distinct activities.

The NRG intracellular domains (ICD’s) comprise the majority of the protein and lack

any recognisable structural domains.  Apart from the abundance of potential

phosphoserine residues, no signalling mechanism can be predicted.  The NRG-1 ICD

has been shown to mediate biological activities and possibilities exist for the occurrence

of similar properties in other family members.  Multiple sequence alignment of the

NRG ICD’s reveals regions of homology between the NRG-1 and NRG-2 ICD, but very

little similarity between the NRG-3 ICD and other family members.

This study investigated the biological significance of the NRG-3 ICD.  Subcellular

localisation experiments showed that this domain is important for trafficking of the full-

length protein to various intracellular compartments in an activity dependent manner.

In addition, the ICD is required to elicit a cell death response in cultured cells and

provoke an elevated α-amino-3-hydroxyl-5-methylisoxazole-4-propionate (AMPA)

response in organotypic neuronal cultures following transient expression of NRG-3.  A

yeast two-hybrid screen identified 14-3-3ζ and PICK1 as two proteins that interacte

with the human NRG-3 ICD.  These interactions were confirmed both in vitro and in

vivo, and were further characterised at a molecular level.

This study demonstrates the ability of NRG-3 to mediate signal transduction through a

biologically active ICD; a conclusion supported by identifying cytoplasmic proteins that
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interact with the ICD.  These observations point to an additional layer of complexity

where bi-directional signalling contributes to the full repertoire of NRG-3 functions.
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Literature Review
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Chapter 1

1.1 Neuregulins

Neuregulins (NRGs) are a family of pleiotropic growth factors that belong to the

Epidermal Growth Factor (EGF) polypeptide cytokine superfamily.  This large group of

structurally related proteins also includes EGF, Transforming Growth Factor alpha

(TGF-α), Amphiregulin (AR), Heparin-binding EGF-like growth factor (HB-EGF),

Betacellulin (BTC), Epiregulin (EPR), Tomoregulin and Neuroglycan.  The family of

proteins signal through ErbB2 (also known as HER2), ErbB3 (HER3) and ErbB4

(HER4) receptor tyrosine kinases, members of the EGF receptor family.  The prototypic

NRG family member, NRG-1, was discovered by independent laboratories in a quest to

identify ligands for the oncogene neu (ErbB2/HER2), acetylcholine receptor-inducing

activity and glial growth factor activity.  Accordingly, NRG-1 was assigned different

names based on function (see table 1).  Three distinct but closely related genes were

also isolated: NRG-2 (Busfield et al., 1997; Carraway et al., 1997; Chang et al., 1997).

NRG-3 (Zhang et al., 1997) and NRG-4 (Harari et al., 1999).

Neuregulins are mosaic proteins comprising various structurally identifiable domains

(Figure 1.1).  All family members contain a bioactive EGF-like domain in the

ectodomain.  The 50 amino acid EGF-like domain features characteristically spaced

cysteine residues that form intramolecular disulfide linkages to generate a three loop

secondary structure.  This domain alone is responsible for NRG binding to/and

activating the ErbB family of receptor tyrosine kinases (Buonanno and Fischbach,

2001).  Although NRG was initially identified in a search for ErbB2 ligands, the bona

fide NRG receptors are ErbB3 and ErbB4.  Once bound to its cognate receptors, ErbB

receptors homo- or hetero-dimerise. The entire NRG ectodomain is involved in receptor

binding, albeit with different affinities (Figure 1.2) (Hobbs et al., 2002; Jones et al.,

1999; Pinkas-Kramarski et al., 1996; Pinkas-Kramarski et al., 1998).  The diversity of

the NRG-1 and NRG-2 EGF-like domain is increased by the production of α  or β

isoforms, that differ by nine amino acids, and arise via alternate splicing (Figure 1.3A).

The resultant α and β NRG-1 variants can affect the affinity of ligand-receptor binding

(Jones et al., 1999) and are differentially expressed.  For instance, during development

the β isoform of NRG-1 is predominantly expressed in the nervous system, whilst the α
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Table 1. Neuregulin-1 Nomenclature Prior to Standardisation

Name: Reference:

Glial Growth Factor (GGF) Raff et al., 1978

Brockes et al., 1978, 1980

Lemke and Brockes, 1984

Goodearl et al., 1993

Machionni et al., 1993

Heregulin Holmes et al., 1992

Neu differentiating factor (NDF) Peles et al., 1992

Wen et al., 1992

Acetylecholin-Receptor Inducing Activity

(ARIA)

Jessel et al., 1979

Buc-Caron et al., 1983

Usdin and Fischbach, 1998

Falls, 1993

Sensory and Motorneuron Derived Factor

(SMDF)

Ho et al., 1995
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Figure 1.1 Structures of Neuregulins

Four genes NRG-1, NRG-2, NRG-3 and NRG-4 have been identified in vertebrates.

Alternate RNA splicing and promoter usage generates more structural diversity in

tissues expressing NRG proteins. NRG-1 isoforms can be characterised by different

extracellular domains and are designated type I, II and III.  Type I NRG-1 has an

immunoglobulin-like (IgG-like) domain, followed by a glycosylation rich region; Type

II has a GGF-specific (kringle) domain and IgG-like domain; and Type III has a

cysteine-rich domain (CRD).  Downstream from the variable amino-terminus, the

proteins contain an Epidermal Growth Factor (EGF)-like domain, with alternate spliced

α  and β  isoforms; a juxtamembrane region with a protease cleavage site; a

transmembrane (TM) domain; and a long intracellular domain.  Type III NRG-1 has an

additional membrane associated cysteine rich domain.  NRG-2 is most closely related to

NRG-1; splicing also generates α and β EGF-like domain isoforms.  NRG-3 and NRG-

4 are most distantly related to both NRG-1 and NRG-2.
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Figure 1.2 Summary of Ligand-Receptor Interactions Within the NRG-ErbB

Signalling Network

The four NRG family members and their binding affinity to the ErbB receptor homo- or

heterodimers are indicated.  NRGs do not associate with either ErbB1 or ErbB2

homodimers.  Binding to ErbB3 homodimers is limited to NRG-1.  ErbB4 homodimers

bind all NRGs but association with ErbB receptors are mainly mediated through ErbB3

and ErbB4 receptors.  Unless indicated, receptor binding occurs in both α  and β

isoforms of NRG-1 and NRG-2 (Pinkas-Kramarski et al., 1998; Jones et al., 1999;

Hobbs et al., 2002).
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A

B
 hNRG1ICD  KTKKQRKKLH DRLRQSLRSE RNNMMNIANG PHHPNPPPEN VQLVNQYVSK

 hNRG2ICD  KTKKQRKQMH NHLRQNMCPA HQN.RSLANG PSHPRLDPEE IQM.ADYISK

 hNRG3ICD  KSKKQAKQIQ EQLKVPQNGK SYSLKASSTM AKSENLVKSH VQL..QNYSK

 hNRG1ICD  NVISSEHIVE REAETSFSTS HYTSTAHHST TVTQTP.... .SHSWSNGHT

 hNRG2ICD  NVPATDHVIR RETETTFSGS HSCSPSHHCS TATPTSSHRH ESHTWSLERS

 hNRG3ICD  VERHPVTALE KMMESSFVGP QSFP...... ...EVPSPDR GSQSVKHHRS

 hNRG1ICD  ESILSESHSV IVMSSVENSR HSSPT.GGPR GRLNGTGGPR E.CNSFLRHA

 hNRG2ICD  ESLTSDSQSG IMLSSVGTSK CNSPACVEAR ARRAAAYNLE ERRRATAPPY

 hNRG3ICD  ...LSSCCSP GQRSGMLHRN AFRRTPPSPR SRLGGIVGPA ......YQQL

 hNRG1ICD  RETPDSYRDS PHSERYVSAM TTPARMSPVD FHTPSSPKSP PSEMSPPVSS

 hNRG2ICD  HDSVDSLRDS PHSERYVSAL TTPARLSPVD FHYSLATQVP TFEITSPNSA

 hNRG3ICD  EESRIPDQDT IPCQGYSSSG LKTQRNTSIN MQLPSRETNP YFN.......

 hNRG1ICD  MTVSMPSMAV SPF.MEEERP LLLVTPPRLR EKKFD.HHPQ Q.......FS

 hNRG2ICD  HAVSLPPAAP ISYRLAEQQP LLRHPAPPGP GPGPG.PGPG PGADMQRSYD

 hNRG3ICD  ...SLEQKDL VGYSSTRASS VPIIPSVGLE ETCLQMPGIS EVKSIKWCKN

 hNRG1ICD  SFHHNPAHDS .......... ..NSLPASPL RIVEDEEYET TQEYEPAQEP

 hNRG2ICD  SYYYPAAGPG PRRGTCALGG SLGSLPASPF RIPEDDEYET TQECAPPPPP

 hNRG3ICD  SYSADVVN.. .......... ..VSIPVSDC LIAEQQEVKI LLETVQEQ..

 hNRG1ICD  VKKL...... ..ANSRRAKR TKPNGHIANR LEVDSNTSSQ SSNSES....

 hNRG2ICD  RPRARGASRR TSAGPRRWRR SRLNGLAAQR ARAARDSLSL SSGSGGGSAS

 hNRG3ICD  ........IR ILTDARRSED YELASV.... .......... ..........

 hNRG1ICD  .......ETE DERVGEDTPF LGIQNPLAAS LEATPAF.RL ADSRT.NPAG

 hNRG2ICD  ASDDDADDAD GALAAESTPF LGLRGAHDAL RSDSPPLCPA ADSRTYYSLD

 hNRG3ICD  .......ETE DS.ASENTAF LPLSPTAKSE REAQFVLRNE IQRDSALTK*

 hNRG1ICD  RFSTQEEI.Q ARLSSVIANQ DPIAV*

 hNRG2ICD  SHSTRASSRH SRGPPPRAKQ DSAPL*

 hNRG3ICD  .......... .......... ......

Figure 1.3 Alignment of NRG EGF-like and ICD Domains

Alignment of the human EGF-like domains in NRGs and other EGF-related ligands:

EGF, Epidermal Growth Factor; TGF, Transforming Growth Factor.  The α  and β

splice variants for NRG-1 and NRG-2 are boxed; variants for NRG-3 and NRG-4 have

not been described.  The EGF-like domains of the EGF superfamily have three

conserved cysteine pairs (orange), which form a three-loop structure necessary for
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proper conformation.  The spacing of the six cysteines, in combination with other

conserved residues (X3CX7CXN(G/D)GXCX10-13C(K/R)CX5GXRC), distinguishes

NRGs from the other EGF-like ligands (A).  The ICD of NRG-1, NRG-2 and NRG-3

are aligned and homologies highlighted.  Sequence identities are highlighted (green)

between NRG-1 and NRG-2 and in bold type between all three family members.  The

nuclear localisation sequence ascertained for NRG-1 is underlined (B).
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isoform is expressed in the mesenchyme (Meyer and Birchmeier, 1994).  The β isoform

is also more potent than the α isoform in stimulating acetylcholine receptor (AChR)

synthesis, Schwann cell proliferation and tumor cell proliferation (Pinkas-Kramarski et

al., 1996; Raabe et al., 1996).  Similar differences in activity are also seen with the α

and β isoforms of NRG-2 (Busfield et al., 1997; Jones et al., 1999).  In the amino-

terminus, the NRG-1 transcript is alternatively spliced to produce structurally distinct

immunoglobulin-like (IgG-like) domain, kringle domain and cysteine-rich domain

(CRD) variants.  The three structural characteristics were used to classify NRG-1 into

three groups; type I, II and III.  Other NRG family members also display distinct

structural characteristics, albeit not as extensive as NRG-1.  NRG-2 is most closely

related to NRG-1, with variations similar to those of IgG-NRG-1 (type I).  In contrast,

NRG-3 and NRG-4 are most distant to NRG-1 and NRG-2, with the NRG-3 ectodomain

capable of rich O-linked glycosylation while NRG-4 contains a short amino-terminus.

NRG proteins are initially produced as a transmembrane pro-protein for membrane

presentation.  In NRG-1 and NRG-2, proteins are either membrane bound or secreted

via proteolytic cleavage of a dibasic cleavage site in the juxtamembrane ectodomain.

Soluble forms of NRGs are reported for NRG-1 and NRG-2 and not for NRG-3 and

NRG-4 ectodomains.  Other important functional domains of NRG-1 include the

hydrophobic transmembrane domain, which is important for membrane targeting and is

highly conserved among NRGs.  All NRGs, except NRG-4, contain a large intracellular

domain (ICD) that constitutes the majority of the pro-protein.  Like the ectodomain, the

NRG-1 and NRG-2 ICDs are also alternatively spliced to produce isoform variations

(reviewed in Falls, 2003a; Dr. S. Busfield pers. comm.).  The NRG-1 and NRG-2 ICDs

are most similar to each other, with identity as high as 89 % over small regions

(Busfield et al., 1997), while the NRG-3 ICD exhibit minimum sequence similarities

with either the NRG-1 or NRG-2 ICD (Figure 1.3B). Recently, a γ-secretase cleavage

site was identified in the NRG-1 ICD (Bao et al., 2003).  This cleavage site is identical

in NRG-2 and semi-conserved in NRG-3.  However, a released NRG-2 and NRG-3 ICD

remains unreported.  The functional significance of NRGs’ ICDs remain the least

understood part of the large protein family.

Genes encoding the different NRGs are located on different human chromosomes:

NRG-1, chromosome 8p12-21; NRG-2, chromosome 5q23-33; NRG-3, chromosome

10q23-23 and NRG-4, chromosome 15q23.  Recently, NRG-1 has been identified as a
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potential susceptibility gene for schizophrenia (reviewed in Corfas et al., 2004).  A

genome wide scan of the Icelandic population had initially mapped NRG-1 as a

susceptibility locus for schizophrenia (Stefansson et al., 2002).  Subsequent studies

extended and linked NRG-1 with susceptibility to schizophrenia in Scottish (Stefansson

et al., 2003), Welsh (Williams et al., 2003) and Chinese (Tang et al., 2004; Yang et al.,

2003) populations, but not in Japanese populations (Iwata et al., 2004).  In support of

this, defects in ErbB3 expression is shown to occur in the prefrontal cortex of

schizophrenic patients (Aston et al., 2004).  It is unlikely that NRG-1 is the only gene

underlying susceptibility to schizophrenia in all populations, as demonstrated by the

non-linkage in the Japanese population.  Nevertheless, the NRG-ErbB signalling system

provides a valid focus to ascertain the biological abnormalities that lead to the

progression of schizophrenia.

The structural diversity in NRGs is reflected in their distinct expression profiles

throughout mouse development.  The expression of various NRG family members

differs both temporally and spatially.  NRG-1 is found in both the central and peripheral

nervous system, as well as in the developing heart.  During embryonic development,

NRG-1 shows the broadest expression pattern.  It can be detected by embryonic day 9

(E9) in mice in both mesenchymal and neuronal cell types (Meyer and Birchmeier,

1994).  In particular, NRG-1 transcripts are detected in the endocardium, including the

endothelium lining in both the atrium and ventricle.  In the central nervous system

(CNS), NRG-1 is expressed in rhombomeres 2, 4 and 6 during hindbrain development.

In the peripheral nervous system (PNS), NRG-1 is detected in migrating neural crest

cells, and in peripheral sensory ganglia and motor neurons (Meyer and Birchmeier,

1995).  Specifically, the protein is concentrated in motor nerve terminals (Jo et al.,

1995; Sandrock et al., 1995) and accumulates in the extracellular matrix of the synaptic

cleft (Goodearl et al., 1995).  In adult human brain tissues, NRG-1 transcripts are

detected in the prefrontal cortex, cerebellum, oculomotor nucleus, superior colliculus,

red nucleus, substantia nigra pars compacta and hippocampal formation (except CA1)

(Law et al., 2004).  Subcellularly, human NRG-1 mRNA is abundant in hippocampal

and cortical pyramidal neurons and some interneurons, and in cerebellar Purkinje cells

and Golgi cells (Law et al., 2004).  A presynaptic localisation of NRG-1 protein is also

predicted based on staining patterns in local areas of neuropil.



10

Three major NRG-1 isoforms (type I, II and III) are produced from alternative

transcripts of the NRG-1 gene and display different spatiotemporal expression patterns.

The Ig-NRG-1 (type I) isoform is the major isoform in the CNS expressed before E10.5

as well as throughout the brain with the exception of hypothalamus (Corfas et al., 1995).

In the PNS, Ig-NRG-1 is detected in the motor endplate, from E16 onwards, at

neuromuscular junctions (NMJ), but not in axons or cell bodies of spinal cord motor

neurons (Chu et al., 1995; Goodearl et al., 1995).  The type II NRG-1 isoform is

structurally similar to type I NRG-1, except it has an additional amino-terminal kringle-

like sequence.  The isoform is first detected at low levels in the notochord of E10 mice.

Transcripts are also detected in the spinal cord and dorsal root ganglia of E12 and E18

mice (Meyer et al., 1997).  Interestingly, between developmental stages E12 and E18,

type II NRG-1 is the only NRG-1 isoform detected in skeletal muscle, as well as being

the sole NRG-1 transcript absent from the mouse endocardium.  In contrast, the CRD-

NRG-1 is the major isoform expressed by peripheral sensory and motor neurons, and is

also produced in the brain (Bermingham-McDonogh et al., 1997; Ho et al., 1995; Meyer

et al., 1997; Yang et al., 1998b).  CRD-containing NRG-1 transcripts are detected in

mice as early as E10 in cranial and dorsal root ganglia and in developing motor neurons

located in the ventral column of the spinal cord.  Later in development, it becomes the

predominant NRG-1 isoform expressed at all rostral-caudal levels of the spinal cord

through birth (Meyer et al., 1997; Sandrock et al., 1997; Wolpowitz et al., 2000).  In

non-neuronal tissues, CRD-NRG-1 is expressed in the uterine subephithelial stroma and

is specifically upregulated during blastocyst implantation (Brown et al., 2004).  The

unique expression patterns of distinct NRG-1 isoforms are predicted to mediate

independent functions.

The embryonic and adult expression patterns of NRG-2 and NRG-3 are shown in Figure

1.4A.  NRG-2 is mainly expressed in the nervous system (Carraway et al., 1997; Rimer

et al., 2004), but expression is also detected in the salivary gland and bladder (Dr. S.

Busfield pers. comm.).  NRG-3 expression, on the other hand, is restricted to the

developing nervous system (Zhang et al., 1997; Dr. S. Busfield pers. comm.).  In

postnatal development and adults, NRG-1, NRG-2 and NRG-3 expression pattern

showed regio-specific expression patterns.  NRG-1 is expressed in both central and

peripheral nervous systems, as well as in the heart, liver, stomach, lung, kidney, spleen

and skin (Wen et al., 1994).  Furthermore, in the developing forebrain, NRG-3 and

NRG-1 showed overlapping expression in the cortical antihem and in the ventricular
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zone of the basal telencephalon (Assimacopoulos et al., 2003).  The antihem region is

postulated to be a signalling centre important for cortical area patterning.  Like NRG-1,

NRG-2 is also present in the adult heart.  Although NRG-2 and NRG-3 showed

overlapping expression in the cerebellum, hippocampus and olfactory bulb, expression

in the cortex, habenula and thalamus is restricted to NRG-3.  Despite expression in the

same nervous tissues, NRG-2 and NRG-3 are detected in different regions of the

cerebellum, hippocampus and olfactory bulb (Anton et al., 2004; Busfield et al., 1997;

Carraway et al., 1997; Longart et al., 2004; Rimer et al., 2004).  Notably, subtle

differences exist between the NRG family members.  In the olfactory bulb, type III

NRG-1 is detected in the internal granule cell layer, mitral cell and glomerular layers,

NRG-2 is expressed in the internal granule cell, external plexiform and glomerular

layers and NRG-3 expression is confined to the glomerular and mitral cell layer (Anton

et al., 2004; Rimer et al., 2004).

Apart from the nervous systems, NRGs are also detected in primary breast cancer and

breast cancer cell lines.  Immunostaining of breast cancer cell lines and neoplastic

breast tissue with antibodies raised against unique regions of the NRG EGF-like

domains indicated positive staining in breast carcinomas cell lines and tissues (Dunn et

al., 2004).  Although no single tumour expresses all four NRGs, NRGs are differentially

expressed in different cell lines and at different levels.  NRGs showed strong staining in

the cytosol and not on the plasma membrane.  However, conflicting evidence exists for

nuclear staining in mammary carcinoma cells.  Nuclear expression was observed for

NRG-1α, NRG-1β and NRG-3 in one study (Marshall et al., 2005), but absent in a

separate independent study (Dunn et al., 2004).  In addition, most mammary carcinomas

examined expressed high levels of NRG-1 and NRG-2, whereas NRG-3 is expressed at

low levels in low-grade tumours.  These studies have wider implications for the

observed overexpression of ErbB2, ErbB3 and ErbB4 in mammary carcinomas.

NRG-4 expression is excluded from nervous tissues and is detected in the pancreas and

skeletal muscle (Harari et al., 1999; Huotari et al., 2002), as well as in the luminal and

glandular epithelium along the uteri (Brown et al., 2004).  Detailed examination of

development expression patterns of NRG-4 awaits elucidation.
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Figure 1.4 Expression Profiles of Mouse Neuregulin Family Members

NRG-2 and NRG-3 showed restricted expression patterns.  NRG-2 is expressed in the

developing nervous system, as well as in the heart and bladder, whereas NRG-3 is

restricted to the nervous system.  In adult tissues, NRG-2 transcripts are detected in the

cerebellum, olfactory bulb and dentate gyrus of the hippocampus.  In contrast, NRG-3

transcripts are found in the cortex, hippocampus, thalamus and habenula (obtained from

Dr. S. Busfield) (A).  In hippocampal neurons, NRG-1 is localised in presynaptic axon

terminals, whereas a dendritic and neuronal soma distribution characterised NRG-2

subcellular localisation (adapted from Longart et al., 2004) (B).
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The distinct subcellular localisation of NRG proteins indicates independent cellular

roles mediated by family members.  Despite sharing several structural similarities,

NRG-1 and NRG-2 are differentially localised in dissociated hippocampal primary

neuron cultures.  While NRG-1 expression is concentrated in the axons and presynaptic

terminals, NRG-2 displayed dendritic and neuronal soma localisation (Figure 1.4B).

The NRG-2 dendritic staining is replicated in vivo in primary and secondary dendrites

of the hippocampus (Longart et al., 2004).  The segregated proteins suggest a distinct

presynaptic and postsynaptic role mediated by NRG-1 and NRG-2 respectively.  Similar

to NRG-1, NRG-2 is expressed at the NMJ, albeit in terminal Schwann cell and motor

neurons (Rimer et al., 2004).  Currently, the subcellular localisation of NRG-3 in

neurons is unknown.

1.2 NRG Functions

The NRGs’ different spatiotemporal expression patterns during development reflect the

multifaceted biological functions attributed to the family members.  Both in vivo and in

vitro studies have been performed to ascertain NRG biology.  Although the majority of

studies analysed NRG-1 functions, emerging evidences indicate distinct and

independent roles mediated by NRG-2, NRG-3 and NRG-4.

1.2.1 In Vitro Studies

NRG-1

NRG-1 is involved in regulating neuron migration in the cereberal cortex and

cerebellum, where different NRG-1 isoforms mediate distinct functions.  In the cerebral

cortex, radial migration of cortical neurons along radial glial fibres is NRG-1 and ErbB2

dependent (Anton et al., 1997).  During migration, NRG-1 is expressed by migrating

cortical neurons, whilst the underlying radial glia expresses ErbB2.  ErbB3 and ErbB4,

are present in both neuron and glia.  Therefore, in the cortex, ErbB2, perhaps in

collaboration with ErbB3 and ErbB4, directs neuronal migration.  Notably, there is a

slight increase in ErbB4 expression during migration, which may correspond to

enhanced activities.  In the cerebellum, NRG-1 expressing neurons instruct the
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underlying ErbB4 expressing Bergmann glia, to promote directed neuron movement

(Rio et al., 1997).  This form of neuronal migration can be attenuated but not inhibited

by a dominant negative ErbB4, thus suggesting the involvement of additional signalling

mechanisms.  In both developing cerebral cortex and cerebellum, NRG-1 promotes the

neuron-primed elongation of glial cells, but not their adhesion to neuronal cells,

indicating that NRG-1 directly induces radial morphology of the glia, and this cell

reciprocally promotes neuron migration.  Although both neuronal NRG-1 and glial

ErbB receptors act in concert to promote directed neuron movement, expression

patterns suggest the interplay by other NRG family members.

Different NRG-1 isoforms mediate distinct functions during neuronal migration of the

developing cortex.  The use of ex vivo neuronal cultures from NRG-1 or ErbB receptor

transgenic mice illustrated functional discrepancies in cortical neuron migration (Flames

et al., 2004; Marin and Rubenstein, 2003; Wichterle et al., 2003) and in neuronal

progenitors migrating out of the subventricular zone (SVZ) and along the rostral

migratory stream (RMS), en route to the olfactory bulb (Anton et al., 2004).  NRG-1,

namely CRD-NRG-1 (Type III) and Ig-NRG-1 (Type I/II), act as short and long range

attractants respectively for migrating GABAergic interneurons from the subpallium,

which expresses ErbB4, to the developing cortex (Flames et al., 2004).  CRD-NRG-1

plays a permissive role whilst Ig-NRG-1 acted as a long range

chemoattractant/motogen.  To migrate through the permissive corridors, both membrane

bound CRD-NRG-1 and the adjacent ErbB4 expressing migrating interneurons need to

maintain constant communication, as disrupting the ErbB4 and NRG-1 interaction has

an aberrant effect on cellular migration.  Using three-dimensional matrix co-culture and

Ig-NRG-1 expression in slice cultures, the diffusible Ig-NRG-1 was demonstrated to be

a potent chemoattractive agent (Flames et al., 2004).  Because ErbB4 expression is

restricted to a subpopulation of interneurons, other cortical interneurons may require

distinct independent factors.  Alternatively, the same population could respond to

several migration-promoting factors to ensure accurate targeting.  It is envisaged that

interneuron migration is a co-ordinated process involving paracrine and juxtacrine

signalling mechanisms between NRG-1 isoforms and ErbB receptors.

NRG-1 and ErbB receptors also participate in adult neurogenesis in the central nervous

system.  ErbB4 is required in the migration to the olfactory bulb by neural progenitor

cells born in the SVZ along the RMS towards the olfactory bulb (Anton et al., 2004).
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Unlike cortical progenitor cells, which require radial glial or axon guides for migration,

ErbB4-expressing neuroblasts within the RMS can migrate independently; they move

tangentially and maintain contact with neighbouring co-migrating cells.  This

phenomenon specifically involves NRG-1 and ErbB4 (Anton et al., 2004).  In a manner

similar to that observed in cortical GABAergic interneurons (Flames et al., 2004);

CRD-NRG-1 is the preferred substrate for neuroblasts migrating out of the SVZ (Anton

et al., 2004), whereas the Type I/II NRG-1 isoforms act as long-range motogens that

guides the RMS towards, and into the olfactory bulb.  Once in the olfactory bulb ErbB4

is required for the formation and organisation of olfactory interneurons.  Notably, NRG-

3 expression is in regions surrounding the RMS, thus it may serve to restrict or orient

migration to this region.  It also showed regio-specific expression in the olfactory bulb,

where it may dictate the cell fate of ErbB4-expressing cells.  Furthermore, Type I/II is

absent from the olfactory bulb, thus suggesting other ligands may be involved in the

switch from tangential to radial migration once cells enter the olfactory bulb.

Neuregulin-1 also has a regulatory role in synapse formation in both the central and

peripheral nervous system.  In the CNS, Type I/II is highly expressed in hippocampal

CA3 neurons that project to the CA1 region (Law et al., 2004; Okada and Corfas, 2004),

whereas ErbB4 is expressed highly in the CA1 region.  When the morphological

changes were analysed at a molecular level, different expression levels of Type I/II

were observed in cerebellar granule cells (Rieff et al., 1999).  The addition of soluble

Ig-NRG-1 to dispersed granule cell cultures cause an upregulation of γ-amino butyric

acid (GABA)A β2 subunit mRNA (Rieff et al., 1999) and subsequently increased

functional GABAA receptor numbers.  In the cerebellum, functional N-methyl-D-

aspartate (NMDA) receptors are also upregulated by Ig-NRG-1 (Ozaki et al., 1997).  In

cerebellum slice cultures, NMDA receptor subunit 2C mRNA is upregulated following

Ig-NRG-1 stimulation.  In contrast, NRG-1 down-regulates GABAA α  subunits in

hippocampal pyramidal neurons from the CA1 region.  Contradicting results dispute

whether NRG-1 regulates the glutamate type neurotransmitter receptors; one study

demonstrated no change in AMPA receptor subunit regulation (Ozaki et al., 2004),

while a separate study showed down-regulated AMPA receptors (Kwon et al., 2005).

The two studies, however, concur that NMDA receptors are not affected by NRG-1

induction.  Notably, NRG-1 did not affect glutamate receptors on neurons in the CA1

region of the hippocampus which express high levels of ErbB4 (Okada and Corfas,

2004).  NRGs appear to affect CNS synapse in a cell type specific manner.  Possibilities
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exist, therefore, for other NRGs to regulate neurotransmitter receptor dynamics at the

hippocampus.  NRG-3 is a likely candidate as ErbB4-expressing adult hippocampal

CA1-3 neurons co-express NRG-3 and not NRG-2 or CRD-NRG-1.

In the PNS, the role of NRG-1 in NMJ formation has been extensively studied.  NMJs

are specialised regions that localise linearly in the midline of skeletal muscles.  They are

highly organised with postsynaptic membranous folds that align with vesicle release

sites at presynaptic terminals known as active zones.  In addition, muscle nuclei

(subsynaptic nuclei) underlying the nerve muscle contact sites are also present at these

sites.  The postsynaptic membranous folds are accumulated with acetylcholine receptors

(AChR) at the crest and with ion channels such as voltage gated Na+ channels, in the

troughs (Hall and Sanes, 1993).  During postsynaptic differentiation at the vertebrate

NMJ, three key events occur: first, protein aggregation of AChR, NRGs and ErbB

receptors occurs, second, there is a upregulation of synapse specific genes by

subsynaptic nuclei and third, a downregulation of protein synthesis occurs in the

extrasynaptic regions.  De novo gene transcription is hypothesied to be regulated by

NRG-1 (Figure 1.5).  In spinal cord motor neurons, NRG-1 increases the synthesis of

nicotinic AChRs (Falls, 1993) and Na+ channels in skeletal muscle (Corfas and

Fischbach, 1993).  This process involves the actions of Ig-NRG-1, as mice heterozygous

for a mutation in the Ig-NRG-1 protein, that produces an inactive protein, have a

significantly lower number of AChR at their neuromuscular synapses and displayed

reduced synaptic strength (Sandrock et al., 1997).  At the NMJ, it is predicted that

NRG-1 is released from the motor neuron terminals into the synaptic cleft (Chu et al.,

1995; Goodearl et al., 1995; Jo et al., 1995; Moscoso et al., 1995).  In addition, since

muscle fibres also express NRG-1, it could also have an autocrine function (Moscoso et

al., 1995).  Taken together, NRG-1 is both a growth factor and an important factor in

synapse formation in both the CNS and PNS.

NRG-1 has been shown to induce neurite extensions in rat PC12 cells (Villegas et al.,

2000) as well as in several primary neuronal cultures including rat retinal neurons
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Figure 1.5 NRG-1 Signalling at the Neuromuscular Junction

Model for interactions between the agrin/MuSK and the NRG-ErbB signalling

pathways during NMJ formation.  Nerve-muscle contact induces several signalling and

physiological events: 1. Neuronal agrin is released from nerve terminal and activates

agrin receptors coupled with MuSK.  The interaction induces AChR transcriptin and

aggregation.  To stimulate synapse specific transcription, muscle derived NRG-1 and

ErbB receptors undergo clustering and activate a second, NRG-1 independent pathway;

2. Motor neurons express both NRG-1 and NRG-2.  While neuronal NRG-1 is released

into the synaptic cleft, NRG-2 release remained unresolved (marked ?).  Before birth,

neuronal NRG-1 is dispensable for synapse-specific AChR expression and its

requirement later in development is unclear.  Thus, NRG-2 is emerging as a potential

novel candidate in controlling synapse-specific transcription after nerve-muscle contact;

3. Ach released from nerve termini is able to bind AChRs and evoke electrical activity

on muscle fibres.  Subsequently, this represses AChR transcription at both synaptic and

extrasynaptic nuclei (adapted from Rimer et al., 2003).
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(Bermingham-McDonogh et al., 1996), mature cerebellar granule cells (Rieff et al.,

1999), midbrain dopaminergic neurons (Zhang et al., 2004) and in dissociated

hippocampal cell cultures (Gerecke et al., 2004).  Furthermore, the downstream ErbB

receptor signalling mechanisms involved in neurite extension has been ascertained and

indicated a novel mechanism mediated by NRG-1.  The p42/44 MAP kinase and PKC

pathway, and not phosphatidylinositol-3 kinase (PI3K) or p38 MAPK is involved in

NRG-1 induced neurite extensions (Gerecke et al., 2004).  As the PI3K and MAP kinase

are essential for neurotrophic-factor-induced neurite outgrowth in some neurons

(Iwasaki et al., 1999; Lavie et al., 1997; Posern et al., 2000), NRG-1 induced neurite

extension activates distinct signalling pathways.

As well as having a multitude of biological functions in the CNS and PNS, NRG-1 is

also important in mediating the biology of non-nervous system tissues.  Outside the

nervous system, NRG-1 and ErbB receptors are highly expressed in mesenchymal cells.

In the mouse mammary gland, NRG-1 expression peaks at pregnancy where it

stimulates lobuloalveolar budding and milk production.  Mammary gland functions are

due to the actions of NRG-1α; in mammary glands of prepubescent female mice,

recombinant NRG-1α, not NRG-1β, can induce ductal branching and migration in the

absence of exogenous steroid hormones (Jones et al., 1996).  Both isoforms, however,

were active in induction of secretory lobuloalveoli.  In a separate study, membrane

bound isoforms of NRG-1 are critical in cell-cell communication (Aguilar and Slamon,

2001).  Co-culturing of NRG-1 expressing MDA-MB-231 cells and ErbB2 expressing

MCF7 cells resulted in cell-cell interaction between the two cell types.  Furthermore,

pre-incubating cells with ErbB2 antagonising antibodies ablated the interactions

(Aguilar and Slamon, 2001).  NRG-1 protein has also been identified in the lipid raft of

neuronal and non-neuronal cells (Frenzel and Falls, 2001).  Interestingly, the full-length

and the ICD protein are both present in the submembranous structure.  As lipid rafts are

rich in signalling molecules (Simons and Toomre, 2000), localisation of NRG-1 in this

compartment may have important signalling ramifications in NRG expressing cells.

NRG-2

Although sharing structural similarities with NRG-1, NRG-2 exhibits different in vitro

functions.  NRG-2 exhibits different affinity and phosphorylation profile of ErbB

receptors when compared to NRG-1.  While NRG-1 binds equivalently to ErbB3 and

ErbB4, NRG-2 binds with a greater affinity to ErbB4 (>1000 fold) (Jones et al., 1999).
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The different binding affinities may explain different phosphorylation potencies

between NRG-1 and NRG-2.  When tyrosine phosphorylation was analysed in breast

cancer cell lines MDA-MB-453 and MDA-MB-468, different tyrosine phosphorylated

substrates were observed for NRG-1 and NRG-2 (Carraway et al., 1997).  Both NRG-

2α and NRG-2β stimulate ErbB3 tyrosine phosphorylation, whilst only NRG-2β is

reported to induce ErbB4 phosphorylation (Hobbs et al., 2002).

Functionlly, NRG-2 can stimulate the transcription of AChR at the NMJ, which is a

well established role of NRG-1 (Falls, 2003a).  NRG-2 localised to the motor neurons

and terminal Schwann cells and adjacent to NMJ is endowed with AchR-inducing

activity when assayed on cultured myotube cultures stably expressing ErbB4 (Rimer et

al., 2004).  This indicates an ErbB4-dependent NRG-2 mediated transcriptional

activation of AChR in cultured myotubes (Rimer et al., 2004).  As ARIA activity of

NRG-2α is absent in vitro (Busfield et al., 1997), the potent AChR-inducing activities

of the NRG-2β isoform are solely responsible for activities at the NMJ (Ponomareva et

al., 2005).  In addition, AChR promoter analysis revealed the requirement of the AChR

N-box response element in mediating NRG-2 induced AChR transcription (Ponomareva

et al., 2005).  The N-box is also required for NRG-1 induced AChR transcription in

ErbB2/3 expressing myotubes (Fromm and Burden, 1998; Koike et al., 1995).  NRG-2

is also responsible for mediating biological functions outside the nervous systems.  A

study has implicated NRG-2 to participate in angiogenesis, whereby NRG-2 inhibits the

angiogenic activity in the chick embryo chorioallantoic membrane (Nakano et al.,

2004).  However, in contrast to the conventional posit, inhibition of angiogenesis is

mediated via the Ig-like domain and independent of the EGF-like domain.  It would be

of interest to ascertain the mechanisms underlying the ErbB receptor-independent

activity of NRG-2.

NRG-3 and NRG-4

Little is known of the biological functions mediated by NRG-3 and NRG-4.  Expression

of NRG-3 protein is reported in the nervous system and in breast cancer cells (Hijazi et

al., 1998; Howard et al., 2005; Zhang et al., 1997).  When compared to NRG-1 and

NRG-2, the two proteins have a much more restricted and attenuated receptor affinity

(Hobbs et al., 2002; Jones et al., 1999).  Specifically, both proteins bind exclusively to

the ErbB4 receptor in different tissues; nerve tissues for NRG-3, and pancreas and

muscle for NRG-4.  Although signalling mechanisms for NRG-4 are not fully
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understood, it can preferentially homo- or hetero-dimerise with ErbB1 or ErbB4 after

ErbB4 engagement to enhance its activity in cultured cells (Huotari et al., 2002).

NRG-3 has recently been implicated in specifying mammary gland morphogenesis and

is also detected in low-grade mammary carcinomas.  The mouse scaramanga (ska)

mutation impairs mammary gland development, albeit only in A/J mouse background

strain and not in C57BL/6 stain (B6) (Howard et al., 2005).  Genetic analysis between

B6 and ska mice mapped NRG-3 to the ska locus, located on mouse chromosome 14.

The NRG-3, ErbB4 and ErbB2 protein is expressed at early stages of mammary gland

organogenesis.  When compared to B6 mice, NRG-3 expression in the presumptive

mammary regions of ska mutant decreased before the mammary bud becomes

morphologically distinct.  Interestingly, mice lacking ErbB4 in the mammary gland

maintained bud formation, thus suggesting NRG-3 can signal in the absence of ErbB4

homodimers.  Possibilities therefore exist for NRG-3 to signal through other ErbBs to

specify bud development.  An ErbB receptor-independent activity can not be ruled out,

as it has been shown that the NRG-2 EGF-like domain does not contribute to its anti-

angiogenesis activities (Nakano et al., 2004).  The NRG-3 expression in breast tissues is

also supported by the identification of NRG-3 in mammary carcinomas (Dunn et al.,

2004; Marshall et al., 2005).  Thus far, reports of NRG-3 expression in mammary

tissues are restricted to malignant cells and mice strains predisposed to mammary gland

defects, the specific regulatory role of NRG-3 in tumourigenesis/transformation needs

to be explored further.

Recent evidence suggests the embryo implantation process involves a signalling

network activated by NRG-4 and ErbB receptor interaction.  Specifically, NRG-4 and

not NRG-2 or NRG-3, is expressed in the preimplantation period, while NRG-1 is

expressed at the time of embryo-uterine attachment.  Both NRG-4, ErbB2 and ErbB3

were found to be upregulated in different cell types involved in embryo implantation;

namely, NRG-4 is upregulated in luminal and glandular epithelium of the uteri, while

ErbB2 and ErbB3 are upregulated in the adjacent implanting blastocyst (Brown et al.,

2004).  Furthermore, NRG-4 gene expression is responsive to progesterone, an ovarian

steroid hormone that induces the uterine environment to become receptive for blastocyst

implantation.  Interestingly, this is distinct from the lack of NRG-1 response to

progesterone induction.  Despite binding the same receptor sets, NRG-4 is capable of

mediating distinct biological activities.
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1.2.2 Knockout studies

NRG-1

Mice with loss-of-function mutations in the genes encoding NRG-1 and NRG-1

isoforms, ErbB2, ErbB3 and ErbB4 have allowed investigators to determine important

developmental roles in vivo (Table 2).  Analysis of pan-NRG-1 knockout mice, where

the bioactive EGF-like domain is deleted, revealed a critical role in cardiac

morphogenesis (Meyer and Birchmeier, 1995).  Mice that failed to express functional

NRG-1 die mid-embryogenesis at E10.5, a stage when mice switch from a maternal

circulation dependency to their own circulation.  In addition to the cardiac defect, NRG-

1 knockout mice also displayed numerous nervous system defects, including reduced

numbers of Schwann cells, peripheral nerve system glia, neural crest derived cranial

sensory neurons and sympathetic neurons (Britsch et al., 1998; Meyer et al., 1997).  The

β-type EGF-like domain of NRG-1 is sufficient for neuromuscular system development,

as ablating the α-type EGF-like domain displayed aberrant breast and not nervous

system developments (Li et al., 2002).  Interestingly, the deletion of NRG-1 ICD

resulted in similar embryonic lethality and phenotypes observed in the pan-NRG-1

knockouts (Liu et al., 1998).  Failure of proper proteolytic processing of full-length

NRG-1 to the cell surface is likely to cause the severe phenotype observed.  Therefore,

the NRG-1 extra- and intra-cellular domains are both important in producing a

functional protein.

To ascertain the specific role regulated by NRG-1, domain specific knockout mice were

generated and revealed different phenotypes.  Mice failing to express Ig-NRG-1 (main

isoform expressed prior to E10.5), died mid-embryogenesis at E10.5 (Kramer et al.,

1996; Meyer et al., 1997).  The Ig-NRG-1 inactivated mice displayed defects in cardiac

trabeculae, cranial sensory neurons and sympathetic nervous system development

similar to those of the pan-NRG-1 knockout embryos.  Notably, one dissimilar feature

of the Ig-NRG-1 knockout mice when compared to pan-NRG-1 knockout animal is the

normal development of Schwann cell precursors, thus suggesting the involvement of an

alternate NRG-1 isoform in this process.  The CRD-NRG-1 isoform (only expressed

after E10.5) is involved in the induction of AChRs and Schwann cell development

(Wolpowitz et al., 2000).  It is the predominant NRG-1 expressed at the time of
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synaptogenesis of somatic and visceral motor neurons, hindbrain motor neurons and

trunk and cranial sensory ganglia (Meyer et al., 1997; Sandrock et al., 1997; Yang et al.,

1998b).  The CRD-NRG-1 knockout embryos survive to birth, but die shortly after from

asphyxiation, caused by non-functional neuromuscular synapses.  In contrast to Ig-

NRG-1 knockout mice, CRD-NRG-1 knockouts have a reduced number of Schwann

cell precursors as well as spinal motor and sensory neurons.  Of interest, the reduction

in motor and sensory neurons is due to abnormal cell death as the initial post-mitotic

neuron numbers are normal and initial trajectory and outgrowth of peripheral nerves in

the knockout mice is normal too.  In addition, evidence of nerve-muscle synaptic

specialisation is present, but the interactions are not sustained.  The inactivation of

NRG-1 expression in motor and sensory neurons resulted in phenotype resembling

those of CRD-NRG-1 knockouts (Yang et al., 2001); thus confirmed the cell-type

specific activity of CRD-NRG-1.  Due to CRD-NRG-1 being membrane bound, this

suggests a cross talk between neuron, glia and post-synaptic targets, eg. muscle, are

essential for nervous system development.

NRG-2

In contrast to NRG-1, deletion of the NRG-2 gene in mice is non-lethal.  The mice,

however, display early growth retardation capacity between postnatal development day

six and four months of age, after which mutants are physically indistinguishable from

their wild-type counterparts (Britto et al., 2004).  Furthermore, a reduced reproductive

ability as well as early morbidity was also observed in some mutant mice.

Histopathological analysis of adult and P7 mice showed normal foliation and layering

of the molecular and granule cell layer of the cerebellum.  Developmentally the

ventricle and atrium in E12.5 heart and rhombomeres of E11 hindbrain showed no overt

differences, unlike the severe heart abnormalities present in NRG-1 knockouts.

NRG-3 and NRG-4

NRG-3 and NRG-4 knockout animals are yet to be reported.  The NRG-3 protein is

expressed highly in the developing cortex, hippocampus and thalamus (Zhang et al.,

1997), however, temporal and spatial differences arise during postnatal development

(Longart et al., 2004).
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ErbB Receptors

ErbB2 and ErbB3 knockout mice display similar phenotypes to the pan-NRG-1

knockout mice.  Both ErbB2 knockout and ErbB3 knockout embryos die from

anomalous cardiac development, ErbB2 knockout embryos die at E10.5 due to lack of

cardiac ventricular myocyte differentiation (Lee et al., 1995) and ErbB3 knockout

embryos die three days later at E13.5 from defective cardiac valves (Erickson et al.,

1997).  In a separate report, only a portion of mice carrying the ErbB3 knockout allele

died between E11.5 and E13.5 and surviving embryos developed to term, albeit with

motor and sensory neuron degeneration due to the lack of developing Schwann cells

present (Riethmacher et al., 1997).  In the nervous system of ErbB2 and ErbB3

knockout mice, cranial ganglia defects similar to the pan-NRG-1 knockout mice were

also present in embryos, but with less severity observed in the ErbB3 knockout mice.

Rescuing the heart defect in ErbB2 knockout animals extended survival till birth, but

animals display a severe loss of both motor and sensory neurons (Morris et al., 1999).

The abnormal nervous system phenotypes are shared by one or more NRG-1 knockouts,

namely severe defasciculation and aberrant projection of motor and sensory axons

within their target fields, loss of Schwann cells in the peripheral nerves and reduced

migration of Schwann cell precursors with in the dorsal-root ganglion.  The overlapping

phenotypes suggest that the interplay between NRG-1 expressing neurons and adjacent

ErbB expressing cells are critical during normal peripheral nervous system

development.

In contrast, ErbB4 knockout embryos showed some differences in phenotype compared

with other ErbB knockouts and NRG-1 knockouts.  In cardiac development, ErbB4 is

important in the formation of myocardial trabeculae in the heart ventricle.  Failure of

trabeculation in ErbB4 knockout mice caused a severe reduction in embryonic flow at

E17, and thus lethality.  In hindbrain development, however, instead of a complete

ablation of cranial ganglia, ErbB4 knockout embryos showed misprojections of cranial

sensory ganglion afferent axons (Gassmann et al., 1995).  When ErbB4 knockout

animals were rescued by expressing ErbB4 under a cardiac-specific myosin promoter,

mice reached adulthood but contained defects in cranial nerve architecture.  The mice

also showed increased numbers of large interneurons in the cerebellum and failure of

mammary lobuloalveoli during pregnancy (Tidcombe et al., 2003).  Interestingly, the

NMJ of these mice are normal, suggesting a non-essential role for ErbB4 at the NMJ.

Furthermore, conditional deletion of ErbB4 gene in the CNS demonstrated a crucial role
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for ErbB4 in mediating neuroblast migration through cellular channels expressing high

levels of NRG-3, as well as in differentiation of olfactory bulb interneurons (Anton et

al., 2004).  Based on these ErbB4 gene ablation studies, it is possible that a ligand

distinct from NRG-1 (eg. NRG-2 and NRG-3) could be important in the central nervous

system.  Phenotypically, mice with conditional mutations of ErbB4 also displayed

hypoactivity syndrome.  The mice had lower levels of spontaneous motor activity and

reduced grip strength, as well as possible cognitive deficits that are indicative of certain

psychopathologies, eg. schizophrenia (Golub et al., 2004).  Interestingly, recent genetic

linkage studies identified NRG-1 as a candidate gene in predispositions to

schizophrenia, which may explain some of the aberrant phenotpye observed (Bakker et

al., 2004; Liu et al., 2005; Stefansson et al., 2003; Stefansson et al., 2002).

1.2.3 NRG-1 Transgenics
The importance of constant cross talks between NRG expressing neurons and ErbB

receptor expressing Schwann cells is further emphasised by NRG-1’s role in regulating

myelin sheath thickness, a highly co-ordinated process that involves cell-cell

interactions.  The NRG-1 mediated myelin wrapping was first demonstrated by Garratt

and colleagues, where targeted deletion of ErbB4 in Schwann cells resulted in a

reduction in myelin wraps around PNS axons (Garratt et al., 2000).  Subsequently, a

direct correlation between NRG-1 signalling and myelin thickness was ascertained.

Michailov and colleagues demonstrated that axonal CRD-NRG-1 specifically transduce

information regarding axon size to Schwann cells and that the level of CRD-NRG-1

protein expression dictates hyper- or hypo- myelination of axons (Michailov et al.,

2004).  The identification of NRG-1 as the axonal surface molecule responsible for

regulating the degree of myelin wrapping has implications across the NRG family.

Recently, the threshold level of CRD-NRG-1 on axons has been shown to dictate their

ensheathing or myelinating fate in the PNS of transgenic animals (Taveggia et al.,

2005).  Although necessary for PNS myelination, deleting the CRD-NRG-1 is not

sufficient to ablate Schwann cell attachment, suggesting the involvement of additional

factors in this process.  Currently it is not known whether the same process occur in

oligodendrocytes, the Schwann cell counterpart in the CNS.  Based on phenotypic

characteristics from in vivo studies, a symbiotic relationship exists between NRG-1

expressing and ErbB receptor expressing cells, because disrupting either can result in
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adverse consequences.  This strongly suggests a role for the NRG ICD and possible

signalling processes associated with the domain.

1.3 ErbB Receptor Tyrosine Kinases

The EGF receptor (EGFR), also known as HER1 or ErbB1, was the first receptor

tyrosine kinase (RTK) cloned (Carpenter et al., 1978) and as such, many of the

principles and paradigms that underline the action of RTK have been studied in regards

to EGFR signalling (Schlessinger, 2000).  Three related receptors have also been

identified, including ErbB2, ErbB3 and ErbB4 (Kraus et al., 1989; Plowman et al.,

1993; Schechter et al., 1984; Ullrich et al., 1984) (collectively referred to as ErbB RTKs

from hereon).  The two direct NRG receptors, ErbB3 and ErbB4, and their two

coreceptors, ErbB1 and ErbB2, are distinct components of a signalling network in that

they are functionally different, yet are capable of extensive intermolecular interactions.

In addition to NRGs, these receptors can be activated by EGF, TGFα, AR, BTC, EPR

and HB-EGF.  The ErbB RTKs are type I transmembrane proteins (Figure 1.6) that

contain two cysteine-rich domains which flank the ligand binding domain, a

hydrophobic transmembrane domain and an intracellular tyrosine kinase domain

followed by several tyrosine autophosphorylation sites (Riese and Stern, 1998; van der

Geer et al., 1994).  Tyrosine kinase activation is crucial in initiating RTK signal

transduction pathways.  The ErbB RTKs can elicit a wide range of downstream

signalling events through the orchestrated interaction between ligands and receptor

homo- or hetero-dimers.  Subsequently, the ligand-receptor combinations dictate the

level of phosphorylation and the signalling molecules that are recruited.

Despite structural similarities, each ErbB RTK family member shows different affinities

for distinct NRG ligands.  Heterodimerisation within ErbB RTKs is induced by the

divalent nature of NRGs, which allows the high affinity binding to primary receptors

whilst recruiting a second partner (Groenen et al., 1994; Lemmon et al., 1997; Tzahar et

al., 1997).  To further enhance binding to NRG-1, CD44 can be recruited and coupled to

the NRG-ErbB receptor complex (Sherman et al., 2000).  Although NRGs do not bind

ErbB2 directly, it is the preferred heterodimer partner (Graus-Porta et al., 1997; Tzahar

et al., 1997) and has the most potent kinase activity of all ErbB RTKs.  For ErbB2

heterodimers to be constitutively active, heterodimerisation with other ErbB RTKs is
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necessary (Alimandi et al., 1997; Karunagaran et al., 1996), as no soluble ErbB2 ligand

exists (Klapper et al., 1999).  However, the transmembrane subunit of Muc4/sialomucin

complex (SMC) is an intramembrane ligand (Jepson et al., 2002; Ramsauer et al.,

2003).  Once bound to ligands, ErbB2 oligomerise to enable juxtapositioning of kinase

domains to facilitate cross-phosphorylation, activation and substrate phosphorylation

(reviewed in (Brennan et al., 2000)).  Another ErbB RTK family member requiring a

co-receptor for activation is ErbB3.  ErbB3 is devoid of intrinsic kinase activity (Guy et

al., 1994) but binds directly to NRGs, preferentially to NRG-1, with a high affinity.

Following NRG-1 engagement, ErbB3 forms heterodimers with either ErbB2 or ErbB4

to transmit the NRG signal (Pinkas-Kramarski et al., 1998; Sliwkowski et al., 1994).

The ErbB3-ErbB2 heterodimer forms the dominant NRG-1 receptor and exhibits high

affinity for most NRGs (Jones et al., 1999).  The conventional posit indicates that ErbB

RTK signalling through heterodimers is more active than homodimers when stimulating

cell proliferation and differentiation.  The strength of NRG binding ultimately

determines the persistency of downstream signalling events.

Activating mutations and over-expression of members of this family of receptors have

been implicated in a variety of cancers, including mammary carcinomas, squamous

carcinomas, and glioblastomas, as well as other malignant diseases (Blume-Jensen and

Hunter, 2001).  ErbB pathways in human cancers become hyperactivated by a range of

mechanisms, including overproduction of ligands, overproduction of receptors or

constitutive activation of receptors.  ErbB2 overexpression has been attributed to breast

cancer progression and correlates with poor prognosis (Revillion et al., 1998; Slamon et

al., 1987).  Similarly, overexpression of ErbB3 receptor also results in cellular

transformation (Earp et al., 1995), though malignancies are often associated with ErbB1

and ErbB2 co-expression (Lyne et al., 1997; Xia et al., 1999b).  Each receptor has

unique signalling specificities, but common downstream signalling pathways are also

shared between receptor dimers.  Ras and Shc activate mitogen-activated protein

kinases, a common signalling mechanism between different receptors, whereas other

pathways such as the PI-3 kinase, GrbB2/7 (Olayioye et al., 1998) and JAK/STAT (Liu

and Kern, 2002; Olayioye et al., 1999) pathways are dimer specific (Figure 1.6)

(reviewed in (Yarden and Sliwkowski, 2001)).  Ultimately cell surface signals translate

in the nucleus into distinct transcriptional programmes.  These involve not only the

proto-oncogenes fos, jun and myc, but also a family of zinc-finger-containing

transcription factors that includes Sp1 and Egr1, as well as Ets family members such as
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GA-binding protein (GABP) (Schaeffer et al., 1998).  The output of the NRG and ErbB

receptor interaction ranges from cell division, death, motility, adhesion and

differentiation.

The fourth member of the ErbB RTK family, ErbB4, is unique in that it uses the

complete repertoire of the NRG family of ligands and can undergo alternative splicing.

ErbB4 shows significant affinity for NRGs in ligand binding assays, whereas ErbB3

binding with NRGs is restricted to NRG-1 and ErbB1/EGF-receptor fails to bind NRGs

(Harari et al., 1999; Jones et al., 1999).  Despite binding the same receptor sets,

structural differences among NRGs can attribute to different receptor binding affinities.

Moreover, NRG-3 may contain overlapping but different ErbB4 binding sites to NRG-1

(Jones et al., 1999).  ErbB4 forms an active homodimer and can be activated by seven

distinct ligands (Jones et al., 1999).  It is homologous to ErbB3 in the ectodomain,

whereas its ICD is 79% and 77% identical to its ErbB1 and ErbB2 counterparts

(Plowman et al., 1993).  Like other family members, it is heavily involved in cell

proliferation and differentiation (Yarden and Sliwkowski, 2001).  ErbB4, differs from

other ErbBs in its ability to undergo alternative splicing to produce multiple isoforms

and it is the only member to form active homodimers (reviewed in Carpenter, 2003;

Junttila et al., 2000).  Four ErbB4 isoforms have been identified, where the

juxtamembrane domain can exist as soluble or membrane bound (JMa or JMb) coupled

with the presence or absence of a Phospho-Inosital-3-kinase (PI3-K) binding site in the

ICD (CYT-1 or CYT-2) (Elenius et al., 1999; Elenius et al., 1997).  Proteolytic cleavage

of ErbB4 by matrix metalloproteinase, tumour necrosis factor-α-converting enzyme

(TACE), mediated membrane shedding of the cleaved product (Rio et al., 2000).  The
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Figure 1.6 ErbB Receptor Tyrosine Kinase Structure and Signalling Mechanisms

A schematic representation depicting the human ErbB receptor domains and biological

actions.  Abbreviations are; CRD - cysteine-rich domain and TM - transmembrane

domain.  Once activated, ErbB RTKs can activate various downstream signalling

mechanisms to induce biological effects such as proliferation, growth, survival and

chemotaxis (adapted and redrawn from Peles and Yarden, 1993; Yarden and

Sliwkowski, 2001).
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different juxtamembrane domains arise independent of ligand binding, tyrosine kinase

activity or influences from the sensitivity of ectodomain shedding from the cell surface.

In the nervous system, the predominant isoform expressed lacks the PI3-K binding site,

but possesses either membrane bound or solubilised ectodomain.  Without the PI-3

kinase docking site, ErbB4 fails to promote cell survival and chemotaxis (Kainulainen

et al., 2000).  ErbB4 is also highly expressed in cerebellar granule cells (Ozaki et al.,

1998) as a soluble protein, which is distinct from ErbB2 and ErbB3, and this renders the

protein capable of both paracrine and juxtacrine signalling.

1.4 Bi-directional Signalling

The concept of bi-directional signalling has been recognised as an important mechanism

for enabling diversification of ligand-receptor interactions.  Concomitant with activation

of the receptor and transduction of the typical receptor forward signal into the receptor-

expressing cell, the ligand-receptor interaction also leads to transduction of a reverse

signal into the ligand-expressing cell.  This alternative signalling mechanism ensures

persistent communication between opposing cells and also increases the functional

repertoire of proteins.  The term bi-directional signalling was first coined by Pfeffer and

Ullrich for EGF and EGF receptor signalling in 1985 and was later observed and

extensively studied in the Eph/ephrin signalling system (Brambilla et al., 1995;

Bruckner et al., 1997; Holland et al., 1996; Pfeffer and Ullrich, 1985).

Bi-directional signalling is characterised, both biologically and biochemically, in the

interaction between Eph receptor and ephrins.  The highly dynamic and complex

spatiotemporal expression patterns of the Eph receptors and ephrins are regulated by

various transcription factors; which reflects the diverse cellular responses to

environmental cues in different tissues.  In the nervous system, Eph receptors and

ephrins participate in processes such as migration of neural crest cells, defining the

parasagittal stripes of Purkinje cells in the developing cerebellum, axon guidance, and

regulating the development and function of NMJ and central synapses (reviewed in

Murai and Pasquale, 2003).  In non-neural tissues, Eph and ephrin bi-directional

signalling is important in vascular morphogenesis (Adams et al., 2001) and

erythropoiesis (Suenobu et al., 2002; Wang et al., 2002).
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Functional studies of Eph receptors and ephrins have raised important questions

concerning the biochemical mechanisms involved.  At the molecular level, activation of

Eph receptors results in tyrosine phosphorylation of ten or more specific tyrosine

residues in the intracellular domain (Kalo and Pasquale, 1999).  The Eph receptor

intracellular domain interactors, through kinase-dependent ‘forward’ signalling, can

directly regulate the activities of GTPases of the Rho (Rho, Rac and Cdc42) and Ras

family.  In addition, Eph receptors can bind SH2-domain-containing adaptor proteins

such as Shc, Grb2, Grb10 and Nck, as well as other signalling proteins, to influence cell

behaviour.  Similarly, ephrins can transduce ‘reverse’ signalling through intracellular

domain interactors.  Like Eph receptors, studies had shown interactions between SH2-

domain-containing proteins and ephrins in a phosphotyrosine-dependent manner

(Cowan and Henkemeyer, 2001).  Furthermore, the phosphotyrosine mediated

interaction is reversible and can be terminated by inactivating transmembrane ephrins

via phosphatases (Palmer et al., 2002).  In addition to SH2 domains, ephrins and Eph

receptors are also reported to bind PDZ-domain containing proteins and might be

involved in directing the proteins to specific subcellular compartments (reviewed in

(Wilkinson, 2001).  Apart from the Eph/ephrin system, emerging evidence suggests two

other classes of ligands are able to signal bi-directionally; membrane bound TNF ligand

superfamily members (reviewed in Eissner et al., 2004) and the semaphorin family of

secreted and transmembrane proteins (Godenschwege et al., 2002; Inagaki et al., 2001).

Taken together, molecular interactions with the intracellular domain of established

ligand molecules are pertinent for mediating bi-directional signalling and is an

important regulatory mechanism for cell-cell communications.

NRG-1 Bi-directional Signalling

The first studies to suggest that NRG-1 is more than a mere ligand for the ErbB

receptors were in the late 1990s, when Phil Leder’s group isolated NRG-1 in an in vitro

screen for dominant apoptosis-inducing molecules in kidney epithelial cells (Grimm and

Leder, 1997).  Following the initial identification of NRG-1 as a dominant apoptosis

inducer, a series of studies that subsequently followed confirmed the specific

involvement of the NRG-1 ICD in in vivo and in vitro models (Grimm et al., 1998;

Weinstein et al., 1998; Weinstein and Leder, 2000).  It was unusual to isolated NRG-1

as an inducer of apoptosis, as NRG-1 is a known potent inducer of epithelial cell

proliferation and mammary carcinomas in transgenic mice.  Several lines of in vitro

evidence supported the notion that NRG-1 killed in a cell-autonomous fashion and not
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due to the secreted form of NRG-1.  Kidney cells transiently expressing NRG-1

undergo apoptosis, but adjacent non-transfected cells do not.  Furthermore, cells lacking

ErbB3 and ErbB4 receptors are still sensitive to apoptosis induction.  Biochemical

studies were undertaken to ascertain the apoptosis inducing region(s) and supported the

cell-autonomous effect.  Mutant NRG-1 protein were engineered and tested for

apoptosis induction.  The NRG-1 ICD of different isoforms is found to be necessary and

sufficient for apoptosis induction in transfected cells and that the strength of death

induction is tissue-dependent.  In addition, membrane targetting of NRG-1 is critically

involved in mediating ICD-induced cell death.  Therefore, NRG-1 apoptosis induction

is ICD-dependent and separated from the oncogenic activity normally associated with

the protein; moreover apoptosis is common among different NRG-1 isoforms (Grimm et

al., 1998).

Downstream effector molecules involved in NRG-1 mediated cell death were also

investigated.  NRG-1 mediated cell death involves the prototypic apoptosis repressors,

Bcl-2 and Bcl-X, as cotransfecting the inhibitors significantly reduced cell death.  In

conjunction with this effect, Bcl-2 levels are decreased in epithelial cells transiently

expressing NRG-1 (Weinstein et al., 1998).  While some caspase-1 inhibitors, p35

(Clem and Miller, 1994), can repress NRG-1 induced apoptosis in a dose-dependent

manner, other inhibitors of caspases, such as CrmA (Miura et al., 1993), Ich-1s (Wang

et al., 1994) and zVAD-FMK (Fearnhead et al., 1995), had no effect.  Based on these

results, it is possible that protein interactors of the NRG-1 ICD are active participants in

the Bcl-2-mediated apoptotic process.  Notably, the EGFR ligand, TGFα, can also

interact with intracellular kinases through its ICD (Shum et al., 1994).  Mammary gland

tumour cell lines derived from different NRG-1 transgenic animals also display distinct

patterns of ErbB receptor tyrosine phosphorylation.  Results of biochemical studies,

therefore, warrant the isolation of proteins that interact with the NRG-1 ICD and are

responsible for the apoptotic signal.

Results in animal studies also corroborated with the notion that NRG-1 has a dual role,

whereby the intra- and extra-cellular domains are involved in apoptosis and

tumourigenesis respectively.  NRG-1, full-length and a mutant minus the ICD, were

independently targeted to express in mammary cells using the mouse mammary tumour

virus (MMTV) promoter (Krane and Leder, 1996; Weinstein and Leder, 2000).

Functional analysis of the transgenic mouse revealed separate roles are induced by the
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NRG-1 extra- and intra-cellular domain in mammary gland development.  In

postpubescent virgin female mice, expression of the NRG-1 transgenes showed

persistent terminal end bud (TEB) structures not present in wild-type animals.

Furthermore, the phenotype persisted in NRG-1 mutants and not in full-length

transgenics, indicating an ICD-independent phenotype.  As well as the increased

number of TEB, the migratory direction of TEB is also disrupted in both NRG-1 full-

length and mutants, and is also ICD-indepdendent.  The persistent TEB phenotype in

transgenic virgin females can be overcome by pregnancy, albeit multiparous mice

exhibit hyperplasia of the mammary gland.  In addition, the mammary gland of the

NRG-1 mutant mouse exhibited a pronounced and prolonged increase in hyperplasia

when compared with that of the wild-type littermate and the NRG-1 full-length animal.

Although both NRG-1 transgenes are capable of mammary gland tumorigenesis,

expressing the NRG-1 mutant transgene in multiparous females is sufficient for

inducing mammary gland carcinoma development.  Analysis of mammary carcinomas

showed that the apoptosis inducing activity of NRG-1 is present in NRG-1 full-length

and absent in NRG-1 mutant transgenic animals (Weinstein et al., 1998).  Furthermore,

apoptosis is only observed in cells expressing NRG-1 full-length transgene and not in

adjacent, non-transformed, cells.  Taken together, in vivo studies confirmed the in vitro

data, whereby the NRG-1 extra- and intra-cellular domains mediate different biological

functions.

Molecular characterisation of the NRG-1 ICD has identified a signalling molecule that

associates with the domain.  A conserved region of the NRG-1 ICD was used as bait in

a yeast two-hybrid library screen and LIM Kinase 1 (LIMK-1) was isolated as a specific

protein interactor (Wang et al., 1998).  It was also shown that the protein-protein

interaction is facilitated via the LIM domain region of the kinase and that the two

proteins co-localise at the neuromuscular junction, which is believed to be the site of

NRG-1 and LIMK-1 interaction. LIMK-1 has a role in synapse formation and function

(Meng et al., 2002) and is shuttled between the nucleus and cytoplasm (Yang et al.,

1998a).  By interacting with LIMK-1, NRG-1 ICD may play a role in facilitating

synapse formation (Figure 1.7).  Interestingly, both LIMK-1 and the NRG-1 ICD can

affect transcription when localised in the nucleus (Geneste et al., 2002; discussed

below).  Whether LIMK-1 is a significant component of the NRG-1 ICD reverse-

signalling pathway or vice versa remains unclear.
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A recent study by Bao and colleagues demonstrated a direct role for the NRG-1 ICD in

regulating neuronal survival (Bao et al., 2003) (Figure 1.7).  Using neuronal cultures

established from embryonic E13-E16 spiral ganglia and hippocampus, it was shown that

NRG-1 expressing neurons were protected from cell death following treatment with

recombinant forms of a high affinity NRG-1 receptor, ErbB2/ErbB4 heterodimer

(B2:B4).  The effect is specific to the NRG-1 ICD, as stimulating cells with soluble

forms of the NRG-1 extracellular domain had no protective effect.  As expected ErbB2

alone had no effect, but whether the ErbB4 homodimer can also induce a protective

effect is unknown.  Subsequent microarray analysis of gene expression profiles revealed

the repression of pro-apoptotic genes, Bcl-X, BAK and RIP in B2:B4 induced neuronal

cultures.  Interestingly, a transcription factor, Oct-3, and a cell-cycle inhibitor,

p19INK4/Cdk4, were found to be upregulated.  These results raise the possibility that

NRG-1 can regulate transcriptional activity via the ICD.

In the same study, the NRG-1 ICD was demonstrated to undergo activity dependent

nuclear localisation that is facilitated by a juxtamembrane nuclear localisation sequence.

Neurons engaged with soluble B2:B4 heterodimer or placed under depolarising

conditions caused NRG-1 to undergo active nuclear localisation.  Immunofluorescent

staining with antibodies targeted at either the extra- or intra-cellular domain indicated a

diffused overlapping expression pattern in neuronal soma and neurites, but nuclear

staining was absent.  In contrast, neurons treated with B2:B4 resulted in altered protein

localisation.  Immunostaining with an ICD domain-specific antibody revealed NRG-1

protein localisation clustered along neurites, concentrated at perinuclear regions and

displaying punctate staining in the nuclei.  Furthermore, live cell imaging corroborated

the nuclear localisation immunostaining results.  The nuclear localisation suggests a

physical separation of the ICD from the membrane bound NRG-1; this was confirmed

by biochemical assays.  A smaller, cleaved NRG-1 product (~50 kDa) was visible in the

nucleus of transiently transfected cells regardless of B2:B4 stimulation.  Following

B2:B4 treatment, however, elevated NRG-1 ICD protein was detected in the nuclear

fractions.  Subsequently, analysis of the NRG-1 transcriptional activity revealed that the

recombinant GAL4-NRG-1-ICD fusion protein was able to strongly activate the

luciferase reporter gene.  This can be blocked when NRG-1 is tethered to the membrane

and/or by ablating the nuclear localisation signal.  Detailed analysis revealed that the

nuclear localisation of NRG-1 ICD is mediated by γ-secretase, albeit cleavage is

restricted to epithelial cells.  Despite the strong evidence pointing to activity mediated
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nuclear interactions, the participation of non-neuronal targets, eg. LIMK-1, in ICD

signalling cannot be ruled out.  Taken together, the NRG-1 ICD undergoes activity-

dependent nuclear translocation to alter gene expression patterns (Figure 1.7).

Despite showing NRG-1 ICD nuclear localisation, the target promoters and mechanisms

involved in ICD regulated transcription remain elusive.  A second study by Bao and

colleagues demonstrated using the Cochlear organ of Corti, that the NRG-1 ICD

regulates the promoter activities of postsynaptic protein, PSD-95, through the

transcription factor Eos (Bao et al., 2004).  PSD-95 is important in the assembly of

functional neurotransmitter receptors at the synapse (Cho et al., 1992; Kornau et al.,

1995; Sheng and Kim, 1996).  In the cochlear, presynaptic cells (the inner and outer hair

cells) express ErbB2 and ErbB4 (Zhang et al., 2002), while postsynaptic neurons (spiral

ganglion neurons (SGNs) overexpress NRG-1 (Garratt et al., 2000; Morley, 1998).  The

two juxtaposed cell populations provided an ideal system to study NRG-1:ErbB

signalling.  The study demonstrated three novel NRG-1 mechanisms of action mediated

by the ICD: 1. NRG-1 and PSD-95 expression are increased in the SGN following

sound stimulation at both gene and protein levels, 2. a causal relationship exists between

the increase in nuclear NRG-1 ICD protein, due to synaptic activity, and upregulation of

PSD-95, 3. NRG-1 ICD enhances PSD-95 promoter activity at Ik1/2 site through the

Ikaros transcription family member Eos (Figure 1.7).  The transcription factor Eos is

expressed in the brain, skeletal muscle and kidney (Honma et al., 1999; Perdomo et al.,

2000) when NRG-1 was co-expressed transiently or when synaptic activity is induced,

NRG-1 and Eos showed overlapping expression patterns.  The co-localisation of Eos

and NRG-1 ICD results in enhanced PSD-95 promoter activity and upregulation of

protein in both neuronal and non-neuronal cultures.  In contrast, the same NRG-1

isoform involved in apoptosis regulation does not appear to mediate PSD-95 promoter

activity through γ-secretase cleavage.  There exists a yet unidentified protease that is

responsible for the release of the NRG-1 ICD involved in PSD-95 protein expression.

Interestingly, the NRG-1 ICD is a component of lipid rafts in the brain and co-localised
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Figure 1.7 Bi-directional Signalling of Neuregulin-1

The membrane-tethered NRG-1 protein can signal in the ‘forward’ and ‘reverse’

direction when engaged with ErbB receptors.  NRG-1 interaction with ErbB receptors

can regulate biological processes in ErbB-expressing cells (forward signalling).  At the

same time, membrane-tethered NRG-1 can signal in the reverse direction through γ-

secretase-dependent and independent intramembranous cleavage of NRG-1.  In NRG-1

expressing cells, the released NRG-1 ICD (yellow) can translocate to the nucleus and

regulates target gene expression by binding transcription factors.  The NRG-1 ICD has

been reported to regulate proteins involved in both apoptosis and postsynaptic protein

assembly.  In addition, the NRG-1 ICD also interacts with non-nuclear cytosolic

signalling molecule, LIMK-1, and has potential to participate in regulating actin

dynamics and synapse formation.
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with PSD-95 in the raft domains.  This adds support for a common function to be shared

between NRG-1 and PSD-95 that most likely involves signalling events (Frenzel and

Falls, 2001).  Based on this study, the NRG-1 ICD domain is speculated to have an

active role in synaptic transmission by regulating the expression of the postsynaptic

protein, PSD-95.

NRG functions are likely to be more complex than initially envisaged especially as new

activities involving the ICD are being uncovered.  The ability of NRG-1 to initiate

intracellular signalling events within the cells on which it is expressed demonstrate the

importance of the ICD in this family of growth factors.  Therefore, both the NRG extra-

and intra-cellular regions are critical in mediating NRG activities and add an additional

layer of complexity to NRG signalling.
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1.5 Aims of the Study

NRG-1, NRG-2 and NRG-3 are expressed throughout the central and peripheral

nervous system in both glial cells and neurons, but exhibit different temporal and spatial

expression patterns during development and in adults.  The role of NRG-1 biology has

been extensively studied, but much less is known regarding the biological functions of

NRG-2 and NRG-3.  Mouse studies suggest non-overlapping physiological roles for

each family member, despite each NRG binding to the same receptors, albeit with

different affinities.

The large ICD in NRG-1, NRG-2 and NRG-3 represents an interesting study subject.

Recent studies have shown that the ICD of NRG-1 is capable of mediating ‘reverse

signalling events.  This phenomena may provide a mechanism of action by which

various NRG family members can elicit distinct activities in the cells in which they are

produced.  Like NRG-1, both NRG-2 and NRG-3 have large intracellular domains that

may also function in a similar manner.

In this study, the ICD of NRG-3 was examined for its ability to mediate biological

activity and interact with intracellular signalling molecules.
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Chapter 2

Materials and Methods
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2.1 cDNA Nomenclature and Plasmid Constructs

The cDNA clones encoding full length NRG-3 were isolated from a human fetal brain

library (Clontech, USA).  A number of different splice variants for NRG-3 exist (see

Chapter 3).  For this project we utilised a novel NRG-3 isoform isolated by Dr. S.J.

Busfield.  In subsequent figures, nucleotide and amino acid positions refer to the full-

length sequence of this clone (GI: 6286683) (Figure 2.1).  All plasmid constructs were

generated according to standard protocols (Sambrook, 1989) and were sequenced to

confirm orientation and sequence.

2.1.1 Plasmid constructs for Yeast two-hybrid analysis
For the initial yeast two-hybrid screen, the intracellular domain (amino acids 384-697)

of human NRG-3 (Figure 2.1) was subcloned into the pBTM116 vector (Bartel et al.,

1993) following PCR amplification with specific primer pairs.  This construct

(pBTM116-NRG3ICD) generated a fusion product of the LexA DNA binding domain

and the ICD of NRG-3.

Truncation mutants were generated to identify specific interacting domains using the

yeast two-hybrid system.  Primers were designed with restriction enzymes sites to allow

incorporation of the amplified DNA product into the pBTM116 plasmid.  Ten truncated

NRG-3 clones were generated corresponding to the following amino acid lengths:

NRG3:384-527, NRG3:498-697, NRG3:384-447, NRG3:498-567, NRG3:498-643,

NRG3:498-610, NRG3:498-590, NRG3:498-575, NRG3:553-697 and NRG3:538-697

(Figure 2.2).  Single amino acid mutations were generated in the NRG-3 ICD to assess

the binding specificity of a putative 14-3-3 binding site.  Site-directed mutagenesis

(Section 2.1.3) was used to substitute alanine for serine residues as follows; LexA-

NRG3-S572A, LexA-NRG3-S573A and LexA-NRG3-S572A&S573A (Figure 2.2).

Full length ‘prey’ constructs were generated in the VP16 vector for human PICK1

(Genbank accession No. AB026491) and human 14-3-3ζ (Genbank accession No.

U28964), resulting in a fusion between the protein of interest and the VP16 DNA

activation domain (Figure 2.2).
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       1 ATGAGTGAAGGGGCAGCCGCTGCCTCGCCACCTGGTGCCGCTTCGGCAGCCGCCGCCTCGGCCGAGGAGGGCACCGCGGCGGCTGCGGCG

       1 M  S  E  G  A  A  A  A  S  P  P  G  A  A  S  A  A  A  A  S  A  E  E  G  T  A  A  A  A  A  

      91 GCGGCAGCGGCGGGCGGGGGCCCGGACGGCGGCGGCGAAGGGGCGGCCGAGCCCCCCCGGGAGTTACGCTGTAGCGACTGCATCGTGTGG

      31 A  A  A  A  G  G  G  P  D  G  G  G  E  G  A  A  E  P  P  R  E  L  R  C  S  D  C  I  V  W  

     181 AACCGGCAGCAGACGTGGCTGTGCGTGGTACCTCTGTTCATCGGCTTCATCGGCCTGGGGCTCAGCCTCATGCTTCTCAAATGGATCGTG

      61 N  R  Q  Q  T  W  L  C  V  V  P  L  F  I  G  F  I  G  L  G  L  S  L  M  L  L  K  W  I  V  

     271 GTGGGCTCCGTCAAGGAGTACGTGCCCACCGACCTAGTGGACTCCAAGGGGATGGGCCAGGACCCCTTCTTCCTCTCCAAGCCCAGCTCT

      91 V  G  S  V  K  E  Y  V  P  T  D  L  V  D  S  K  G  M  G  Q  D  P  F  F  L  S  K  P  S  S  

     361 TTCCCCAAGGCCATGGAGACCACCACCACTACCACTTCCACCACGTCCCCCGCCACCCCCTCCGCCGGGGGTGCCGCCTCCTCCAGGACG

     121 F  P  K  A  M  E  T  T  T  T  T  T  S  T  T  S  P  A  T  P  S  A  G  G  A  A  S  S  R  T  

     451 CCCAACCGGATTAGCACTCGCCTGACCACCATCACGCGGGCGCCCACTCGCTTCCCCGGGCACCGGGTGCCCATCCGGGCCAGCCCGCGC

     151 P  N  R  I  S  T  R  L  T  T  I  T  R  A  P  T  R  F  P  G  H  R  V  P  I  R  A  S  P  R  

     541 TCCACCACAGCACGGAACACTGCGGCCCCTGCGACGGTCCCGTCCACCACGGCCCCGTTCTTCAGTAGCAGCACGCTGGGCTCCCGACCC

     181 S  T  T  A  R  N  T  A  A  P  A  T  V  P  S  T  T  A  P  F  F  S  S  S  T  L  G  S  R  P  

     631 CCGGTGCCAGGAACTCCAAGTACCCAGGCAATGCCCTCCTGGCCTACTGCGGCATACGCTACCTCCTCCTACCTTCACGATTCTACTCCC

     211 P  V  P  G  T  P  S  T  Q  A  M  P  S  W  P  T  A  A  Y  A  T  S  S  Y  L  H  D  S  T  P  

     721 TCCTGGACCCTGTCTCCCTTTCAGGATGCTGCCTCCTCTTCTTCCTCTTCTTCCTCCTCCGCTACCACCACCACACCAGAAACTAGCACC

     241 S  W  T  L  S  P  F  Q  D  A  A  S  S  S  S  S  S  S  S  S  A  T  T  T  T  P  E  T  S  T  

     811 AGCCCCAAATTTCATACGACGACATATTCCACAGAGCGATCCGAGCACTTCAAACCCTGCCGAGACAAGGACCTTGCATACTGTCTCAAT

     271 S  P  K  F  H  T  T  T  Y  S  T  E  R  S  E  H  F  K  P  C  R  D  K  D  L  A  Y  C  L  N  

     901 GATGGCGAGTGCTTTGTGATCGAAACCCTGACCGGATCCCATAAACACTGTCGGTGCAAAGAAGGCTACCAAGGAGTCCGTTGTGATCAA

     301 D  G  E  C  F  V  I  E  T  L  T  G  S  H  K  H  C  R  C  K  E  G  Y  Q  G  V  R  C  D  Q  

     991 TTTCTGCCGAAAACTGATTCCATCTTATCGGATCCAACAGACCACTTGGGGATTGAATTCATGGAGAGTGAAGAAGTTTATCAAAGGCAG

     331 F  L  P  K  T  D  S  I  L  S  D  P  T  D  H  L  G  I  E  F  M  E  S  E  E  V  Y  Q  R  Q  

    1081 GTGCTGTCAATTTCATGTATCATCTTTGGAATTGTCATCGTGGGCATGTTCTGTGCAGCATTCTACTTCAAAAGCAAGAAACAAGCTAAA

     361 V  L  S  I  S  C  I  I  F  G  I  V  I  V  G  M  F  C  A  A  F  Y  F  K  S  K  K  Q  A  K  

    1171 CAAATCCAAGAGCAGCTGAAAGTGCCACAAAATGGTAAAAGCTACAGTCTCAAAGCATCCAGCACAATGGCAAAGTCAGAGAACTTGGTG

     391 Q  I  Q  E  Q  L  K  V  P  Q  N  G  K  S  Y  S  L  K  A  S  S  T  M  A  K  S  E  N  L  V  

    1261 AAGAGCCATGTCCAGCTGCAAAATTATTCAAAGGTGGAAAGGCATCCTGTGACTGCATTGGAGAAAATGATGGAGTCAAGTTTTGTCGGC

     421 K  S  H  V  Q  L  Q  N  Y  S  K  V  E  R  H  P  V  T  A  L  E  K  M  M  E  S  S  F  V  G  

    1351 CCCCAGTCATTCCCTGAGGTCCCTTCTCCTGACAGAGGAAGCCAGTCTGTCAAACACCACAGGAGTCTATCCTCTTGCTGCAGCCCAGGG

     451 P  Q  S  F  P  E  V  P  S  P  D  R  G  S  Q  S  V  K  H  H  R  S  L  S  S  C  C  S  P  G  

    1441 CAAAGAAGTGGCATGCTCCATAGGAATGCCTTCAGAAGGACACCCCCGTCACCCCGAAGTAGGCTAGGTGGAATTGTGGGACCAGCATAT

     481 Q  R  S  G  M  L  H  R  N  A  F  R  R  T  P  P  S  P  R  S  R  L  G  G  I  V  G  P  A  Y  

    1531 CAGCAACTCGAAGAATCAAGGATCCCAGACCAGGATACGATACCTTGCCAAGGGTATTCATCCAGTGGTTTAAAAACCCAACGAAATACA

     511 Q  Q  L  E  E  S  R  I  P  D  Q  D  T  I  P  C  Q  G  Y  S  S  S  G  L  K  T  Q  R  N  T  

    1621 TCAATAAATATGCAACTGCCTTCAAGAGAGACAAACCCCTATTTTAATAGCTTGGAGCAAAAGGACCTGGTGGGCTATTCATCCACAAGG

     541 S  I  N  M  Q  L  P  S  R  E  T  N  P  Y  F  N  S  L  E  Q  K  D  L  V  G  Y  S  S  T  R  

    1711 GCCAGTTCTGTGCCCATCATCCCTTCAGTGGGTTTAGAGGAAACCTGCCTGCAAATGCCAGGGATTTCTGAAGTCAAAAGCATCAAATGG

     571 A  S  S  V  P  I  I  P  S  V  G  L  E  E  T  C  L  Q  M  P  G  I  S  E  V  K  S  I  K  W  

    1801 TGCAAAAACTCCTATTCAGCTGACGTTGTCAATGTGAGTATTCCAGTCAGCGATTGTCTTATAGCAGAACAACAAGAAGTGAAAATATTG

     601 C  K  N  S  Y  S  A  D  V  V  N  V  S  I  P  V  S  D  C  L  I  A  E  Q  Q  E  V  K  I  L  

    1891 CTAGAAACTGTCCAGGAGCAGATCCGAATTCTGACTGATGCCAGACGGTCAGAAGACTACGAACTGGCCAGCGTAGAAACCGAGGACAGT

     631 L  E  T  V  Q  E  Q  I  R  I  L  T  D  A  R  R  S  E  D  Y  E  L  A  S  V  E  T  E  D  S  

    1981 GCAAGCGAAAACACAGCCTTTCTCCCCCTGAGTCCCACAGCCAAATCAGAACGAGAGGCGCAATTTGTCTTAAGAAATGAAATACAAAGA

     661 A  S  E  N  T  A  F  L  P  L  S  P  T  A  K  S  E  R  E  A  Q  F  V  L  R  N  E  I  Q  R  

    2071 GACTCTGCATTGACCAAGTGA

     691 D  S  A  L  T  K  *  

Figure 2.1 Sequence of human NRG-3.

The nucleotide and amino acid sequence of the human NRG-3 splice variant used in this

study is depicted.  The hydrophobic transmembrane domain is underlined and the 314

amino acid intracellular domain is highlighted in yellow.  The EGF-like domain in the

extracellular region is boxed.
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2.1.2 Constructs Used for Expression Analysis
To analyse NRG-3 function in vitro, several mammalian expression constructs were

generated (Figure 2.3).  All NRG-3 expression constructs were subcloned into either

pMET7 (Millennium Pharmaceuticals, USA) or pEGFP-N1 (Clontech, USA).

Restriction enzyme sites were either incorporated into the PCR primers or unique sites

residing within the gene sequence were used.  In addition, truncation and site-directed

mutant constructs were generated to analyse specific NRG-3 biology.  Epitope-tagged

constructs of 14-3-3ζ, PICK1 and a fusion ErbB4-Fc construct were also generated for

expression analysis (Figure 2.3).  The pcDNA3-HA-PKCα mammalian expression

construct was obtained from Dr. JW Soh for this study.

Bacterial expression vectors encoding glutathione-S-transferase (GST) -14-3-3ζ and -

PICK1 fusion proteins were constructed in pGEX4T2 (Amersham, UK) that had

modified polylinkers to allow a broader range of cloning strategies (Figure 2.4).  In

addition, GST-NRG-3 intracellular domain fusion protein construct was made in

pGEX2T (Amersham, UK) with polylinker modifications.  These constructs were used

to express proteins in the BL21 codon+ strain of E.coli (Stratagene, USA).

2.1.3 Site-Directed Mutagenesis
The quick-change PCR based site-directed mutagenesis protocol was performed as

previously described (Weiner, 1994).  Briefly, sense and anti-sense primers were

designed with base mismatches flanked by 12 matching nucleotides either side of the

targeted region.  For amino acid substitutions, the codon most preferred in mammalian

cells was used (Maruyama, 1986). The PCR reaction mix contained final concentrations

of; 1x pfx amplification buffer, 0.8 µM sense and anti-sense primers, 2 mM dNTP mix,

2 mM MgSO4, 100 ng DNA template and 1.25 U Platinum pfx (Invitrogen, USA).  A

typical thermocycling condition consisted of, initial denaturation at 95oC for 10 min

followed by 18 cycles of denaturation at 95oC for 3 min, annealing at 52oC for 1 min

and extension at 68oC for 8 min, followed by a final extension at 68oC for 20 min.  After

digestion of the DNA with the restriction enzyme DpnI, products were separated on a 1

% (w/v) agarose gel.  Samples that contained PCR products of the appropriate size
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Figure 2.4 Bacterial Cell Expression Constructs

Constructs used for the expression of fusion proteins in E. coli are depicted.  pGEX2T

and pGEX4T2 (Amersham, UK) with modified polylinkers were used to generate GST

fusion proteins of NRG-3ICD, 14-3-3ζ and PICK1.  For TNT in vitro protein translation,

pET15b (Novagen, USA) was used to generate a 6xHistidine fusion protein with the

NRG-3ICD.  Restriction sites used for cloning are indicated.  All constructs were

sequenced to confirm reading frame and sequence fidelity.  (TCS = thrombin cleavage

site).
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were gel extracted using kits available from GibcoBRL (USA) and transformed into

competent JM109 E. coli.  Positive clones were selected on LB-Amp plates.

2.2 Yeast Two-Hybrid System

The yeast two-hybrid screen strategy employed in this study was based on the

interaction trap protocol (Hollenburg, 1995).  A human fetal brain cDNA library

(3.5x106 independent clones) in the pACT2 vector (Clontech, USA) was screened using

the intracellular domain of human NRG-3 as bait.  Further analysis of specific

interactions involved a number of different truncation and point mutations as detailed

below.

2.2.1 Yeast Transformation
The yeast two-hybrid system used for identifying protein-protein interactions was first

described by Field and Song (1989).  A modified system based on the LexA DNA

binding domain (Bartel et al. 1993) was used in this study with the yeast strain L40:

MATa HIS3Δ200 trp1-901 leu2-3,112 ade2 LYS2::(LexAop)4 - HIS3 URA3::(LexAop)8-

LacZ GAL4 (Hollenburg et al 1995).  For small-scale transformation of yeast, 10 mL of

YPAD (1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 % (w/v) dextrose, 0.1 % (w/v)

adenine) was inoculated with a colony of L40 yeast. Following overnight incubation at

30oC, the yeast culture was diluted with 40 mL of YPAD and incubated for a further 2 h

to attain mid-log growth phase with an OD600nm of ~1.0.  Yeast cells were collected by

centrifugation at 1 600xg for 5 min at room temperature and washed twice with 50 mL

of TE (10 mM Tris-Cl pH 7.5, 0.1 mM EDTA).  Yeast cells were made competent by

incubating at room temperature for 10 min in solution of 100 mM LiAc in TE.  The

DNA transformation mix contained 1 µg of plasmid DNA, 10 µg of denatured sheared

salmon sperm DNA (Roche, Germany), 100 µL of competent L40 yeast and 700 µL of

PEG-solution (100 mM LiAc/TE/, 20 % (v/v) PEG-4000).  The mixture was incubated

at 30oC for 30 min and dimethyl sulfoxide (DMSO) added to a final concentration of 10

% (v/v) prior to heat shocking at 42oC for 7 min.  Immediately after heat shock the yeast

cells were collected by centrifugation at 10 000xg for 10 s and cells were washed once

with sterile TE before being resuspended in TE buffer.  One fifth of the suspension was

plated onto yeast drop out media Yc (0.65 % (w/v) yeast nitrogen base, 2 % (w/v)
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dextrose, 0.5 % (w/v) ammonium sulfate in 1.5 % (w/v) agar and supplemented with

amino acids as required) and incubated at 30oC until colony formation.

2.2.2 Yeast Protein Extraction
To extract total yeast protein and test fusion protein expression, cells from a 5 mL

overnight culture were pelleted by centrifugation at 1 600xg for 5 min.  The pellet was

resuspended in 50 µL of 2x sample buffer (62.5 mM Tris-HCl, pH 6.8, 2 % (v/v) SDS,

10% (v/v) glycerol, 50 mM DTT, 0.1 % (w/v) bromophenol blue) and disrupted by

vigorous agitation followed by freeze thawing in liquid nitrogen.  Samples were heated

to 95oC before being resolved on a 10 % SDS-polyacrylamide gel.  LexA fusion protein

expression was ascertained after immunoblotting using an antibody specific for the

LexA DNA Binding Protein (Invitrogen, USA).

2.2.3 Yeast Two-Hybrid Library Screen
Prior to performing the library screen, the pLexA-NRG-3ICD expression construct was

transformed into L40 yeast to check for non-specific yeast reporter activation.  The bait

vector was introduced into the L40 yeast by the transformation protocol described

above.  To select for the pLexA-NRG3ICD expression vector, L40 yeast cells were

grown in minimal media lacking tryptophan, uracil and lysine.  The tryptophan

prototrophs were amplified in liquid culture and yeast protein extracted as describe

above.  Immunoblotting with a LexA specific antibody indicated the expression of the

desired LexA-NRG-3ICD fusion protein (Figure 2.5A).  The yeast colonies expressing

LexA-NRG-3ICD were tested for HIS3 and lacZ reporter activation, by growth in

media lacking histidine and incubated with X-gal, both reporters were not activated by

the LexA-NRG-3ICD domain fusion protein (Figure 2.5B).  A liquid culture of the

tryptophan prototroph was mixed with 15 % (v/v) glycerol for cryo-preservation.

To perform the library screen, the bait vector was first introduced into L40 by the

transformation protocol described above.  The cDNA library in the prey vector was

introduced as follows.  A 100 mL overnight culture of L40/LexA-NRG3ICD grown in

drop out media (Yc plus 0.1 % (w/v) adenine, leucine and histidine) at 30oC was diluted

to OD600nm~0.3 in 1 L of pre-warmed YPAD and incubated at 30oC for 3 h.  Cells were

pelleted at 1 600xg for 5 min at room temperature and washed with 800 mL of sterile
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water to remove residual media before being collected by centrifugation.  The pellet

was resuspended in 20 mL of solution containing 100 mM LiAc and TE and incubated

at room temperature for 10 min.  A DNA mix containing 500 µg of pACT2-human fetal

brain library, cat# HL4028AH MATCHMAKER cDNA (Clontech, USA) and 10 mg

denatured sheared salmon sperm DNA (Roche, Germany) was added to the yeast

suspension.  A 140 mL alkaline solution containing 100 mM LiAc, TE and 20 % (v/v)

PEG-4000 was added and the mixture was incubated at 30oC for 30min.  DMSO was

added to a final concentration of 10 % (v/v) and the yeast cells heat shocked in a 42oC

water bath for 6min.  After heat shock, 400 mL of YPA (1 % (w/v) yeast extract, 2 %

(w/v) peptone, 2 % (w/v) dextrose) was added and the cells were collected by

centrifugation, washed once in YPA and resuspended in 1 L of YPAD pre-warmed to

30oC.  Cells were incubated at 30oC for 1h with gentle agitation, pelleted, washed once

in 500 mL of Yc/-WL (Yc plus 0.1% (w/v) adenine, and histidine) before being

resuspended in 800mL of Yc/-WL.  To calculate transformation efficiency, 10 µL and 1

µL aliquots were plated onto Yc/-WL agar plates and cultures were allowed to grow at

30oC for 2 days before quantification.  To allow cells to recover, the remaining

transformation solution was incubated at 30oC for 4 h with gentle shaking.  Histidine

was removed by washing the pellet five times in Yc/-WHL (Yc plus 0.1 % (w/v)

adenine) before being resuspended in 10 mL of pre-warmed Yc/-WHL.  The suspension

was divided into equal aliquots for plating onto twenty 15 cm diameter Yc/-WHL agar

plates.  The plates were incubated at 30oC until colonies of ~2 mm in diameter begin to

appear.  Positive interacting clones were identified by their ability to grow on histidine

minus media (Yc/-WHL) and by their lacZ reporter activity (section 2.2.4).  Positive

clones were rescued (section 2.2.7), verified and sequenced.  To ascertain specificity of

interactions, non-specific promiscuous bait proteins, Lamin (Vojtek, 1997) and MAC2

were used to eliminate false positives.  Library proteins that did not interact with Lamin

and MAC2 were classified as putative NRG-3 intracellular domain interactors.
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A

B
Reporter tested Assay pLexA NRG-3ICD

Plasmid selection Yc/-Trp,-Ura,-Lys +

HIS3 Yc/-Trp,-His,-Ura,-Lys -

lacZ X-gal -

Figure 2.5  LexA-NRG-3ICD Fusion Protein Expressed in L40 Yeast

The LexA-NRG-3ICD fusion protein was detected in total yeast protein lysate by

immunoblotting with a anti-LexA antibody.  The fusion protein had a predicted

molecular mass of ~56 kDa (A).  The L40 yeast strain was transformed with pLexA-

NRG-3ICD to ensure fusion protein expression and background reporter activation.

Integration of the pLexA-NRG-3ICD plasmid was determined by selecting tryptophan

prototrophs in yeast media.  The LexA-NRG-3ICD fusion protein did not activate HIS3

and lacZ reporters (+ = reporter activation, - = no reporter activation) (B).
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2.2.4 β-Galactosidase Filter Assay

Yeast colonies were picked onto selective yeast media, grown overnight at 30oC and

transferred to nitrocellulose filters (Schleicher & Schuell, Germany).  Yeast colonies

were permeabilised by two rounds of freeze-thawing in liquid nitrogen, before being

exposed to Z buffer pH 7.0 (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl and 1

mM MgSO4) mixed with 40 mg/mL X-gal, 38 mM β-mercaptoethanol at 30oC.  Colour

formation was ascertained at 30 min, 1 h and 3 h.

2.2.5 β-Galactosidase Agarose Overlay Assay

To enable uniform and consistent qualitative exposure of yeast cells to X-gal, colonies

were picked and resuspended in 100 µL of sterile water.  Once resuspended, 5 µL was

dotted onto yeast selective media and grown overnight.  A solution containing 0.2

mg/mL X-gal, 50 µL/100 mL, β-mercaptoethanol, 0.5 M potassium phosphate buffer, 6

% (v/v)  dimethylformamide, 0.1 % (v/v) sodium dodecyl-sulphate (SDS) and 5 %

(w/v) low melt agarose was layered onto the colonies and the plates were incubated at

30oC until colour development.

2.2.6 β-Galactosidase Liquid Assay

Liquid cultures were assayed for β-gal activity to verify and quantify yeast two-hybrid

interactions.  These assays were used to compare the relative strength of the protein-

protein interactors of individual transformants.  The β-galactosidase activity was

measured using o-nitro-phenyl-β-D-galactopyranoside (ONPG) as a substrate.

Overnight cultures of yeast transformants in Yc/-WL were used and the cells from 1 mL

of culture were collected by centrifugation at 10 000g for 10 s.  The cell pellet was

resuspended in 700 µL of Z-buffer before being lysed by the addition of 50 µL

chloroform and 20 µL of 10 % (w/v) SDS.  160 µL ONPG (0.66 mg/mL) was added

and colour development was allowed to proceed for 1 h at 30oC.  The reaction was

quenched by the addition of 400 µL of 1 M Na2CO3.  After clearing the reaction by

centrifugation at 10 000xg for 10 min, the amount of o-nitrophenol was measured

photometrically at 415 nm.  The following formula was used to calculate β-gal units

(Miller, 1972):
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Miller β-galactosidase unit = 1000 x {OD415nm/(t x V x OD595nm)}, (t = time for yellow

colour to develop, V = volume of yeast culture used in assay)

Each sample was measured in quadruplicate.

2.2.7 Plasmid Isolation From Yeast
To recover plasmid DNA, cells from a 5 mL overnight culture were pelleted by

centrifugation at 1 600xg for 5 min and then resuspended in 300 µL lysis buffer (2.5 M

LiCl, 50 mM Tris-Cl pH 8.0, 4 % Triton X-100, 62.5 mM Na2EDTA).  Cells were

disrupted by vigorous agitation after the addition of chloroform:phenol:isoamyl

(25:24:1, v/v/v) and glass beads (425-600 µm diameter).  Samples were centrifuged at

10 000xg for 1 min and DNA was precipitated from the aqueous phase by the addition

of 3 volumes of 95 % ethanol and 50 mM sodium acetate (pH 4.6) followed by

centrifugation at 10 000xg for 20 min.  The DNA was washed once with 70 % ethanol

and resuspended in sterile water.  Plasmids were transformed into KC8 bacteria to allow

propagation of library plasmid.

Plasmids were sequenced with BigDye Terminator mix (Applied Biosystems, USA)

using a primer specific for pACT2, (forward, 5’-TACCACTACAATGGATG-3’).

2.3 Cell Biology

2.3.1 Cell Culture and Transfection of COS7 Cells
COS7 cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM)

supplemented with 5 % foetal calf serum (FCS) (JRH, Australia), 4500 mg/L of L-

glutamine, 25 U/mL of penicillin and 25 µg/mL streptomycin, in a humidified

atmosphere of 5 % CO2 at 37oC.  Cells were transfected at 80-90 % confluency using

Lipofectamine 2000 (Invitrogen, USA).  Typically, for a 6-well transfection reaction, 1

µg of plasmid DNA and 2 µL of Lipofectamine was used per well according to the

manufacturer’s instructions.  The transfection media was removed from the cells after 6

h.
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2.3.2 Culture and Transfection of Primary Neurons
Primary rat cortical neurons were isolated and cultured as described by Meloni and

colleagues (Meloni et al., 2001).  Briefly, embryonic day 18-19 Sprague-Dawley rat

brains were removed and cortical tissue dissected into cold Hibernate E medium

(GibcoBRL, USA) supplemented with 1.3 mM L-cysteine, 10 U/mL papain (ICN, USA)

and 50 U/mL DNase (Sigma, USA).  Tissue was disrupted by trituration with a fire-

polished pipette and dissociated neurons were transferred into cold DMEM

supplemented with 10 % horse serum (GibcoBRL, USA).  After centrifugation at 300xg

for 4 min, the cell pellet was gently resuspended in cold Neurobasal medium

supplemented with 2 % (v/v) B27 supplement (GibcoBRL, USA) and 5 % horse serum

(GibcoBRL, USA).  1 x 105 neurons were seeded into each well of a 24-well plate that

had been coated with poly-D-lysine.  Cells were maintained at 37oC in 5 % CO2 for 11

days in vitro (DIV) before transfection.  Culture medium was renewed 4 and 8 days

after the initiation of the culture.

Neurons were transiently transfected with mammalian expression vectors as follows;

Cells cultured in a 24 well plate were exposed to 100 µL of transfection mix which

typically comprised of 0.6 µg of plasmid DNA, 1.8 µL of Lipofectamine 2000

(Invitrogen, USA), 0.75 µL of BoosterExpress transfection booster #1 (Gene Therapy

Systems, USA) and 3.7 µL enhancer mixture (DMSO:ethanol, 1:4 (v/v)) in 200 µL of

neurobasal medium.  Following 3 h incubation, the transfection mixture was removed

and replaced with 1:1 (v/v) mixture of fresh neurobasal media supplemented with B27

and conditioned media that was collected prior to transfection.  Cultured neurons were

analysed by immunofluroscence 18 h after transfection.

2.3.3 Cell Viability Assays

2.3.3.1 Trypan Blue

Cell viability was determined by staining with trypan blue, where exclusion of the dye

indicates live cells.  Equal volumes of cell suspension and dye were mixed and analysed

by light microscopy in a haemocytometer chamber.  Cell viability was expressed as a

percentage of live cells to total cells.
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2.3.3.2 Propidium Iodide

The protocol for analysing cell viability using the DNA intercalating dye propidium

iodide was modified from Renton and Jeitner (1996) and Hoyes (1992).  Cells were

transfected and stimulated with ErbB4-Fc as described previously.  Cells were

harvested after trypsinisation and collected by centrifugation at 800xg for 5 min.  After

washing in PBS, the cells were fixed by the addition of 3 mL ice-cold 95% ethanol to

the cell suspension.  Cells were collected and residual ethanol removed by washing in

PBS.  To stain cells, the pellet was resuspended in 0.5 mL staining buffer (0.05mg/mL

propidium iodide, 0.2 mg/mL RNaseA, 1.7 % (v/v) NP-40, 80 mM EDTA and EGTA)

in PBS and left on ice for 30 min.  Cells were analysed on an Epics XL/MCL flow

cytometer (Beckman-Coulter, USA) and the results were interpreted with the FlowJo

Analysis program.

2.3.4 Metabolic Cell Labelling
To label phosphorylated proteins, 32P-labelled ortho-phosphate was added to cell

cultures as follows; 3.0 x 106 cells were seeded into T75 flasks for overnight growth to

reach 70-80 % confluency on the day of transfection.  Transfection of cells was

performed as described previously with 5 µg of full length NRG-3 cDNA and 10 µL of

lipofectamine/flask.  24 h after transfection, cell media was replaced with phosphate

free DMEM supplemented with 10 % (v/v) dialysed FCS (GibcoBRL, USA).  After 1 h

of phosphate starvation, 32P labelled orthophosphate (370MBq/mL; Amersham, UK)

was added to media to a final concentration of 0.2 mCi/mL and cells were incubated for

a further 12 h at 37oC.  The phosphorylation status of NRG-3 protein was assessed

before and after ErbB4 stimulation.  A chimera containing the Fc region of human IgG1

fused to carboxyl-terminus of the extracellular domain of ErbB4 (R&D Systems, USA)

was used to stimulate cells for 15 min at a concentration of 100 ng/mL.  Control

stimulation with human IgG1 (100 ng/mL) was also performed.  Phosphatase activity

was inhibited by the addition of Okadaic acid (100 nM) (Sigma, USA) and Calyculin-A

(10 nM) (Sigma, USA) to the culture 1 h prior to the addition of ErbB4-Fc.  After

stimulation, cells were washed with PBS and lysed in phosphoprotein-lysis buffer (1 %

(v/v) NP-40, 0.5 % (w/v) deoxycholic acid, 0.1 % (v/v) SDS, 150 mM NaCl, 10 mM

phosphate buffer (pH 7.2) containing 1 mM PMSF, 100 nM Okadaic acid, 10 nM

Calyculin-A, 50 mM NaF and 0.2 mM Na2VO3 for 30 min at 4oC.  After lysis, debris

was pelleted by centrifugation at 12 000xg for 30 min at 4oC.  The NRG-3 protein was
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purified via immunoprecipitation as described in section 2.3.5 and was resolved through

an 8 % SDS-polyacrylamide gel.  Phosphorylated proteins were visualised by exposing

the gel to Kodak X-OMAT film for 8 h.

2.3.5 Immunohistochemistry
COS7 cells (5 x 104) were seeded onto glass coverslips in 12-well trays and transfected

with 0.5 µg of plasmid DNA for 24 h.  Transfected cells were fixed with 4 % (v/v)

paraformaldehyde in PBS for 5 min at 4oC and permeabilised with 0.2 % (v/v) Triton X-

100 in PBS for a further 2 min at 4oC.  For staining, cells were blocked with 10 % (v/v)

FCS or 3 % (w/v) bovine serum albumin (BSA) in TBST for 15 min at room

temperature.  The appropriate primary antibody was added for 2 h at room temperature

and unbound antibody was removed with three washes in PBS.  After washing,

fluorescent labelled secondary antibodies diluted in TBST were applied for 2 h in the

dark.  After incubation, unbound antibodies were washed as described earlier.  To

visualise the cell nucleus, DNA was stained with 4 µM Hoechst-33342 in PBS (Sigma,

USA) for 5 min at room temperature.  Slides were mounted in low fade mounting

media, pH 8.2 (17 % (w/v) polyvinyl alcohol, 5 % (v/v) 1 M Tris-PO4 buffer, 0.01 %

(w/v) chlorobutanol) and visualised on a Bio-Rad MRC 1024 UV Laser Scanning

Confocal Microscope (Bio-Rad, USA).

2.4 Electrophysiology Methods

Organotypic hippocampal slice cultures (400 µm thickness) were prepared from

postnatal day 9 Wistar rat pups as described previously (Stoppini et al., 1991).  Cultures

were maintained in a serum-based medium (10 % horse serum) and incubated at 37oC in

a 5 % CO2-enriched atmosphere for 7 days before use.

Organotypic slice cultures were biolistically transfected with plasmid expressing

NRG3-EGFP or NRG3ΔICD-EGFP under the control of the synapsin promoter (Schoch

et al., 1996).  To coat the gold particles (1.6 µm), 8 µg plasmid DNA and 4 mg of gold

particles were separately mixed with Nupherin (Biomol) and spermidine respectively

and then the solutions were combined.  The DNA/gold mixture was precipitated with 1

M CaCl2 at room temperature for 10 min.  Following precipitation, gold particles were
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washed with 100 % ethanol, repeated twice, and resuspended in polyvinylpyrrolidone

(in ethanol) to a final concentration of 0.04 mg/mL.  The DNA coated particles were

transferred to tefzel tubing for sedimentation.  Gold particles were transfected into cells

with the Biorad Helios gene gun as per manufacturer’s instructions.

Slice cultures were transferred to a recording chamber mounted on an upright

microscope and were continually perfused at room temperature with oxygen agitated

artificial cerebrospinal fluid (ACSF) containing 4 mM CaCl2, 4 mM MgCl2 (pH 7.23,

308 mOsm).  Neurons were identified with infrared-differential interference contrast

(IR-DIC) video microscopy.  Patch electrodes (3-5 MΩ) were pulled from borosilicate

glass tubing and contained 135 mM CsMeSO3, 10 mM HEPES, 0.6 mM EGTA, 4 mM

MgCl2, 4 mM Na2-ATP, 0.4 mM Na-GTP sodium, 10 mM sodium phosphocreatine, 5

mM glutatione, 0.03 mM Alexa Flur 594 (pH 7.2, 293 mOsm).  EPSCs were evoked by

stimulating the Schaffercollateral-commissural pathways with a bipolar twister platinum

wire placed near the recording electrode.  Evoked AMPA receptor-mediated EPSCs

were recorded at –70 mV in the presence of sub-saturating concentrations of NBQX

(0.5 µM), bicucullin (10 µM) and adenosine (4 µM) to avoid polysynaptic events.

Evoked NMDA receptor-mediated EPSCs were recorded at +40 mV in the presence of

the same pharmacological agents.  Untransfected and transfected cells were selected in

random order during recording sessions.  Data acquisition was controlled and analysis

performed by custom software written in Matlab (MathWorks, USA).

2.5 Molecular Biology

2.5.1 RNA and cDNA Preparation
Total cellular RNA was extracted from cultured cells and mouse tissue using Trizol

reagent (Invitrogen, USA) as detailed by the manufacturer.  Briefly, 1.2x106 cells or 100

mg of tissue was resuspended or homogenised respectively in 1 mL of Trizol reagent.

Samples were incubated at room temperature for 5 min before adding 200 µL of

chloroform.  Cell debris was removed by centrifugation at 12 000xg at 4oC for 15 min

and the RNA-containing aqueous phase removed.  Two volumes of isopropanol were

added to the aqueous phase and the RNA was precipitated by centrifugation at 12 000xg

for 10 min at 4oC, and then washed in 70 % ethanol.  RNA integrity was assessed by gel
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electrophoresis and concentration was quantitated by spectrophotometry assuming one

A260nm unit = 40 µg/mL of single-stranded RNA.

Total cellular RNA (2 µg) was reverse transcribed into cDNA using Superscript II

reverse transcriptase (Invitrogen, USA), in a 20 µL reaction containing 50 mM Tris-Cl

(pH 8.3), 75 mM KCl, 3 mM MgCl2, 5 mM DTT, 0.5 mM dNTP mix and 40 U of

RNaseOUT.  The reaction was allowed to proceed at 42oC for 50 min, after which time

the enzyme was deactived at 70oC for 15 min.

Primers specific for mouse NRG-3: (forward 5’-CTACCAAGGAGTCCGTTGTGA-3’,

and reverse 5’TTGACTCCATTATTTTCTTCA-3’), TATA-Binding protein: (forward

5’- TATCACTCCTGCCACACCAG-3’ and reverse 5’-CAGCCTTATGGGGAACTT

CA-3’), GAPDH: (forward, 5’-GCCATCAACGACCCCTTC-3’ and reverse 5’-AAGG

TGGTGAAGCAGGCAT-3’) and ErbB4: (forward 5’-GACAACAGAAAAGCTG AA-

3’ and reverse 5’-CTGCAATCAGGGGAGTGGATCCCCTCTAGCATGTTGTGG -3’)

were used to amplify specific products from cDNA.  A typical reaction mix consisted of

20 mM Tris-Cl (pH 8.4), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.2 µM of

forward and reverse primers, 2 U of Taq DNA polymerase and ~1 µg of cDNA, and the

following amplification protocol was used; denaturation step at 95oC for 2 min, 30

cycles of denaturation at 95oC for 20 s, annealing at 55oC for 20 s and extension at 72oC

for 1 min, followed by a final extension at 72oC for 20 min.  Products were visualised

after electrophoresis through a 2 % (w/v) agarose gel containing 50 µg/mL of ethidium

bromide.

2.5.2 In Situ Hybridisation
For in situ analysis, the brains of 4- to 6-week-old C57BL/6 mice were removed and

frozen on dry ice.  Ten-micrometer-thick coronal sections of the brain were postfixed

with 4 % (v/v) formaldehyde in PBS at room temperature for 10min before being rinsed

twice in PBS and once in 1 M triethanolamine-HCl (pH 8).  Following incubation in

0.25 % acetic anhydride-1 M triethanolamine-HCl for 10 min, sections were rinsed in

2×SSC (1×SSC is 0.15 M NaCl plus 0.015 M sodium citrate).  Tissue was dehydrated

through a series of ethanol washes, incubated in 100% chloroform for 5 min, and then

rinsed sequentially in 95 % and 100 % ethanol for 1min.  Hybridisations were

performed with 35S-radiolabelled (5×107 cpm/mL) cRNA probes encoding a 500 bp
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segment of the mouse 14-3-3ζ gene (generated with PCR (see below for details) primers

(forward, 5’AATTAACCCTCACTAAA GGGAACCTTCTCTCTGTT-3’ and reverse,

5’TAATACGACTCACTGTAGGGCAG AGAAGTT GAGGG-3’).  Probes were

incubated in the presence of a solution containing 600 mM NaCl, 10 mM Tris (pH 7.5),

1 mM EDTA, 0.01 % sheared salmon sperm DNA, 0.01 % yeast tRNA, 0.05 % total

yeast RNA type X1, 1× Denhardt’s solution, 50 % (v/v) formamide, 10 % (w/v) dextran

sulfate, 100 mM dithiothreitol, 0.1 % (v/v) SDS, and 0.1 % (w/v) sodium thiosulfate for

18 h at 55oC.  After hybridisation, slides were washed with 2× SSC.  Sections were then

sequentially incubated at 37oC in a solution containing 10 mM Tris-Cl (pH 7.6), 500

mM NaCl and 1 mM EDTA (TNE) for 10 min; in TNE with 10 µg of RNaseA per mL

for 30 min; and finally in TNE for 30 min.  Slides were then washed with 0.2× SSC at

60oC for 1 h.  Sections were dehydrated rapidly through serial ethanol-0.3 M sodium

acetate concentrations before being air-dried and exposed to Kodak biomax MR

scientific imaging film for 2 days at –80oC.  Controls for the in situ hybridisation

experiments included the use of a sense probe.

The reaction components and thermal cycling conditions for the in situ probe generation

were as follows: PCR reaction mixture containing, ExpandLong buffer No. 3, 0.2 mM

dNTP mix, 0.2 µM of both forward and reverse primers, 3 U ExpandLong DNA

polymerase (Roche, Germany) and 30 ng template DNA, and the following

amplification protocol was used; initial melting temperature 94oC 2 min, followed by 25

cycles of denaturing 94oC 10 s, annealing 55oC 20 s, extension 68oC 1 min 15 s and a

final extension 68oC for 20 min.  The PCR product was analysed in 2 % (w/v) agarose

gel with 50 µg/mL of ethidium bromide and template fidelity checked by sequencing.

2.5.3 Immunoprecipitation and Immunoblotting
Protein lysates were prepared from cultured cells at various times following transfection

to study protein expression and interactors.  Following removal of media and washing

in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4), cells

were lysed in a 1 % Brij-97 lysis buffer (1 % (v/v) Brij-97, 50 mM Tris-Cl (pH 7.5),

100 mM NaCl, 50 mM NaF, 3 mM sodium orthovanadate (Na3VO4), 1 mM

phenylmethl sulfonyl fluoride (PMSF), 1 µM leupeptin, 1 µM aprotinin) on a rotating

platform at 4oC for 30 min.  The lysate was then cleared by centrifugation at 10 000xg

for 15 min at 4oC.
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Protein concentration of the lysate was determined using a protein assay kit (Bio-Rad,

USA) according to the manufacturer's instructions.  Prior to immunoprecipitation, lysate

was pre-cleared with protein A sepharose (Amersham, UK) for 1 h at 4oC.  Protein-

antibody complexes were formed by incubating 2 µg of antibody with the cleared

lysates for 16 h at 4oC.  To precipitate the protein-antibody complex, 20 µL of protein A

sepharose (50 % slurry) was added to the mixture and allowed to incubate for 1 h at

4oC.  The immune complex was washed five times with PBS and then resuspended in an

equal volume of 2x sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% (v/v) SDS, 10 %

(v/v) glycerol, 50 mM DTT, 0.1 % (w/v) bromophenol blue).  Samples were heated to

95oC for 5 min prior to loading onto either 10 % or 8 % SDS-polyacrylamide gels.

Immunoprecipitates were analysed by western blot as described below.

Following SDS-PAGE, proteins were electroblotted onto PVDF nitrocellulose

membranes (Amersham, UK).  Membranes were blocked in TBST (50 mM Tris-Cl (pH

7.5), 150 mM NaCl and 0.1 % (v/v) Tween-20) and 5 % (w/v) skim milk for 1 h at 4oC.

Primary antibodies were diluted in blocking solution and applied to membrane for 1-16

h at 4oC.  Membranes were then washed three times for 15 min each in TBST before

being incubated with HRP-conjugated secondary antibodies (Amersham, UK) diluted in

blocking solution at 4oC for 1 h. Membranes were washed a further three times with

TBST before antigen-antibody complexes were detected by chemiluminescence

(Amersham, UK) and visualised on ECL film.  Specific antibody dilutions are listed in

section 2.7.1.

A similar procedure was used for endogenous protein co-immunoprecipitation

experiments.  Brain tissue from wild-type embryo or adult mice were homogenised

mechanically and lysed in 1 % Brij-97 lysis buffer (for total protein lysate a SDS based

lysis buffer was used (1 % (v/v) NP-40 (Igepal), 0.5 % (w/v) deoxycholic acid, 0.1 %

(v/v) SDS, 150 mM NaCl, 10 mM phosphate buffer pH 7.2 containing 1 mM PMSF,

100 nM Okadaic acid, 10 nM Calyculin-A, 50 mM NaF and 0.2 mM Na2VO3 and one

complete protease inhibitor tablet (Roche, Germany)).  Tissue lysis was enhanced by

incubation on ice for 60 min and cell debris was removed by ultracentrifugation at 100

000xg for 40 min at 4oC.  Protein concentration and immunoprecipitation were

performed as described earlier.
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Adult mice were anaesthetized with halothane vapour and cardiac perfused with 4 %

paraformaldehyde.  Whole brains were dissected, postfixed overnight, dehydrated and

embedded in paraffin.  Immunostaining of tissue sections were performed with primary

antibody specific for mouse 14-3-3ζ and PICK1 following antigen unmasking (Vector

Laboratories).  To reduce non-specific antibody binding, sections were blocked with 3

% FCS/BSA with 0.1 % (v/v) Triton X-100 for 1 h at room temperature and slides

incubated with primary antibody overnight in blocking solution.  Secondary antibodies

were used in conjunction with the ABC staining system (Santa Cruz Biotechnology,

USA) according to manufacturer’s specifications.  Slides were mounted in DePex and

visualised under a light microscope.

2.5.4 TNT In Vitro Translation and Pull-Down Assay
Neuregulin-3 ICD protein, in the pET15b expression vector (Figure 2.4), was translated

in vitro using the TNT T7 Coupled Rabbit Reticulocyte Lysate System (Promega,

USA).  Briefly, each translation reaction mix contained 25 µL TNT rabbit reticulocyte

lysate, TNT reaction buffer, 1 U TNT T7 RNA polymerase, 20 µM amino acid mixture

(minus methionine), 2 µL L-[35S]methionine (37 Tbq/mM; Amersham, UK), 1 µL

RNasin ribonuclease inhibitor (40 u/µL), 2 µL DNA template (0.5 µg/µL) and

nuclease-free water to a final volume of 50 µL.  The reaction mixture was incubated at

30oC for 90 min.  Products were examined by electrophoresis through 10 % SDS-

polyacrylamide gel.  For in vitro pull-down assays, 5 µL of lysate containing in vitro

translated proteins were used for each precipitation and 1 µL (20 %) of this was

resolved on a 10 % (v/v) SDS-polyacrylamide gel to check for translated product.

Lysates were added directly to GST-14-3-3ζ or –PICK1 fusion proteins immobilised on

glutathione sepharose gel and incubated for 3 h at 4oC.  The immune complex was

washed five times with TENT (20 mM Tris-Cl (pH 7.5), 1 mM EDTA, 200 mM NaCl,

2 % (v/v) Triton X-100) and then resuspended in an equal volume of 2x sample buffer

(62.5 mM Tris-HCl, pH 6.8, 2 % (v/v) SDS, 10 % (v/v) glycerol, 50 mM DTT, 0.1 %

(w/v) bromophenol blue).  Samples were heated to 95oC for 5 min prior to loading onto

either 10 % SDS-polyacrylamide gels.  Precipitated lysates were analysed by western

blot as described earlier.



60

2.6 Preparation of Bacterially Expressed Recombinant

Proteins

1 L cultures of transformed bacteria were grown in LB-Amp to an OD600 of 0.4 and

protein expression was induced by the addition of 0.1 mM isopropyl β -D -

thiogalactopyranoside (IPTG) for 4 h at room temperature.  At the end of the induction,

the bacterial cell pellet was collected by centrifugation at 1 600xg for 10 min and then

lysed with bacterial lysis buffer (10 mg/mL lysozyme, 0.5 mM DTT, 1 mM NaF, 20

µg/mL aprotinin, 1 mM trypsin inhibitor, 1 mM PMSF, 0.1 % (v/v) Triton X-100 in

PBS) in conjunction with sonication.  For 14-3-3ζ and PICK1 GST fusion protein, the

cellular debris was removed by cold centrifugation at 10 000xg for 30 min.  Glutathione

sepharose gel was added to the supernatant as described below.

NRG-3 protein was purified from inclusion bodies by a modification of methods

described by Frangionni and Neel (1993) using N-lauroylsarcosine.  Briefly, following

cell lysis, the inclusion bodies were collected by isolating the pellet by centrifugation at

10 000xg at 4oC for 15 min.  Insoluble proteins were extracted by resuspending the

pellet in 1/5 culture volume of STE buffer (10 mM Tris (pH 8), 150 mM NaCl. 1 mM

EDTA) containing 1.5 % (v/v) N-lauroylsarcosine.  The protein lysate was clarified by

centrifuging at 10 000xg for 20 min at 4oC.  To enable optimum micelli formation for

glutathione S-sepharose binding, Triton X-100 was added to a final concentration of 1

% (v/v).

To purify solubilised proteins, 0.5 mL of an 50 % slurry of Glutathione Sepharose 4B

gel was added to the lysate and incubated at 4oC for 1 h.  The suspension was then

centrifuged at 500xg for 5 min to sediment the gel.  The supernatant was re-extracted

once more with an additional 0.5 mL of 50 % Glutathione Sepharose 4B slurry.  The

two gel sediments were combined and washed three times with 20 mL of PBS for 10

min at 4oC.  The washed gel sediments were resuspended in equal bed volume of 2x

sample buffer and resolved through 8 % SDS-polyacrylamide gel.  The NRG-3 protein

was visualised by water/coomassie blue staining (2.5 g/L Coomassie brilliant blue R-

250, in water) and the protein band was excised for use in antibody preparation (Figure

2.6A).  For quality control of the GST-14-3-3ζ and -PICK1 fusion protein preparation, a

small aliquot of the purified proteins was resolved on a 10 % SDS-polyacrylamide gel
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and stained with coomassie blue (2.5 g/L Coomassie brilliant blue R-250, 10 % (v/v)

acetic acid and 45 % (v/v) methanol).

To raise antibodies against the NRG-3aICD epitope, New Zealand white rabbits were

injected at 4 different sites subcutaneously with a mixture containing 1 mg of purified

GST-NRG-3ICD protein in PBS and 1 mL complete Freund’s medium to enhance the

immune response.  After 4 weeks, the rabbit was challenged with the same amount of

antigen in incomplete Freund’s medium.  The rabbit was given a second antigen

challenge after a two week window with antigen prepared in incomplete Freund’s

medium and 5 mL of blood extracted to test for an immune response against ectopically

expressed NRG-3 protein.  The rabbit was exsanguinated eight weeks after initial

antigen challenge yielding approximately 50 mL of serum.

The rabbit serum was initially tested for specificity by western blotting against the

original antigen (Figure 2.6B) and from extracts from transiently transfected COS7 cells

and from E18 mouse brains (Figure 2.6C, D).  As a comparison, a commercial antibody

directed against the EGF-like domain was also used.  These results showed that the

antibody specifically detects both ectopically expressed and endogenous NRG-3

proteins.  Multiple bands are often detected in western blots when antibody targeted at

the extracellular domain was used against ectopically expressed NRG-3 protein.  This

may reflect the different degrees of glycosylation, as the NRG-3 sequence contains

consensus sites for Ο-linked glycosylation (Zhang, 1997).  This post-translational
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Figure 2.6 NRG-3ICD Antibody Specifically Recognises NRG-3

Bacterially expressed GST-NRG-3ICD fusion protein was purified from cultures after

0.1 mM IPTG induction for 3 h.  The purified 56 kDa (A) protein was used to immunise

rabbits for polyclonal antibody production.  The immunised rabbit serum displayed

immunoreactivity against the NRG-3ICD fusion protein, whilst the pre-immune sample

displayed no non-specific binding to the antigen (B).  To determine if the antibody

recognised NRG-3 in mammalian cells, 50 µg of protein from transfected COS7 cells

(C) or E18 mouse brain (D) was resolved on a 10 % SDS-PAGE gel prior to western

blotting.  A NRG-3ECD antibody was used as a control.
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modification event could also explain the protein size discrepancies observed when

endogenous NRG-3 protein was detected with antibody targeted at different domains of

the glycoprotein (Figure 2.6C).  To test the efficacy of the NRG-3aICD antibody for

immunohistochemistry, COS7 cells ectopically expressing NRG-3a with a

carboxyl–terminal 6xHis tag were used.  Results showed the NRG-3aICD antibody was

specific in detecting NRG-3 protein expression in the cell cytoplasm (Figure 2.7).

Identical staining was observed when an anti-6xHis antibody was used.  The rabbit pre-

immunisation serum samples showed no positive reaction to NRG-3 expressing cells.

2.7 Bioinformatics Tools

Several bioinformatics tools were used for sequence analysis and clone identification.

To identify yeast two-hybrid library clones, the BLAST family of sequence alignment

tools were used.  The programs are available from the website,

www.ncbi .n lm.nih .gov/BLAST/ .   The  ENTREZ genome tool

(www.ncbi.nlm.nih.gov/ENTREZ/index.html) was used to obtain sequence data from

Genbank.  Protein sequence alignment was performed using bioinformatics tools

available from ANGIS (www.angis.org.au).  Specifically, multiple sequence alignments

were compiled using the alignment tool, PileUp from Accelrys, Inc.  Other DNA and

peptide sequence manipulations were performed using tools from The Sequence

Manipulation Suite (www.bioinformatics.org/sms/index.html) and Sequencher

(Genecodes, USA).
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Figure 2.7 Specificity of the NRG-3 ICD Antibody in Immunohistochemistry

COS7 cells, transfected with 6xHis epitope-tagged NRG-3 were fixed and stained with

antibodies for the NRG-3 ICD or 6xHis.  Pre-immune serum was used as a control.  The

patterns of staining observed with the anti-6xHis and NRG-3ICD antibody were similar

with NRG-3 protein evident throughout the cytoplasm.  Magnification: 40x.
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2.8 Reagents

2.8.1 Animals
Experiments involving the use of animals were carried out in accordance with ethics

approval from The Royal Perth Hospital Animal Ethics Committee.

2.8.2 Antibodies
Primary antibodies:

Antibody against Animal Dilution (IB/IHC) Source/Reference

h 14-3-3ζ(sc-1019) Rabbit 1/1 000;1/200 Santa Cruz, USA

6xHis (sc803) Rabbit 1/1 000;1/200 Santa Cruz, USA

5xHis-HRP Mouse 1/3 000 Qiagen, USA

GST (sc-459) Rabbit 1/5 000 Santa Cruz, USA

LexA Rabbit 1/5 000 Invitrogen, USA

FLAG-M2 Mouse 1/3 000 Sigma, USA

FLAG-M2-HRP Mouse 1/3 000 Sigma, USA

IgG1 Mouse 1/5 000 Jackson Laboratory,

USA

h NRG3ICD Rabbit 1/1 000;1/300 Self generated

h NRG3ECD(AF753) Goat 1/1 000 R&D systems, USA

h PICK1(sc-9539) Goat 1/1 000;1/100 Santa Cruz, USA

h PKCα(610107) Mouse 1/3 000;1/100 Transduction

Laboratories, USA

HA (clone H7) Mouse 1/5 000 Sigma, USA

β−COPI Mouse 1/500 Palmer, DJ., 1993

h Early endosomal

antigen 1 (610456)

Mouse 1/200 Transduction

Laboratories

h = human
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Secondary antibodies:

Antibody/Conjugate Dilution (IB/IHC) Source

Anti-mouse AlexaFluor 488 1/400 Molecular Probes Inc., USA

Anti-rabbit AlexaFluor 488 1/400 Molecular Probes Inc., USA

Anti-mouse AlexaFluor 546 1/400 Molecular Probes Inc., USA

Anti-rabbit AlexaFluor 546 1/400 Molecular Probes Inc., USA

Anti-goat AlexaFluor 488 1/400 Molecular Probes Inc., USA

Anti-rabbit HRP-conjugated 1/10 000 Amersham, UK

Anti-mouse HRP-conjugated 1/10 000 Amersham, UK

Anti-goat HRP-conjugated 1/10 000 Amersham, UK

2.8.3 Eschericia coli Strains

JM109 [recA1 supE44 endA1 hsdR17 gyrA96 relA1 thi Δ(lac-proAB)]

DH5a [supE44ΔlacU169 (φ80 lacZΔM15)hsdR17 recA1 endA1 gyrA96 thi-1 relA1]

BL21 codon+ (DE3) [F-, ompT, hsdS (rB
-, mB

-), gal, dcm]

KC8 [hsdR, leuB600, trpC9830, pyrF::Tn5, hisB463, lacDX74, strA, galU,K]

GM2163 [F- ara-14 leuB6 fhuA31 lacY1 tsx78 glnV44 galK2 galT22 mcrA dcm-6

hisG4 rfbD1 rpsL136(StrR) dam13::Tn9(CamR)xylA5 mtl-1 thi-1 mcrB1 hsdR2]
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Chapter 3

NRG-3: Gene Structure, Splice Variants and

Expression Analysis
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Chapter 3

Introduction

NRG-3 was first identified in 1997 (Zhang et al., 1997) and it is structurally related to

NRG-1 and NRG-2.  In addition, NRG-3 binds to and activates ErbB4, a common

receptor for all NRGs.  The gene for NRG-3 is located on human chromosome 10

(mouse chromosome 14) and to date only one splice variant has been reported, in

contrast to NRG-1 and NRG-2 where multiple forms have been described that differ in

expression patterns, receptor binding and activity.

NRG-3 has been shown to be expressed in the developing brain and spinal cord.  In the

developing cerebral cortex, expression is specific to the cortical plate but is absent in the

underlying ventricular and subventricular zones (Zhang et al., 1997).  In addition, NRG-

3 is present in the cortical antihem during early development (E12.5) (Assimacopoulos

et al., 2003).  In adults, NRG-3 is expressed in the spinal cord and numerous brain

regions including hippocampus, cerebral cortex, medial habenula, hypothalamus and

thalamus (Zhang et al., 1997).  This pattern of expression is more restricted than that of

NRG-1 and NRG-2, where expression is present in both neuronal and non-neuronal

tissues (Busfield et al., 1997; Carraway et al., 1997; Falls, 2003b).  Moreover, there are

marked differences in temporal and regional expression patterns of NRG-1, NRG-2 and

NRG-3 mRNA during postnatal brain development (Longart et al., 2004).

NRG-1 and NRG-2 are located at similar, as well as distinct, subcellular compartments.

Both NRG-1 and NRG-2 have been identified in the plasma membrane and Golgi (Loeb

et al., 1998; Longart et al., 2004) of epithelial cells.  In primary neurons, distinct

localisation patterns have been reported; NRG-1 being localised to the presynaptic

region, while NRG-2 expression is mainly postsynaptic (Longart et al., 2004).  In

contrast, NRG-3 expression at the subcellular level is yet to be reported.

Cell surface trafficking of transmembrane proteins play a pivotal role in regulating

extracellular signals transduced through receptors.  Ligand-mediated endocytosis is a

mechanism utilised by activated ErbB1/EGFR to down-regulate cellular signals.

Following ligand binding, ligand-receptor complexes are transported to degradation
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compartments where signals are either attenuated or terminated (Sorkin and Von

Zastrow, 2002).  In addition, internalised ligand-receptor complexes can remain active

in subcellular locations for continuation of signal propagation.  ErbB1 has been shown

to be impaired in ligand-induced endocytosis (Baulida et al., 1996; Zhou and Carpenter,

2000).  In contrast, ErbB2, ErbB3 and ErbB4 receptors were shown to undergo NRG-1-

induced endocytosis and regulate signal transduction in a clathrin-dependent manner

(Yang et al., 2005).  Moreover, downstream kinase activation and gene expression is

attenuated when endocytosis was blocked.  Based on this evidence, the NRG forward

signalling system critically regulates signal transduction through receptor

internalisation.

By examining the subcellular expression of NRG-3, this study will ascertain biological

activities associated with the ICD.  Investigations into activity-dependent NRG-3 ICD-

mediated effect(s) will strengthen the NRG-3 bi-directional signalling hypothesis.
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3.1 Results

3.1.1 Identification of a Novel Isoform of NRG-3
A computer-based search of expressed sequence tag (EST) sequences from a human

brain cDNA library yielded a novel NRG-3 isoform (designated NRG-3a).  The full-

length cDNA (Genbank GI: 6286683) encoded an EGF-like domain, a hydrophobic

transmembrane domain and a large ICD.  Two alternate sequences for NRG-3 were

deposited in Genbank (GI: 6673048 and GI: 9789758) (Gizatullin et al., 2000; Zhang et

al., 1997) (Figure 3.1 and Figure 3.2).  This study has focused on the NRG-3a isoform

and unless specified otherwise, the nomenclature and amino acid numbering refers to

this form of NRG-3.  The genomic organisation of human NRG-3 was determined by

aligning cDNA sequences with the genomic sequence of chromosome 10 (GI:

51577126).  The human NRG-3 gene consists of 10 exons that are spread over 1.1 Mb

on chromosome 10q22-23 (Figure 3.2).  Skipping of exon 4 results in the loss of the

spacer domain proximal to the EGF-like domain in NRG-3c (Figure 3.1, blue

highlights).  Variations in the ICD arise by differential splicing of exons 8 and 9 (Figure

3.1, pink and green highlights respectively).  Exon 9 is skipped in NRG-3a, resulting in

the loss of 24 amino acids, whilst maintaining the reading frame of the remaining

protein.  Internal splicing of exons 8 and 9 result in NRG-3c missing 7 amino acids

from the start of exon 8 and 9 amino acids from the end of exon 9.  These changes do

not affect the downstream reading frame and all intron-exon boundaries are consistent

with the GT-AG rule (Breathnach and Chambon, 1981).

3.1.2 NRG-3 RNA and Protein Expression Patterns
During mouse embryonic development, NRG-3 appears to have a much more restricted

pattern of expression than either NRG-1 or NRG-2 where it is restricted to the

developing nervous system (Zhang et al., 1997).  In adult tissues, NRG-3 transcripts are

found in the CNS and a recent report identified NRG-3 mRNA in human breast tumour

cell lines and clinical specimens (Dunn et al., 2004).  As different isoforms of NRG-1

show distinct temporal and spatial expression patterns (Buonanno and Fischbach, 2001),

the gene expression patterns of NRG-3 isoforms were investigated by RT-PCR on RNA
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        1                                                               60

NRG-3a  MSEGAAAASP PGAASAAAAS AEEGTAAAAA AAAAGGGPDG GGEGAAEPPR ELRCSDCIVW

NRG-3b  MSEGAAAASP PGAASAAAAS AEEGTAAAAA AAAAGGGPDG GGEGAAEPPR ELRCSDCIVW

NRG-3c  MSEGAAAASP PGAASAAAAS AEEGTAAAAA AAAAGGGPDG GGEGAAEPPR ELRCSDCIVW

        61                                                              120

NRG-3a  NRQQTWLCVV PLFIGFIGLG LSLMLLKWIV VGSVKEYVPT DLVDSKGMGQ DPFFLSKPSS

NRG-3b  NRQQTWLCVV PLFIGFIGLG LSLMLLKWIV VGSVKEYVPT DLVDSKGMGQ DPFFLSKPSS

NRG-3c  NRQQTWLCVV PLFIGFIGLG LSLMLLKWIV VGSVKEYVPT DLVDSKGMGQ DPFFLSKPSS

        121                                                             180

NRG-3a  FPKAMETTTT TTSTTSPATP SAGGAASSRT PNRISTRLTT ITRAPTRFPG HRVPIRASPR

NRG-3b  FPKAMETTTT TTSTTSPATP SAGGAASSRT PNRISTRLTT ITRAPTRFPG HRVPIRASPR

NRG-3c  FPKAMETTTT TTSTTSPATP SAGGAASSRT PNRISTRLTT ITRAPTRFPG HRVPIRASPR

        181                                                             240

NRG-3a  STTARNTAAP ATVPSTTAPF FSSSTLGSRP PVPGTPSTQA MPSWPTAAYA TSSYLHDSTP

NRG-3b  STTARNTAAP ATVPSTTAPF FSSSTLGSRP PVPGTPSTQA MPSWPTAAYA TSSYLHDSTP

NRG-3c  STTARNTAAP ATVPSTTAPF FSSSTLGSRP PVPGTPSTQA MPSWPTAAYA TSSYLHDSTP

        241                                                             300

NRG-3a  SWTLSPFQDA ASSSSSSSSS ATTTTPETST SPKFHTTTYS TERSEHFKPC RDKDLAYCLN

NRG-3b  SWTLSPFQDA ASSSSSSSSS ATTTTPETST SPKFHTTTYS TERSEHFKPC RDKDLAYCLN

NRG-3c  SWTLSPFQDA ASSSSSSSSS ATTTTPETST SPKFHTTTYS TERSEHFKPC RDKDLAYCLN

        301                                                             360

NRG-3a  DGECFVIETL TGSHKHCRCK EGYQGVRCDQ FLPKTDSILS DPTDHLGIEF MESEEVYQRQ

NRG-3b  DGECFVIETL TGSHKHCRCK EGYQGVRCDQ FLPKTDSILS DPTDHLGIEF MESEEVYQRQ

NRG-3c  DGECFVIETL TGSHKHCRCK EGYQGVRCDQ FLPKTDSILS DP-------- -KSEEVYQRQ

        361                                                             420

NRG-3a  VLSISCIIFG IVIVGMFCAA FYFKSKKQAK QIQEQLKVPQ NGKSYSLKAS STMAKSENLV

NRG-3b  VLSISCIIFG IVIVGMFCAA FYFKSKKQAK QIQEQLKVPQ NGKSYSLKAS STMAKSENLV

NRG-3c  VLSISCIIFG IVIVGMFCAA FYFKSKKQAK QIQEQLKVPQ NGKSYSLKAS STMAKSENLV

        421                                                             480

NRG-3a  KSHVQLQNYS KVERHPVTAL EKMMESSFVG PQSFPEVPSP DRGSQSVKHH RSLSSCCSPG

NRG-3b  KSHVQLQNYS KVERHPVTAL EKMMESSFVG PQSFPEVPSP DRGSQSVKHH RSLSSCCSPG

NRG-3c  KSHVQLQNYS KVERHPVTAL EKMMESSFVG PQSFPEVPSP DRGSQSVKHH -------SPG

        481                                                             540

NRG-3a  QRSGMLHRNA FRRTPPSPRS RLGGIVGPAY QQLEESRIPD QDTIPCQG-- ----------

NRG-3b  QRSGMLHRNA FRRTPPSPRS RLGGIVGPAY QQLEESRIPD QDTIPCQGIE VRKTISHLPI

NRG-3c  QRSGMLHRNA FRRTPPSPRS RLGGIVGPAY QQLEESRIPD QDTIPCQGIE VRKTISHLPI

        541                                                             600

NRG-3a  ---------- --YSSSGLKT QRNTSINMQL PSRETNPYFN SLEQKDLVGY SSTRASSVPI

NRG-3b  QLWCVERPLD LKYSSSGLKT QRNTSINMQL PSRETNPYFN SLEQKDLVGY SSTRASSVPI

NRG-3c  QLW------- --YSSSGLKT QRNTSINMQL PSRETNPYFN SLEQKDLVGY SSTRASSVPI

        601                                                             660

NRG-3a  IPSVGLEETC LQMPGISEVK SIKWCKNSYS ADVVNVSIPV SDCLIAEQQE VKILLETVQE

NRG-3b  IPSVGLEETC LQMPGISEVK SIKWCKNSYS ADVVNVSIPV SDCLIAEQQE VKILLETVQE

NRG-3c  IPSVGLEETC LQMPGISEVK SIKWCKNSYS ADVVNVSIPV SDCLIAEQQE VKILLETVQE

        661                                                             721

NRG-3a  QIRILTDARR SEDYELASVE TEDSASENTA FLPLSPTAKS EREAQFVLRN EIQRDSALTK*

NRG-3b  QIRILTDARR SEDYELASVE TEDSASENTA FLPLSPTAKS EREAQFVLRN EIQRDSALTK*

NRG-3c  QIRILTDARR SEDYELASVE TEDSASENTA FLPLSPTAKS EREAQFVLRN EIQRDSALTK*
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Figure 3.1 Alternatively Spliced NRG-3 Isoforms

The amino acid alignment of three human NRG-3 isoforms is shown with differences

highlighted in blue, pink and green.  The conserved EGF-like domain is boxed and the

hydrophobic transmembrane domain underlined.  The sequences correspond to

Genbank entries as follows; NRG-3a (GI: 6286683), NRG-3b (GI: 9789758), NRG-3c

(GI: 66734048).  Amino acid residue numbers are indicated.
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Exon Description Size (bp) No. codons

1 Extracellular domain 825 275

2 EGF-like 129 43

3 EGF-like 72 24

4 Spacer region 26 13

5 Transmembrane domain 102 34

6 Intracellular domain 126 42

7 Intracellular domain 126 42

8 Intracellular domain 171 57

9 Intracellular domain 72 24

10 Intracellular domain 507 169

Figure 3.2 The Human NRG-3 gene, Transcripts and Splice Variants

Schematic of the NRG-3 gene structure and splice variants.  The NRG-3 gene is located

on chromosome 10q22-23 and encompasses 1.1 Mb.  Boxed regions are exons, yellow

coloured boxes indicate ORF and lines indicate introns (top).  Three splice variants that

differ in both the intracellular and extracellular domains have been identified.  All

variants contain an EGF-like domain, a transmembrane domain and a variable ICD.  No

evidence of alternate initiating methionines were found.  The isoforms correspond to the

following Genbank database entries; NRG-3a (GI: 6286683), NRG-3b (GI: 9789758)

and NRG-3c (GI: 6673048).
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from adult mouse tissue.  Primers corresponding to the coding region of the EGF-like

domain amplified a specific product in nervous system tissues as well as in lung tissues

(Figure 3.3A).  Primers targeted at the variable region of the ICD amplified bands

specific for NRG-3 a and b in nervous system tissues, lung and testis (Figure 3.3B).

However, the NRG-3c isoform was not detected in any samples tested.  The identity of

the PCR products were confirmed by DNA sequencing.

To examine the correlations between NRG-3 mRNA and protein expression, tissue

protein extracts were immunoblotted with a pan-NRG-3 antibody (R&D Systems,

USA).  A single NRG-3 band at ~85 kDa was detected in the olfactory bulb, cortex,

midbrain, cerebellum and spinal cord.  No NRG-3 protein was detected in the lung or

testis, two tissues where transcripts were observed (Figure 3.4).  NRG-3 protein

expressed in COS7 cells was used as a immunoblot control.  In comparison to the ERK2

loading control, reduced amounts of NRG-3 protein were detected in the cerebellum and

spinal cord compared to the cortex, olfactory bulb and midbrain.

3.1.3 NRG-3 Localisation in Primary Cortical Neurons
One interesting aspect of NRG biology that is beginning to emerge is the differential

localisation of NRG proteins in various functional zones of neurons.  To investigate the

trafficking and localisation of NRG-3, epitope tagged NRG-3 was transfected into 11

DIV dissociated rat cortical neurons.  In whole cell staining, the NRG-3 extra- and

intracellular domains showed identical localisation 16 h after transfection.  Previously,

NRG-1 had been reported to accumulate at axonal processes (Kopp et al., 1997; Loeb

and Fischbach, 1997; Ozaki et al., 2000; Sandrock et al., 1995; Yang et al., 1998b) and

NRG-2 in neuronal somas and dendrites (Longart et al., 2004).  In this study, full-length

NRG-3 (NRG-3FL) was localised in the neuronal soma and in putative dendritic

structures similar to NRG-2.  The results of representative experiments are shown in

Figure 3.5.  Neurons were identified by staining with neurofilament (Figure 3.5, panels

J-L).  Interestingly, intermittent protein clusters that were present throughout the neurite

extensions are reminiscent of axonal terminals.  To investigate the identity of these

clusters, NRG-3 was co-stained with synaptophysin, a known synaptic vesicle marker

(Wiedenmann and Franke, 1985).  In the majority of cells examined, expression of

NRG-3 and synaptophysin along neurite extensions and in the periphery of the soma
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Figure 3.3 Expression of NRG-3 Transcripts in Adult Mouse Tissue

NRG-3 transcripts were amplified by RT-PCR with primers targeted at the EGF-like

domain (A) or ICD (B).  A specific NRG-3 band of 517 bp was evident in nervous

tissue and to a much lesser extent, lung (A).  Primers targeted at the ICD variable region

were used to distinguish NRG-3a (195 bp), NRG-3b (267 bp) and NRG-3c (240 bp).

Two NRG-3 isoforms were evident in nervous system tissues as well as in the lung and

testis.  A non-specific band was present in the heart, as determined by sequencing.  The

NRG-3c isoform was not detected in any of the tissues examined (B).  Tata-binding

protein (TBP) was amplified as a loading control (C).  PCR products were sequenced to

ascertain their identity.
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Figure 3.4 Expression of the NRG-3 Protein in Mouse Tissue

Fifty micrograms of tissue lysate from adult mouse tissues were separated by SDS-

PAGE and immunoblotted using an anti-NRG-3 antibody targeted at the EGF-like

domain.  A specific NRG-3 band of ~85 kDa was detected in immunoblots.  NRG-3

protein expression is present in nervous tissues and absent in others.  Protein lysates

from NRG-3 transfected COS7 cells were used as a positive control and ERK2 was

used as a protein loading control.
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Figure 3.5 Subcellular Localisation of NRG-3 in Primary Cortical Neurons

NRG-3 subcellular localisation was investigated in cultured E19 rat cortical neurons (11

DIV) with confocal immunofluorescence.  Neurons were transfected with constructs

encoding Flag-NRG-3-EGFP and 16 h after transfection, NRG-3 was visualized by

immunohistochemistry using a mouse monoclonal antibody against the Flag epitope or

by direct fluorescence with EGFP.  Confocal immunofluorescence indicates that

different epitope tags showed the same expression pattern; NRG-3 appeared in cytosolic

granular punctates and in clusters along neurite extensions (panels A-C).  The individual

antibodies did not non-specifically stain neurons (panels D-I).  Neurons in dissociated

culture were identified with a mouse monoclonal antibody to neurofilament (panels J-

L).  Nuclei were stained with Hoechst (No. 33342) nuclear stain.  Scale bars, 20 µm.
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Figure 3.6 NRG-3 Localises at the Synapse

Confocal immunofluorescence analysis of dissociated rat cortical neurons (11 DIV)

transiently expressing NRG-3-EGFP and co-labelling of presynaptic vesicles with a

mouse antibody against synaptophysin (A-C).  The majority of synaptophysin staining

did not overlap that of NRG-3 either at the neuronal soma nor in dendrites (panel a-c,

arrowheads).  NRG-3 expression along dendrites often apposed that of synaptophysin

positive presynaptic terminals.  This points to a postsynaptic localisation for NRG-3.

Nuclei were stained with the Hoechst (No. 33342) nuclear stain.  Scale bar, 20 µm.
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was non-overlapping (Figure 3.6, arrow heads).  This result excludes NRG-3 from axon

terminals and implicates a dendritic localisation of NRG-3 proteins.  Interestingly,

NRG-3 expression was apposed to the synaptophysin-positive presynaptic terminals that

suggests a possible postsynaptic localisation of NRG-3 proteins.

Analysis of the subcellular localisation of NRG-3ΔICD in neurons indicated a different

protein localisation to full-length proteins.  At 24 h post-transfection, NRG-3ΔICD was

expressed in the soma, and throughout dendrites and axons (Figure 3.7).  In contrast,

full-length NRG-3 expression was mainly restricted to the soma and proximal dendrites

(Figure 3.7).  A similar expression pattern was observed with NRG-3 expression in

hippocampal pyramidal neurons under the synapsin promoter (data not shown).  Cells

expressing EGFP exhibited similar expression pattern to NRG-3ΔICD and not with

NRG-3FL.

3.1.4 Expression and Localisation of NRG-3 Protein in COS7
Cells
To investigate the subcellular distribution of NRG-3 protein, three mammalian

expression constructs were compared; pMET7:Flag-NRG-3-HA and pEGFPN1:NRG-3

and the truncated mutant pEGFPN1:NRG-3∆ICD (Figure 2.2).  These vectors expressed

NRG-3 protein with epitope tags on the amino- and/or carboxyl-terminus.  To ascertain

whether the large EGFP protein had any effects on protein localisation, expression was

compared with a HA tagged NRG-3 protein.  Proteins were visualised by antibodies

targeting the epitope tags or by direct fluorescence of the EGFP epitope.  Results of

representative data are shown (Figure 3.8).  Different carboxyl-terminal tagged NRG-3

proteins had identical subcellular expression patterns in the cytosol and plasma

membrane.  Accentuated peri-nuclear staining reminiscent of the Golgi compartments

was also observed (Figure 3.8).  Notably, staining with the amino-terminal tag indicated

some non-overlapping subcellular areas with the carboxyl-terminal tag.

NRG-3FL and NRG-3ΔICD localised to different subcellular compartments.  In low

protein expressing cells, both full-length and mutant proteins displayed similar

expression patterns in the plasma membrane and perinuclear regions (Figure 3.9, panel

C and D).  The expression patterns differed in high protein expressing cells; NRG-3FL
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Figure 3.7 NRG-3 and NRG-3ΔICD are Differentially Localised in Cortical

Neurons

Protein localisations of NRG-3 and the NRG-3ΔICD mutant expressed in neurons were

ascertained by confocal immunofluorescence.  Cultured neurons expressing NRG-3-

EGFP, NRG-3ΔICD-EGFP or EGFP were fixed 24 h post-transfection and visualised

with direct fluorescence.  Results revealed the NRG-3 protein localised in the neuronal

soma and weakly in proximal dendrites.  In contrast, strong NRG-3ΔICD expression

was present in the soma, proximal dendrites and diffused throughout the axons.  The

EGFP control neurons showed similar expression pattern to the NRG-3ΔICD mutant.

Neurons were visualised with a mouse monoclonal anti-neurofilament antibody.  Nuclei

were stained with the Hoechst (No. 33342) nuclear stain.  Scale bars, 20 µm.
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Figure 3.8 NRG-3 Localises to Perinuclear Regions and Cytosolic Aggregates in

COS7 Cells

NRG-3 localisation in epithelial cells were analysed by confocal immunofluorescence.

Epitope tagged NRG-3 protein was expressed in COS7 cells and induced with ErbB4-

Fc (100 ng/mL) for 30 min.  Following induction, cells were fixed and NRG-3

visualised directly with fluorescent microscopy or immunohistochemistry with a mouse

monoclonal antibody against the HA tag and rabbit polyclonal antibody against Flag

tag.  The Flag-NRG-3-HA showed the same expression pattern in the membrane and

cytoplasm.  Identical expression patterns were present when NRG-3 was visualised

directly with GFP or visualised with the Flag tag.  The NRG-3 proteins were also

observed in the cell periphery as cytosolic aggregates.  A different expression pattern

was present in the perinuclear region which predominantly associated with the

carboxyl-terminal tag.  Nuclei were stained with the Hoechst (No. 33342) nuclear stain.

Scale bars, 10 µm.
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Figure 3.9 NRG-3 and NRG-3ΔICD are Differentially Localised in COS7 Cells

The NRG-3 ICD induced specific subcellular localisation in COS7 cells.  COS7 cells

transiently expressing NRG-3-HA, NRG-3-EGFP, NRG-3∆ICD-EGFP or EGFP alone

were visualised by immunohistochemistry or with direct fluorescence.  Both HA and

EGFP tagged NRG-3 protein displayed identical localisation patterns in the cytoplasm

and plasma membrane (A and C).  Cells expressing lower levels of the full-length or

truncated NRG-3 EGFP fusion protein displayed similar subcellular localisation

patterns (C and D).  While cells expressing high levels of the two proteins display

different subcellular localisations; the full-length NRG-3 protein was concentrated at

perinuclear regions and the NRG-3ΔICD mutant showed accentuated staining in the

perinuclear region and were dispersed throughout the cytoplasm, though not confirmed

the structures are reminiscent of tubuoles (E and F).  The control EGFP protein was

localised to the nucleus and cytosol and nuclei were stained with Hoechst (No. 33342).

Scale bars, 10 µm.



83

protein was observed in the plasma membrane and perinuclear regions (Figure 3.9,

panel E), but the mutant protein had a diffused cytosolic localisation (Figure 3.9, panel

F).  Both NRG-3 variants displayed distinct expression patterns when compared to

EGFP controls (Figure 3.9, panel B).  ErbB4 is known to preferentially bind NRG-3 in

eliciting downstream signalling events (Jones et al., 1999).  To investigate ligand-

mediated effects, cells expressing NRG-3 were stimulated with ErbB4-Fc chimeric

protein (100 ng/mL).  The results of representative experiments are shown in figure

3.10.  When visualised by confocal microscopy, stimulated NRG-3 expressing cells had

cytosolic punctates in the cell periphery and throughout the cell cytosol.  In contrast,

unstimulated cultures had less cytosolic punctates (Figure 3.10).  However, ErbB4

induction of NRG-3ΔICD expressing cells failed to induce cytosolic punctate formation.

Quantification of confocal image results indicated a significant increase in the number

of NRG-3 expressing cells displaying cytosolic aggregates following ErbB4 treatment.

This suggested a critical role mediated by the NRG-3 ICD in the formation of cytosolic

aggregates.

3.1.5 Localisation of NRG-3 in Secretory Granules and Golgi
To identify the subcellular localisation of NRG-3, established organelle markers were

examined for co-staining with NRG-3.  NRG-3 expressing COS7 cells were induced

with ErbB4-Fc before staining with various markers (Figure 3.11A).  A Golgi specific

marker, β-COPI (Palmer et al., 1993), was used to investigate NRG-3 Golgi association.

Confocal immunfluorescence demonstrated NRG-3 expression overlapped that of β-

COPI, indicating localisation in the Golgi apparatus (Figure 3.11A, panels A-C).

Recycling and late endosomes were identified with Early Endosomal Associated

protein-1 (EEA-1) (Transduction Laboratory, USA), whilst early and late endosomes

were identified by internalisation of transferrin coupled to AlexaFluor-546.  Results

indicated expression of NRG-3 in the late endosomes (Figure 3.11A, D-F).  In addition,

distinct non-overlapping protein expression patterns with both early and recycling

endosomes in the cell periphery were observed (Figure 3.11A, panels J-L arrows).

Notably, the majority of the subcellular localisation of NRG-3 was observed in

perinuclear vesicles.  The punctate cytosolic staining described earlier suggested protein

expression in endocytic compartments.  As NRG-3 is present in late endosomes, it may

be subsequently transported to lysosomes for protein degradation.  To identify
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Figure 3.10 NRG-3 Localises in Cytosolic Aggregates when Induced with ErbB-Fc

Cells expressing NRG-3 were incubated with ErbB4-Fc (100 ng/mL, 30 min) before

fixation and NRG-3 visualised directly with confocal immunofluorescence.  COS7 cells

expressing full-length NRG-3 had increased number of cytosolic aggregates in the cell

periphery when compared to the NRG-3ΔICD mutant.  Nuclei were stained with

Hoechst (No. 33342) nuclear stain.  Scale bars; 20 µm (A).  The number of cells with

cytosolic aggregates were quantified in transfected cells; NRG-3 -ErbB4-Fc (n = 36),

NRG-3 +ErbB4-Fc (n = 81), NRG-3ΔICD –ErbB4-Fc (n = 21) and NRG-3ΔICD

+ErbB4-Fc (n = 15).  An increase was significant when P < 0.01 (asterisk) was

calculated with student t-test (B).
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lysosomes, an acidic dye LysoTracker (Molecular Probes, USA) was used.  Direct

fluorescence showed significant localisation of NRG-3 in lysosomes (Figure 3.11A,

panels G-I).  NRG-3 expression in mitochondria was also investigated with a

mitochodria specific fluorescent dye, MitoTracker (Molecular Probes, USA) and

staining patterns revealed absence from the mitochondria (Figure 3.11A, panels M-O).

To confirm the Golgi compartment localisation of NRG-3, cells were treated with

brefeldin A (BFA), a known Golgi trafficking inhibitor (Dinter and Berger, 1998).  In

NRG-3 expressing cells, BFA treatment (1 µM for 15 min) caused the pericentriolar

dispersion of the trans-Golgi network associated NRG-3 protein (Figure 3.11B, panel

A-C arrows).  This change in distribution coincided with the abolishment of β-COPI

immunofluorescence.  The same effect was not present in vehicle treated controls

(Figure 3.11B, panel D-F).  When combined, these results confirmed NRG-3

localization in Golgi compartments.

3.1.6 The NRG-3 ICD is Essential for Translocation to the
Lysosome
To ascertain the importance of NRG-3 ICD in mediating ErbB4 induced lysosomal

localisation, comparisons were made between NRG-3FL and NRG-3ΔICD in COS7

cells.  Cells expressing the NRG-3FL protein displayed lysosome co-staining following

induction with ErbB4-Fc (Figure 3.12).  These staining patterns indicated the

importance of the ICD in lysosome targeting.  ErbB4 induced NRG-3 protein also

formed cytosolic punctates near the perinuclear region and cell periphery.  Unlike the

full-length proteins, NRG-3ΔICD induced vesicles did not co-localise with lysosome

markers.  This suggests localisation to alternative endosome compartments in the

absence of the NRG-3 ICD.  Possibilities exist for the NRG-3ΔICD to localise in

alternative cellular compartments not analysed in this study.
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Figure 3.11 NRG-3 Localises in the Central Vacuolar System

Confocal immunofluorescence couple with organelle markers was used to identify

subcellular structure(s) in NRG-3 expressing cells.  Transiently transfected cells were

induced with ErbB4-Fc (100 ng/mL) and proteins/structures visualised with direct

immunofluorescence or immunostaining.  NRG-3-EGFP (green) co-localised with β-

COPI (A-C) and EEA1 (D-F), markers for the Golgi cisternae and endosomes

respectively.  Lysosomes were directly stained with LysoTracker-Red and showed

overlapping expression pattern with NRG-3 (G-I and arrows in inset).  Both early and

late endosomes were simultaneously detected by the incorporation of biotinylated-

transferrin and NRG-3 was detected in late (J-L) but not early endosomes (L, arrows in

inset).  Mitochondria was stained with MitoTracker CMXRos and NRG-3 did not

localise to the membranous structure (M-O) (A).  To confirm localisation in Golgi

compartments, cells were treated with BFA (1 µM) for 15 min at 37oC.  BFA treatment

resulted in the redistribution of β-COPI and caused the Golgi affiliated NRG-3 to

condense into a pericentriolar spot (arrows, A-C).  Vehicle control had no adverse effect

on NRG-3 Golgi localisation (B).  Yellow colouring represents the co-localisation of

merged confocal images and nuclei were stained with Hoechst (No. 33342) nuclear

stain.  Scale bars, 10 µm.



88

Figure 3.12 The NRG-3 ICD Mediates Lysosomal Targeting

To ascertain the importance of the NRG-3 ICD in lysosomal targeting, protein

expression patterns of NRG-3 and NRG-3ΔICD mutant were analysed following ErbB4

induction.  Cells were transfected with full-length NRG3-EGFP (A-F) or NRG-3∆ICD-

EGFP (G-L) and 16 h after transfection, cells were incubated with  (+) or without (-)

ErbB4-Fc (100 ng/mL) for a total of 30 min.  The expression profile of full-length

NRG-3 was significantly different to NRG-3∆ICD-EGFP, where full-length NRG-3

displayed a more restricted cytosolic localisation.  Cytosolic aggregates were present in

cells expressing NRG-3 and NRG-3ΔICD, however co-localisations with lysosomes

were restricted to NRG-3 expressing cells.  Nuclei were stained with the Hoechst (No.

33342) nuclear stain.  Scale bars, 10 µm.
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Discussion

Multiple transcripts of NRG-3 were identified following analysis of sequence databases.

NRG-3b, NRG-3c, and a third novel isoform of NRG-3 (NRG-3a) isolated in the

laboratory revealed that splice variants exist for both the extra- and intra-cellular

domains (Figure 3.1).  The majority of NRG research has focused on NRG-1 which,

through alternative promoter usage and RNA splicing of its large gene, produces

multiple isoforms (>15) (reviewed in Fall, 2003; Lemke 1996).  NRG-1 is classified

into three basic groups based on structural differences in the ectodomain, Type I, II and

III.  Similarly, NRG-2 also produces several transcripts (~6-8) via alternative splicing

that results in proteins capable of eliciting different responses in biological and

biochemical assays (Busfield et al., 1997; Higashiyama et al., 1997; Carraway et al.,

1997).  Furthermore, the bioactive EGF-like domain of NRG-1 and NRG-2 are further

diversified by α and β isoforms, which differ in receptor affinity.  NRG-3 shows only

minor homology to other NRG family members (Buonanno and Fischbach, 2001);

although overall structure of the molecule remains conserved.  In this study no evidence

was found to support an alternate exon encoding a second EGF-like domain for NRG-3,

although variations were present in the NRG-3 ectodomain.  NRG-3c lacked a nine

amino acid spacer sequence between the EGF-like domain and the transmembrane

domain.  This sequence (-Thr-Asp-His-Leu-Gly-Ile-Glu-Phe-Met-) is highly conserved

with a similar spacer region in both NRG-1b (-Tyr-Lys-His-Leu-Gly-Ile-Glu-Phe-Met-)

and NRG-2 (-Glu-Lys-His-Lys-Gly-Phe-Glu-Leu-Lys-).  Early studies of NRG-1 found

this region to be dispensable for receptor binding and proteolytic cleavage, although it

may affect the rate and tissue specificity of NRG-1 processing (Wen et al., 1994).  The

ICD can be subdivided into three domains that arise via alternate splicing of exons 8

and 9 (Figure 3.2).  Variations in the ICD of NRGs are common and indeed, NRG-1 has

multiple variants in this region (Bao et al., 2004).  The NRG-3 ICD has no obvious

functional or structural motifs, but it is serine rich (17%).  Peptide alignments of the

ICDs of NRG-1, 2 and 3 show that NRG-3 displays low homology with NRG-1 and

NRG-2.  In contrast, the NRG-1 and NRG-2 ICDs exhibit similarities with small

regions showing high peptide identity.  Interestingly, a γ-secretase cleavage site (-Lys-

Thr-Lys-Lys-Glu-Arg-Lys-Lys-) (Bao et al., 2003), that is identical between NRG-2

and NRG-1, is semi-conserved in NRG-3.  Cleavage of NRG-1 at this site results in the
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movement of the intracellualr domain to the nucleus.  Nuclear localisation of NRG-3

was not observed in this study, although it cannot be ruled out that cleavage can occur

under specific conditions or in specific cell types.

In agreement with Zhang and colleagues (Zhang et al., 1997), the novel NRG-3 isoform

is also predominantly expressed in the nervous system.  While isoforms a and b were

readily detected in tissues, the NRG-3c isoform was not.  It may be expressed in

quantities below detection limits in the tissues analysed.  Investigation of NRG-3

protein expression patterns in mouse tissue confirmed the mRNA data.  Previous reports

had demonstrated NRG-3 transcripts to be restricted to the nervous system (Zhang et al.,

1997).  During postnatal development, temporal and regional expression of NRG-3 is

dispersed throughout the brain and is distinct from NRG-1 and –2 (Longart et al., 2004).

Like NRG-1 and NRG-2, regio-specific NRG-3 expression is also observed throughout

postnatal development of the brain (Longart et al., 2004).  Despite the presence of a

NRG-3 transcript in lung and testis, a translated protein was not detected in

immunoblots.  Data from NRG-1 and ErbB4 knockout animals suggests that ligands

other than NRG-1 may mediate ErbB4 bioactivity.  It is possible that NRG-3 may be the

ligand responsible for the ErbB4 phenotypes in the developing brain, but the

participation of other ErbB4 ligands (eg. NRG-2) cannot be ruled out.  Generation of

NRG-3 knockout mice may help in resolving some of the discrepancies and point to

distinct NRG-3 functions.

The postsynaptic localisation of NRG-3 may reflect a biological role at the synapse.  In

this study NRG-3 localisation patterns in neurons were reminiscent of NRG-2

expression, which shows neuronal soma and dendritic localisation and not in

presynaptic terminals (Longart et al., 2004).  In addition, NRG-3 clusters along

dendrites which were apposed to the synaptophysin positive presynaptic terminals.  It

was curious to identify NRG-3 localisation juxtaposed to the presynaptic terminals, as it

suggested a postsynaptic localisation for NRG-3.  Staining with postsynaptic terminal

markers such as Post-Synaptic Density-95 (Nieto-Sampedro et al., 1981) and/or other

postsynaptic proteins will resolve the differences.  In contrast, NRG-3ΔICD and EGFP

controls were expressed throughout neuronal soma, nucleus, proximal dendrites and

axon.  Although well accepted, identification of synapse by immunohistochemistry has

some pitfalls.  One caveat is the identification of postsynaptic receptor positive puncta

without corresponding markers for the presynaptic zone (Kannenberg et al., 1999; Rao
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et al., 2000) and vice versa (Kraszewski et al., 1995; Fletcher et al., 1991).  While

immunohistochemical staining is of importance, confirmation with other techniques is

essential in the correct identification of synapses.  The postsynaptic localisation of

NRG-3 is similar to that of NRG-2, but not NRG-1.  Detailed examination of NRG-3s

function at the synapse, in post-synaptic densities or extra-synaptic zones, will ascertain

independent roles mediated by each NRG family member.

Cells modulate their activities based on signals received from the extracellular milieu,

and activated cell surface receptors transmit these signals by activating complex

downstream signalling events.  Receptor trafficking is a major avenue used in signal

regulation, where the exposure of cells or tissues to hormones or growth factors results

in down-regulation of binding sites.  This response requires the endocytosis of

ligand:receptor complexes that results in attenuation or termination of signals.  Many

receptor families undergo this regulatory mechanism including the ErbB RTK

(reviewed in Ceresa and Schmid, 2000; Waterman and Yarden, 2001).  NRG-1 is

known to undergo classical receptor synthesis and secretion through the

intramembranous networks (Loeb et al., 1998), supporting the Golgi and endosomal

localisation of NRG-3 observed in this study.  To ascertain the significance of the NRG-

3 ICD, both wild type and truncated NRG-3 localisation was examined with/without

ErbB4 stimulation.  As ErbB receptors are internalised within 30 min (Futter et al.,

1996), a similar induction time was adopted in analysing ErbB4-mediated NRG-3

signals.  In contrast to previous studies, where very high levels of recombinant ErbB

heteroreceptor proteins were used (~10 µM), this present study used ErbB4 at a working

concentration of ~100 nM.  NRG-3 was not detected in the nucleus following

stimulation with ErbB4.  This is in contrast to what has been observed when NRG-1 is

similarly stimulated with ErbB receptors.  In these studies ErbB2:ErbB4 induction

resulted in γ-secretase cleavage of the NRG-1 ICD followed by nuclear localisation

(Bao et al., 2003).  This ICD cleavage may be a common event between NRG-1 and

NRG-2, as the predicted γ-secretase cleavage site is identical in NRG-1 and NRG-2, but

not in NRG-3.  NRG-3 may undergo distinct, independent subcellular localisation

mechanisms when engaged with ErbB4.

NRG-3 synthesis and cell surface presentation appeared to imitate NRG-1 mechanisms

when studied in epithelial cell lines.  When transiently expressed, NRG-3 was present

on the plasma membrane and was co-localised with β-COPI (Palmer et al., 1993), a
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Golgi marker.  When the transportation of newly synthesised protein to the cell surface

was blocked with BFA, an inhibitor of cis-trans Golgi fusion, cell surface and Golgi

NRG-3 expression was absent (Figure 3.11).  The mechanism of protein synthesis and

secretion observed may be common among NRG family members, as NRG-2

transiently expressed in HEK293 cells also display a subcellular localisation resembling

Golgi compartments (Longart et al., 2004).  In this study, the NRG-3 protein was also

present in endocytic compartments following external stimuli, suggesting NRG-3 is an

active and mobile protein.

In signal regulation, the classic role for endocytosis is to down regulate signals by

processing receptor and/or ligands into lysosomes for degradation (reviewed in Sorkin

and Zarstov, 2002).  It has been shown that activated signalling receptors are a pre-

requisite for endocytosis (Carpenter et al, 1995).  Ligand mediated endocytosis plays

two major cellular functions.  First, it provides a biophysical mechanism to attenuate

signalling of activated cell surface receptors.  Second, activated receptors are placed in

appropriate cellular compartments with downstream signalling molecules.  Results in

this study illustrated the importance of the NRG-3 ICD in lysosomal targeting of the

protein (Figure 3.12).  It is proposed that NRG-3, activated by ErbB4 is down-regulated

by endocytosis, followed by subsequent transportation to the lysosome for degradation.

Alternatively, it is conceivable that co-localisation of NRG-3 in endocytic

compartments may represent protein undergoing the secretion process, as some

membrane-transport networks are shared between receptor secretion and internalisation.

This ambiguity can be partially circumvented by utilising an inducible mutant dynamin

(Damke et al., 1994) that specifically blocks clathrin coated vesicle formation during

endocytosis.  The same mutant may also ascertain the importance of ligand-mediated

endocytosis used by NRG-3 to regulate its surface protein levels.

Cell surface receptor signal transduction can be down-regulated or desensitised via

different intracellular compartments.  Receptor desensitisation involves internalisation

of ligand:receptor complexes into recycling endosomes.  Once inside the vesicles,

ligand:receptor interactions are either disrupted by the acidic environment or the activity

of receptors is terminated by phosphatases.  Often desensitised receptors are recycled

back to the cell surface for additional rounds of signal transduction.  Alternatively,

receptor down-regulation can occur by sequestering protein complexes to the lysosome

for degradation.  The processing of transmembrane proteins into the lysosome is often
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regulated via consensus internalisation sequences known as ‘tyrosine-based’ and/or ‘di-

leucine-based’ signals (reviewed in Marks, et al. 1996; Trowbridge et al., 1993;

Mellman et al., 1996; Letouner et al., 1992).  The ICD of NRG-3 contains such a

dileucine motif, -Lys-Ile-Leu-Leu-, as well as a tyrosine based signal, YXX (where Y is

tyrosine, X is any hydrophobic amino acid), ‘-Tyr-Ser-Lys-Val-’.  Base on this, it is not

surprising for the full-length NRG-3 and not the NRG-3ΔICD mutant, to be localised to

the lysosome.  Results of this study suggest NRG-3 signalling follows a classical down-

regulation pathway directed by the NRG-3 ICD.  Further analysis with live cell imaging

coupled with endogenous markers of internalisation pathways may provide additional

support for the hypothesis.
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Summary

The Neuregulins are a family of pleiotropic growth factors important for several ErbB

receptors mediated biological activities.  The prototypic family member, NRG-1, has

been extensively studied and accounts for the majority of NRG functions known to date.

Despite binding to the same receptors, various NRG family members appear to have

non-redundant biological roles in and out of the nervous system.  Similar to other

NRGs, the NRG-3 gene also undergoes alternative splicing to produce multiple

isoforms.  In this study, one of the three NRG-3 isoforms was analysed.  The novel

isoform is extensively expressed in nervous tissues.  Subcellular localisation studies

demonstrated NRG-3 protein in several secretory vesicles, including the Golgi

apparatus, late endosomes and lysosomes.  Moreover, lysosomal localisation was

ErbB4-dependent and required the presence of the NRG-3 ICD.

In dissociated neuronal cultures, NRG-1 and NRG-2 proteins are expressed in axons

and dendrites respectively (Longart et al., 2004).  This study identified the NRG-3

protein in the neuronal soma and dendrites.  Furthermore, the dendrite expression of

NRG-3 resembled structures reminiscent of dendritic spines.  Intriguingly, the NRG-3

clusters are apposed to synaptophysin positive presynaptic terminals, suggesting a

postsynaptic localisation for NRG-3.  A functional role for NRG-3 in the CNS remains

unclear, whereas NRG-1 is an active participant in presynaptic functions (Ozaki et al.,

1997; Rieff et al., 1999; Xie et al., 2004).  Based on results of this study, the NRG-3

ICD may serve important functions in NRG-3 protein trafficking; possibly mediated by

proteins interacting with the ICD.
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Chapter 4

Identification of Proteins That Interact with

the NRG-3 Intracellular Domain by Yeast

Two-Hybrid Analysis
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Chapter 4

Introduction

Membrane bound forms of NRG-1 have been shown to possess a biologically active

ICD in a number of different studies.  The first of these demonstrated a role for the ICD

of NRG-1 Type I in causing apoptosis of breast epithelial cells.  In these studies, the

ICD was isolated in a screen for dominant apoptosis-inducing genes (Grimm and Leder,

1997).  Subsequently it was demonstrated that the apoptotic activity of the ICD could be

separated from the proliferative/oncogenic function that is mediated by the extracellular

EGF-like domain (Grimm et al., 1998).  Furthermore, it was shown that overexpression

of NRG-1 leads to the down-regulation of Bcl-2, an inhibitor of apoptosis (Weinstein et

al., 1998).  In transgenic animal models, the NRG-1 ectodomain and ICD mediate

independent functions.  The proliferation of mammary carcinomas is attributed to the

NRG-1 ectodomain, while the ICD induces apoptosis during mammary carcinoma

progression (Weinstein et al., 1998).

The NRG-1 ICD was demonstrated to interact directly with LIM-Kinase-1 (Wang et al.,

1998), a molecule important in actin dynamics and implicated in visuospatial cognition.

In vivo, NRG-1 and LIMK1 are co-localised at the NMJ, suggesting that their

interaction may play a role in synapse formation and maintenance (Wang et al., 1998).

However, the significance of the interaction has yet to be ascertained.  Recently, the

ICD of NRG-1 Type III was demonstrated to undergo active localisation to the nucleus

following engagement with ErbB4:ErbB2, and after γ-secretase cleavage (Bao et al.,

2003).  In the nucleus, the ICD suppresses the expression of apoptosis regulators

resulting in decreased cell death.  Furthermore, nuclear accumulation of NRG-1 causes

an increase in synaptic activity, suggesting a possible role for NRG-1 in regulating

synaptic plasticity (Bao et al., 2004).  These independent studies highlight the complex

nature of NRG – ErbB receptor biology and suggest that NRG-2 and NRG-3 via their

large ICD may also be capable of bi-directional signalling.  In the present study, a yeast

two-hybrid screen was initiated to identify proteins that interact with the NRG-3 ICD.
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4.1 Results

4.1.1 Yeast Two-Hybrid Screen
The full-length ICD of human NRG-3 was cloned into the pBTM116 bait vector (Bartel

et al., 1993).  Background reporter activation was examined by expressing the LexA-

NRG-3ICD fusion protein in the L40 strain of yeast (Hollenberg et al., 1995).  The yeast

two-hybrid bait did not activate either the HIS3 or lacZ reporter genes and expression of

the 56 kDa fusion protein was demonstrated in yeast protein extracts after

immunoblotting with antibodies specific for the LexA protein (Figure 2.5).   A human

fetal brain cDNA library (CloneTech, USA) fused to the GAL4 activation domain in

pACT2 was used as a source of potential protein interactors.  The library screen and

strategies used to eliminate false positives is depicted in Figure 4.1.  Before

transformation, L40 yeast colonies were phenotyped using nutritional selection markers

and all subsequent cultures were grown in uracil and lysine deficient plates to maintain

strain selection.  Primary histidine prototrophs were selected on synthetic media lacking

histidine, leucine and tryptophan.  In total, 4.3 x 106 clones were tested and 180 primary

interactors were isolated.  These interactors underwent a second round of HIS3 reporter

selection and the resultant colonies were concurrently tested for lacZ reporter activation.

From this, 93 clones were selected from the library screen for further analysis.  To

further eliminate false positives, the protein interactors were tested for non-specific

binding with Lamin C (Bartel et al., 1993) and Mac2 (Dr. Evan Ingley, pers. comm.),

two proteins that are routinely used to detect non-specific interactions.  Based on this

strategy, 46 positive interactors were identified and sequenced.  Sequence analysis

eliminated several out of frame fusion proteins and 10 unique putative interacting

proteins were identified.  Interaction of the 10 unique clones with the NRG-3 ICD was

re-tested in yeast and confirmed (Figure 4.2).

The list of interactors contained a mixture of full length and truncated clones (Figure

4.3).  Due to the construction of the library with oligo-dT primers, interactors were

mainly mapped to the carboxyl-terminus of the proteins.  One exception was the 14-3-

3ζ protein, where a full-length clone was isolated.  Multiple copies of the α-catulin

clone were identified, but not for others.  This protein contains a vinculin signature
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Figure 4.1 The NRG-3 ICD Yeast Two-Hybrid Library Screen Strategy

Schematics showing the strategy used in isolating the NRG-3 ICD interacting proteins.

A total of 180 primary interactors were identified.  This was reduced to 93 after

secondary selection procedures.  After eliminating false positives, 46 clones were

sequenced and ten unique clones identified.
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Figure 4.2 Confirmation of Ten Unique NRG-3 ICD Interacting Proteins

L40 yeast was cotransformed with the ten unique clones isolated and pLexA-NRG-3ICD

or pLexA-Lamin.  Six colonies of each clone were plated onto selective media.  Unique

interactors specifically activated the HIS3 and lacZ reporters when co-transformed, with

NRG-3ICD but not with the Lamin control.  The intensity of the X-gal stain semi-

quantitatively indicated the strength of the interaction.
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Figure 4.3 Putative NRG-3ICD Interacting Proteins

Ten unique protein interactors identified from the yeast two-hybrid screen were

sequenced and are shown to scale.  The open reading frame is shown with the

interacting domain underlined.  Conserved structural domains annotated in the database

are also indicated; LIM: Lin-11 Isl-1 Mec-3, LEM: LAP2 Emerin Man1, FHA: Fork

Head Associated; PHD: Plant Homeodomain, PDZ: PSD-95 Dlg ZO-1/2, I/LWEQ: F-

actin binding, BAR: Bin/Amphiphysin/Rvs, C-C: coil-coil domain.  Genbank identifier

is listed in brackets.
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important for tailin and actin binding (Jones, 1989).  The other proteins isolated were:

Protein Interactor of C-Kinase 1 (PICK1), Thymopoietin-α, Lim-only protein 2

(LMO2), KARP-Binding Protein 3 (KAB3), Neuro d4, Huntingtins Interacting Protein-

1 Related (HIP1R), minichromosome maintenance 7 (MCM7) and a novel Zn-finger

protein KIAA1802.

4.1.2 Full-length PICK1 and 14-3-3ζ Interact Specifically with the
NRG-3 ICD
Two cytoplasmic proteins, 14-3-3ζ and PICK1, were chosen for further characterisation

as these proteins are directly involved in intracellular signalling events.  Full-length

cDNA of the open reading frame for both genes was isolated by PCR from the yeast

two-hybrid library using gene specific primers.  The resultant product was cloned into

the pVP16 plasmid (Vojtek et al., 1997) to create an inframe fusion with the activation

domain of the herpes simplex virus VP16.  Both proteins were tested for non-specific

reporter gene activation before being used in the NRG-3 ICD interaction assays.  No

non-specific activation of the reporter genes was observed for either activation domain

fusion protein (Figure 4.4A).

To demonstrate the specificity of interaction between NRG-3 and the full-length 14-3-

3ζ and PICK1 proteins, various interaction assays were used.  First, the yeast two-

hybrid system was adopted, with Lamin C used to test interaction specificity.  When the

LexA:NRG-3ICD was co-expressed in yeast with either 14-3-3ζ  or PICK1, both

specifically interacted with NRG-3ICD and not with the lamin control (Figure 4.4B).

Interactions were also analysed in pull-down assays, using NRG-3ICD protein prepared

by in vitro translation and glutathione-S-transferase (GST)-14-3-3ζ and GST-PICK1

fusion proteins prepared in E. coli.  In the in vitro assay, radiolabelled NRG-3ICD

independently bound to both the GST:14-3-3ζ and GST:PICK1 proteins under stringent

conditions (high salt and detergent concentration). An insignificant amount of NRG-

3ICD protein was detected in the GST control pull down (Figure 4.5).

The interaction of NRG-3ICD with 14-3-3ζ and PICK1 was also tested in mammalian

cells.  COS7 cells were transiently transfected with either pFlag-NRG-3-HA and pHA-

14-3-3ζ or pFlag-NRG3-HA and pFlag-PICK1 (Figure 2.3). 14-3-3ζ proteins were
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Figure 4.4 The NRG-3ICD Interacts with Full-length 14-3-3ζ and PICK1 in Yeast

The interaction of full-length yeast two-hybrid clones was confirmed with the NRG-3

ICD.  cDNA encoding the open reading frame of 14-3-3ζ and PICK1 was amplified by

PCR and inserted inframe into pVP16 plasmid.  Background reporter activation were

tested in histidine deficient media or following incubation with X-gal.  Histidine

auxotrophs and X-gal negative colonies indicated no activation of reporter genes by the

fusion proteins alone (A).  Six colonies of yeast co-transformed with pLexA-NRG-3ICD

and pVP16-PICK1 or pVP16-14-3-3ζ were tested for reporter gene activation.

Histidine prototrophs were present when the pLexA-NRG-3ICD and not when the

pLexA-Lamin control was co-transformed with the VP16 fusion proteins.  In a separate

assay, the same co-transformations were X-gal positive (B).
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Figure 4.5 The NRG-3ICD Associates With 14-3-3ζ and PICK1 In Vitro
35S-labelled NRG-3ICD protein was incubated with purified GST-14-3-3ζ (A) or GST-

PICK1 (B) that was immobilised on glutathione S-sepharose.  After several stringent

washes, samples were resolved on a 10 % SDS-PAGE gel prior to exposure on film.

The NRG-3 ICD specifically associated with 14-3-3ζ and PICK1 and not to the GST

control.  A sample of the rabbit reticulocyte protein was also resolved to ascertain the

size of the in vitro translated product (input).
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immunoprecipitated with a specific antibody (SantaCruz, USA) and NRG-3 protein was

visualised by staining with anti-HA antibody (Sigma, USA).  A protein band with the

predicted molecular weight for NRG-3 was observed at ~85 kDa (Figure 4.6A).  These

results show that the NRG-3 protein coimmunoprecipitated in a complex with HA-14-3-

3ζ.  No NRG-3 protein was evident in the negative control immunoprecipitation (Figure

4.6).  Similarly, in cells co-expressing pFlag-NRG3-HA and pFlag-PICK1, NRG-3 was

found to coimmunoprecipitate specifically with PICK1 (Figure 4.6B).  These positive

immunoprecipitation results further confirm the specificity of the interactions predicted

by the yeast two-hybrid screen.

In addition to demonstrating protein interactions in transiently transfected cells,

endogenous protein interactions were also demonstrated.  Protein lysates were prepared

from E18 mouse brains and immunoprecipitation experiments performed using

antibodies specific for either 14-3-3ζ or PICK1.  After resolution through a 10 % SDS-

PAGE gel and transfer to nitrocellulose membranes, NRG-3 protein was detected with a

rabbit polyclonal antibody generated against the ICD.  Immunoblots indicated that

NRG-3 coimmunoprecipitated with both 14-3-3ζ and PICK1 as evident by a protein

band at ~100 kDa that corresponds to the endogenous NRG-3 protein (Figure 4.7).  The

endogenous NRG-3 protein detected was of a higher molecular weight than the

transiently expressed NRG-3 from COS7 cells.  The differences may be attributed by

different degrees of post-translational modifications, eg. glycosylation, between in vitro

and in vivo proteins and in different cell types; similar differences in size have also been

observed for NRG-2 (Longart et al., 2004).  Protein Kinase C-α (PKCα), a known

protein interactor of 14-3-3ζ (Dai and Murakami, 2003) and PICK1 (Perez et al., 2001;

Staudinger et al., 1997; Staudinger et al., 1995) were used as positive

coimmunoprecipitation controls.  Western blots with an antibody specific to PKCα

(Tansduction Laboratories, USA) indicated coimmunoprecipitation between PKCα and

with both 14-3-3ζ and PICK1 (Figure 4.7).

These results indicate the specificity of interaction between NRG-3 and the intracellular

signalling proteins, 14-3-3ζ and PICK1, in both transfected cells and primary brain

tissue.
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A

B

Figure 4.6 NRG-3 Coimmunoprecipitates with 14-3-3ζ and PICK1 In Vitro

COS7 cells were co-transfected with pFlag-NRG-3-HA and pHA-14-3-3ζ (A) or with

pFlag-NRG-3-HA and pFlag-PICK1 (B).  24 h after transfection, total cellular protein

was prepared using a Brij-97 based lysis buffer.  Immunoprecipitation was performed

by incubation with either 14-3-3ζ  or PICK1 specific antibodies.  The

immunoprecipitated complex was resolved on a 10% SDS-PAGE prior to western

blotting with anti-HA antibody.  The NRG-3 protein specifically coimmunoprecipitated

with both the 14-3-3ζ  and PICK1 antibody.  Negative bead control

immunoprecipitaions were negative for NRG-3 protein.
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Figure 4.7 NRG-3 Coimmunoprecipitates With 14-3-3ζ and PICK1 In Vivo

Protein lysates from embryonic mouse brains were used in immunoprecipitation

reactions with either 14-3-3ζ  (A) or PICK1 (B) specific antibodies.  The

immunoprecipitated protein complex was resolved through a 10 % SDS-PAG prior to

immnoblotting with NRG-3 antibodies.  The NRG-3 protein coimmunoprecipitated with

both 14-3-3ζ and PICK1.  Negative bead control did not immunoprecipitate NRG-3

protein.  The immunoprecipitation of PKCα with both 14-3-3ζ and PICK1 was used as

a positive control.  To determine the presence of 14-3-3ζ and PICK1 in the brain lysate,

samples were immunoblotted with specific antibodies as shown.  Bands corresponding

to individual protein is indicated; NRG-3 (~100 kDa), PKCα (~84 kDa), 14-3-3ζ (~31

kDa) and PICK1 (~50 kDa).
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4.1.3 PICK1 and 14-3-3ζ Colocalise with NRG-3

The subcellular localisation of NRG-3, 14-3-3ζ and PICK1 was investigated to

ascertain whether the proteins are present in the same subcellular compartments.

Transiently transfected COS7 cells and cortical neurons (11 DIV) were double labelled

with specific antibodies to either PICK1 or 14-3-3ζ 12 h after transfection.  NRG-3-

EGFP fusion proteins were visualised directly via the EGFP tag.  Confocal sections of

transfected COS7 cells showed a membranous and perinuclear staining for NRG-3,

whereas 14-3-3ζ localised to both the cytoplasmic and nuclear compartments, as well as

clustering at the perinuclear region (Figure 4.8A).  In primary neurons, NRG-3 was

clustered in the soma and throughout the dendrites.  This corresponded to a similar

pattern of endogenous 14-3-3ζ expression in neurons (Figure 4.8B).

NRG-3 and PICK1 also colocalised to the same subcellular compartments in COS7 and

primary neurons.  Colocalisation of NRG-3 and PICK1 was present at the cell

membrane of epithelial cells (Figure 4.9A).  In addition, epithelial cells showed strong

perinuclear staining for NRG-3 but not for PICK1.  In cortical neurons, co-staining was

observed in the soma and in proximal dendrites (Figure 4.9B).  Occasional overlapping

staining in clusters in the distal dendrites, which were reminiscent of synapses, was also

observed (Figure 4.9B, arrows).  These results indicate that NRG-3 colocalises with the

protein interactors 14-3-3ζ and PICK1 in different cell types.  The co-localisation data

supports previous biochemical studies demonstrating a specific interaction between the

NRG-3 ICD and, 14-3-3ζ and PICK1.
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Figure 4.8 NRG-3 and 14-3-3ζ Colocalise in COS7 and Primary Cortical Neurons

NRG-3 protein with a carboxyl-terminal EGFP tag was expressed in COS7 (A) and in

dissociated cortical neurons (11 DIV) (B).  Cells were transfected for 12 h before

fixation.  14-3-3ζ protein was immunostained with anti-14-3-3ζ and protein localisation

visualised by confocal microscopy.  Co-localisation in COS cells was evident

throughout the cytoplasm with concentrated staining in the perinuclear region and on

the cell surface.  Similarly, in dissociated cortical neuronal cultures, co-localisation was

observed throughout the cell soma and along neurite extensions.  Representative

confocal images are shown.  Scale bars, 20 µm.
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Figure 4.9 NRG-3 and PICK1 Colocalise in COS7 and Primary Cortical Neurons

NRG-3 protein with a carboxyl-terminal EGFP tag was expressed in COS7 with

transfected PICK1 (A) and in dissociated cortical neurons (11 DIV) (B).  Cells were

transfected for 12 h before fixation.  PICK1 proteins were immunostained with anti-

PICK1 antibody and localisation was visualised by confocal microscopy.  Co-

localisation in COS7 cells was evident in the perinuclear region and on the cell

membrane.  Similarly, in dissociated cortical neurons, co-localisation was observed

throughout the cell soma and along neurite extensions.  At distal dendrites, co-staining

was present in clusters that are reminiscent of synapses (B, arrows).  Representative

confocal images are shown.  Scale bars, 20 µm.
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Discussion

The ICDs of NRG-1, NRG-2 and NRG-3 comprise the majority of the full-length

proteins (58%, 55% and 45%) respectively.  During development, the NRG-1 ICD is

important in trabeculae formation in the heart as demonstrated by gene knockouts (Liu

et al., 1998).  The domain is also essential for processing of the full-length molecule

(Loeb et al., 1998).  In pair-wise comparisons of the ICDs of NRG-1, NRG-2 and NRG-

3, NRG-1 and NRG-2 displayed an overall homology of 36%, with identity as high as

89% in certain regions of the domain (Figure 1.3B).  In contrast, NRG-3 has no

substantial homology with either NRG-1 or NRG-2.  Furthermore, the NRG-1 ICD

contains a nuclear localisation signal proximal to the transmembrane domain (Lys-Thr-

Lys-Lys-Glu-Arg-Lys-Lys) (Bao et al., 2003) that is highly conserved in NRG-2 (Lys-

Thr-Lys-Lys-Glu-Arg-Lys-Glu), and semi-conserved in NRG-3 (Lys-Ser-Lys-Lys-Glu-

Ala-Lys-Glu). Despite the differences among the family members, one similarity is

evident; all the NRG-1, -2 and –3 ICDs contain an abundance of serine residues

(average of ~15%).  No other obvious structural or signalling motifs are present in the

NRG ICD.

In NRG-ErbB interactions, there is precedence to suggest the occurrence of bi-

directional signalling mediated by the ICDs of both proteins.  Previous studies had

shown that the NRG-1 ICD associates with LIM Kinase 1 (Wang et al., 1998).  In

addition, the NRG-1 ICD can mediate apoptosis in epithelial cells (Grimm et al., 1997;

Grimm et al., 1998; Weistein and Leder, 1998).  The NRG-1 ICD was recently found to

translocate to the nucleus and affect the transcription of anti-apoptotic and cell cycle

regulator genes (Bao et al., 2003) and genes regulating synaptic plasticity (Bao et al.,

2004).  Both studies re-inforce the premise of a biologically active NRG-1 ICD.  To

date, the ICDs of NRG-2 and NRG-3 have not been extensively studied.

Comparison of gene expression patterns, peptide sequence and ErbB receptor knockout

phenotypes strongly suggest a distinct NRG-3 function.  One possible mechanism for

this action could be the ability to signal bi-directionally.  In this study, a yeast two-

hybrid screen yielded ten potential protein interactors of the NRG-3 ICD.  These

proteins are involved in a wide range of biological functions and includes the nuclear
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proteins; LIM domain only 2/rhombotin-like 1 (LMO2) (Hinks et al., 1997),

Thymopoietin-α (TMPOα) ((Harris et al., 1994), MCM7/hCDC47 (Fujita et al., 1996;

Hu et al., 1993), Neuro-d4 (Buchman et al., 1992), KARP-1 binding protein-3 (KAB3),

cytoplasmic proteins; Huntingtin Interacting Protein 1–Related (HIP1R), α-catulin, 14-

3-3ζ and Protein Interactor of C kinase-1 (PICK1) and a novel Zn-finger protein

designated KIAA1802.  As the yeast two-hybrid often results in the isolation of false

positives, it is critical that the specificity of the interactions be confirmed independently

in other interaction assays.

The isolation of nuclear proteins suggested an interesting and novel aspect of NRG-3

biology.  These protein interactions are potentially valid, as the NRG-3 protein contains

a semi-conserved nuclear localisation sequence similar to NRG-1.  If proven, the

nuclear localisation domain may mediate nuclear targeting of the NRG-3 ICD and

activate specific activities.  In this study, however, NRG-3 was never detected in the

nucleus using immunocytochemistry.  Based on this, the nuclear protein interactors are

likely to be false positives, which is common in yeast two-hybrid screens.  False

positives can occur due to the transcriptional nature of the yeast two-hybrid system,

which shows a bias towards nuclear interactions.  Before embarking on an in-depth

analysis of the protein interactions with the nuclear proteins, it is imperative to validate

interactions in other systems.

The cytoplasmic proteins isolated from the yeast two-hybrid screen correlate with the

cytosolic localisation of the NRG-3 ICD.  Two intracellular signalling molecules were

chosen for further characterisation, 14-3-3ζ and PICK1.  Both of these proteins are

involved in facilitating signal transduction pathways.  14-3-3ζ is a widely expressed

adaptor molecule belonging to the large 14-3-3 family.  Originally, it was purified and

systematically named based on fraction number from diethylaminoethyl (DEAD)-

cellulose chromatography followed by starch gel electrophoresis of bovine brain

(Moore and Perez, 1967).  Seven isotypes  (β, γ, ε, ζ, η, θ/τ and σ) have been identified

based on their respective elution positions on HPLC (Ichimua et al., 1988; Toker et al.,

1992) with α and δ later shown to be the phosphorylated forms of β and ζ respectively

(Aitken et al., 1995).  Analysis of 14-3-3 family members has revealed five highly

conserved blocks that are separated by less conserved regions (Wang and Shakes,

1996).  14-3-3s are highly expressed in the brain, representing 1% of the total soluble

protein, and proteins are localised in the cytoplasm, plasma membrane and intracellular
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organelles (reviewed in Berg et al., 2003).  The family members bind over 200

interactors and participate in a plethora of biological functions that include; cell cycle

control, regulation of ion channels, transcriptional regulation, signal transduction,

modulation of intracellular trafficking, apoptosis and neurodegeneration (reviewed in

van Hemert et al., 2001; Aitken et al., 2002; Dougherty and Morrison et al., 2004;

Mackintosh 2004).  Although the exact function of 14-3-3 is unknown, experiments

have shown three generic roles.  These include acting as a protein scaffold in protein-

protein interactions, sequestering proteins to specific subcellular locations and

activating or inhibiting enzymes.  Specifically, the 14-3-3ζ isoform interact with most

PKC isoforms (Dai et al., 2003) and cause constitutive and autonomous activation of the

kinase.  As PKC is required for synaptic plasticity (Ramakers et al., 1997), learning and

memory (Noguès et al., 1997), a role may exist for the 14-3-3ζ/PKC/NRG-3 protein

complex in regulating these biological events.  This is significant as another NRG-3

interactor, PICK1 has been shown to tether PKCα  to its substrates.  Due to its

abundance in the brain and interaction with key physiological molecules, 14-3-3 is an

attractive target for studying neurological disorders (reviewed in Berg et al., 2003).  For

example, 14-3-3 is present in the cerebrospinal fluid of several neurological disorders,

including multiple sclerosis, a disease where Neuregulin-1 has a direct role (Viehover et

al., 2001).  The interaction with 14-3-3 may be common between NRG-2 and NRG-3 as

the NRG-2 ICD contains a consensus 14-3-3 binding motif, Arg-Ser-Asp-Ser-Pro-Pro.

Protein Interacting with C-Kinase 1 (PICK1) is a PDZ-domain containing protein

originally identified as a PKCα interactor (Staudinger et al, 1995) and participates in

various biological events.  It is an efficient and specific substrate for PKCα

phosphorylation, however the binding and phosphorylation events are two independent

activities (Dev et al., 1999).  Structural features of PICK1 include the presence of a

single PDZ-domain located towards the amino-terminus, a BAR domain (Peter et al.,

2004) and acidic regions located at the amino- and carboxyl-terminus.  The PDZ-

domain in proteins can be present as a single domain or as concatamers.  Moreover, it is

present in a multitude of unrelated proteins and facilitates homotypic and/or heterotypic

interactions (reviewed in Kim and Sheng, 2004; O’Brien et al., 1998; Sheng and

Wyzsnyski, 1997).  The BAR domain is important for protein dimerisation, membrane-

binding and curvature-sensing (Peter et al., 2004).  PICK1 has been shown to bind the

carboxyl-terminus of transmembrane proteins, GluR2 and GluR3 (subunits of α-amino-

3-hydroxy-5-methylisoxazolepropionate (AMPA) receptors) (Dev et al., 1999; Xia et
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al., 1999), metabotropic glutamate receptor mGluR7a (Dev et al., 2000; El Far et al.,

2000), ephrins and Eph receptors (Torres et al., 1998; Hsueh and Sheng, 1998), ErbB2

(Jaulin-Bastard et al., 2001) and ErbB4 (Huang et al., 2002), as well as the cytoplasmic

protein ADP-ribosylation factor 6 (ARF6) (Takeya et al, 2000).  It is crucial in

clustering proteins at the plasma membrane and in targeting proteins to perinuclear

regions of the cell.  Moreover, biochemical assays strongly suggest PICK1 to be present

in both presynaptic and postsynaptic domains (Torres et al., 1998; Xia et al., 1999).

Intriguingly, PICK1 forms dimers, possibly via the coil-coil/BAR domain (Staudinger

et al., 1995, 1997; Peters et al., 2004), and is postulated to possess an adaptor role in

facilitating multivalent binding of transmembrane receptors to cytosolic proteins.  By

sequestering PKCα to AMPA or kainate receptor proteins, PICK1 is able to modulate

the surface expression and clustering of these ionotropic glutamate receptors (Daw et

al., 2000; Chung et al., 2000; Hirbec et al., 2003).  Recent studies have shown Ser/Thr

phosphorylation of AMPA receptor subunits to be important in PICK1-regulated

synaptic plasticity.  In particular, phosphorylation of GluR1-containing AMPA-

receptors regulates hippocampal long-term potentiation (Roche et al., 1996; Lee et al.,

2000; Esteban et al., 2003).  In contrast, phosphorylation of GluR2 subunit is critical for

the interaction with PICK1 and GRIP1/2, which is important for the subsequent

expression of cerebellar and hippocampal long-term depression (Chung et al., 2000,

2003; Matsuda et al., 2000; Kim et al., 2001).  Based on the multifaceted role of PICK1,

NRG-3 may participate in PICK1-mediated functions.  Whether NRG-3 can regulate the

steady state of AMPA-receptor surface levels by interfering with the PICK1/AMPA

receptor interaction and play a role in synaptic plasticity is unknown.  Future studies in

in vivo models will decipher the significance of the interaction between PICK1 and

NRG-3.  For example, investigating NRG-3 mediated AMPA receptor function using

whole cell patch recording will yield important information on NRG-3’s role at the

synapse.

The interaction between NRG-3 and 14-3-3ζ or PICK1 was confirmed with both

recombinant and endogenous proteins.  Under stringent conditions (high salt and

detergent) purified recombinant proteins maintained interaction.  In addition, NRG-3

coimmunoprecipitated with 14-3-3ζ and PICK1 from mammalian cells.  14-3-3ζ and

PICK1 exist as functional dimers, therefore coimmunoprecipitations were performed in

the nonionic detergent, Brij-97, which is known to maintain dimeric protein structures

(Aasland et al., 2003; Beyer et al., 1992; Stahl et al., 1994).  When cell lysis and
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coimmunoprecipitations were performed in Triton-X100, Igepal or RIPA lysis buffer,

coimmunoprecipitated protein complexes were absent (data not shown).  Endogenous

protein interactions were also demonstrated by coimmunoprecipitations from embryonic

mouse brain.  In agreement with the results of the biochemical assays, subcellular

localisation studies placed NRG-3 and both 14-3-3ζ and PICK1 in overlapping

biological compartments.  The membrane and perinuclear localisation of NRG-3 in

COS7 cells correlates with other NRG members in non-neuronal cells (Wang et al.,

1998; Longart et al., 2004).  The colocalisation of proteins was reciprocated in primary

cortical neurons, with punctate protein expression evident along dendrites.  This

staining pattern is suggestive of neuronal synapses.

The identification of proteins that interact with the NRG-3 ICD is an important step in

defining the role of NRG-3 in various biological processes.  This adds an additional

layer of complexity in NRG-3 signalling mechanism; where biological events

associated with the ICD contributes to the full NRG-3 activity.
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Summary

To date, the small amount of literature concerning NRG-3 biology has focused mainly

on its ability to bind and activate ErbB4 via the extracellular domain.  In this study, it

was hypothesised that NRG-3 signalling is more complex than initially thought and that

the transmembrane protein is capable of bi-directional or reverse signalling.

A search for proteins that interact with the NRG-3 ICD yielded a diverse range of

proteins.  The list of potential interactors suggests a complex NRG-3 signalling

mechanism.  A specific interaction between NRG-3 and the intracellular signalling

molecules, 14-3-3ζ and PICK1, was confirmed in different assays.  Investigating the

biological significance of these interactions is pertinent in understanding NRG-3

functions.
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Chapter 5

Analysis of the Interaction Between NRG-3

and 14-3-3ζ
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Chapter 5

Introduction

The 14-3-3 family of proteins comprise approximately 1 % of the total brain protein

lysate (Boston et al., 1982) and are implicated in several important biological functions.

During development, 14-3-3 family members display distinct spatial and temporal

expression patterns in the rat brain (Takahashi, 2003; Watanabe et al., 1993a, 1993b).

In addition, distinct subcellular localisations are observed among family members.

Whilst most 14-3-3 proteins are cytosolic, a small but significant proportion of 14-3-3

isoforms in the brain are selectively associated with membranes (Martin et al., 1994).

All 14-3-3 proteins are present in the synaptic junction but some isoforms are localised

differently in pre- and post-synaptic sites.  Notably, the majority of 14-3-3ζ is expressed

in the postsynaptic membrane but is excluded from postsynaptic densities, suggesting

that 14-3-3 functions at the synapse may be isoform specific (Simsek-Duran et al.,

2004; Strochlic et al., 2004).  Not surprisingly, 14-3-3 proteins are suspected in the

neuropathology of various nervous system diseases.  In particular, 14-3-3ζ is implicated

in the progression of Alzheimer’s disease (Soulie et al., 2004) and Parkinson’s disease

(Kawamoto et al., 2002; Ubl et al., 2002; reviewed in Berg et al., 2003).  14-3-3

proteins are known to inhibit apoptosis by inactivating pro-apoptotic molecules

(reviewed in Rosenquist, 2003; van Hemert et al., 2001) and are involved in cell death

events subsequent to ischemic brain injury (Pirim, 1998; Saito et al., 2004) and in the

characteristic death of dopaminergic neurons in Parkinson Disease sufferers (Xu et al.,

2002).  Despite the identification of an interactome containing in excess of 200 protein

candidates (Pozuelo Rubio et al., 2004), novel and critical interacting partners may still

exist for 14-3-3s.  In Chapter 4, a specific interaction between the NRG-3 ICD and 14-

3-3ζ was demonstrated.  In this chapter, the interaction and possible biological

significance are characterised in greater detail.
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Results

5.1 Mapping the Critical Region of The NRG-3 ICD Required for
14-3-3ζ Binding

The NRG-3 ICD was systematically truncated to isolate the 14-3-3ζ interacting domain.

The truncated NRG-3 ICD was fused to the LexA DNA binding protein and tested

against the VP16:14-3-3ζ transcription activating chimera.  Protein interactions were

tested in the yeast two-hybrid system using lacZ and HIS3 reporters.  Both qualitative

and quantitative assays were used to assess protein interactions.  In total, six replicates

were performed for each individual interaction and representative experiments are

shown in Figure 5.1.  The entire NRG-3 ICD (construct 1) was able to elicit a reporter

response and activation was abolished by deleting amino acids 567 to 697 (construct 2).

Regions towards the NRG-3 ICD amino-terminus were deemed non-critical for 14-3-3ζ

interaction (constructs 3 and 4).  To isolate the essential 14-3-3ζ interacting residues

between amino acids 567 and 697, further carboxyl-terminal truncation mutants were

generated for the ICD between amino acids 500 and 697 (constructs 6 – 12).  Results

localised the interaction to a region between amino acids 567 and 576 (indicated in red).

Interestingly, the addition of amino acids carboxyl to the binding motif reduced 14-3-3ζ

interactions (constructs 6 - 9), whereas adding extra residues to the amino-terminus had

no effect on binding affinity (constructs 10 – 12).  Closer examination of this region

showed a non-consensus 14-3-3-binding motif, 570Arg-Ala-Ser-Ser-Val-Pro575.

The interaction between 14-3-3 and its various protein interactors are mediated via

phosphorylated serine or threonine residues (Muslin et al., 1996).  Two optimal 14-3-3

phosphopeptide binding motifs have been determined from the analysis of target protein

binding sites; Arg-Ser-X-pSer/pThr-X-Pro and Arg-X-Tyr/Phe-X-pSer/pThr-X-Pro,

where X is any amino acid and pSer/pThr indicates phosphorylated residues (Yaffe et

al., 1997).  It has been shown, however, that many target proteins do not conform

precisely to these motifs (Andrews et al., 1998; Du et al., 1996; Fuglsang et al., 1999;

Masters et al., 1999; Vincenz and Dixit, 1996; Waterman et al., 1998).  In the NRG-3
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Figure 5.1 The NRG-3 ICD Contains a Novel 14-3-3 Binding Site

The L40 yeast strain co-transfected with pVP16:14-3-3ζ and pLexA:NRG-3-truncation

mutants identified a novel 14-3-3 binding site.  Co-transformed L40 yeasts were

assayed for HIS3 and lacZ reporter activity in six individual yeast colonies for each

construct.  Results indicate the growth of yeast on His-minus media and colorimetric

formation with X-Gal (- = no interaction, + = weak interaction, ++ = intermediate

interaction and +++ = strong interaction).  In a separate liquid β-gal assay, results

presented are the mean ± s.e.m. of four independent assays.  A nine amino acid region

critical for 14-3-3ζ binding was ascertained (red highlights) which contains a non-

consensus 14-3-3 binding motif, 570Arg-Ala-Ser-Ser-Val-Pro575.
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ICD, the critical region required for 14-3-3ζ binding contains a putative 14-3-3

consensus binding motif, 570Arg-Ala-Ser-Ser-Val-Pro575.  This motif contains the pre-

requisite residues for facilitating 14-3-3 interaction (Yaffe et al., 1997).  To decipher the

critical interacting serine residue, point mutations were generated to change serine

residues to alanine and interactions were tested in yeast.  The interaction between NRG-

3 and 14-3-3ζ was abolished when one specific serine residue, Ser-573, was mutated

(Figure 5.2), implicating this residue as the consensus phosphoserine required for 14-3-

3 interactions.  Moreover, this putative 14-3-3 binding motif is semi-conserved in NRG-

3 from rodents (Arg-X-X-Ser-X-Pro).

To further investigate the interaction between the NRG-3 ICD and 14-3-3ζ, mutant

proteins were expressed in COS7 cells and tested for interaction by

immunoprecipitation.  Three NRG-3 mutants were used for analysis; NRG-3 with the

ICD ablated, NRG-3 with a S573A amino acid substitution and NRG-3 with both

S572A and S573A amino acid substitutions (Figure 5.3A).  For coimmunoprecipitation,

NRG-3 proteins were transiently expressed in COS7 cells for 18 h before cell lysis.

Protein lysates were prepared using a nonionic detergent, polyethylene-10-oleyl ether

(Brij-97), known to conserve dimeric protein structures (Aasland et al., 2003).  The

endogenous 14-3-3ζ protein was immunoprecipitated with an antibody specific for 14-

3-3ζ (SantaCruz, USA).  NRG-3 protein was visualised by immunoblotting with a

rabbit polyclonal antibody against the carboxyl-terminal hexahistidine epitope tag.

Representative results of three independent experiments are shown (Figure 5.3B and

5.3C).  The mutation of serine residues in the 14-3-3ζ binding domain was not

sufficient to abolish protein interaction (Figure 5.3B), suggesting the existence of an

alternative 14-3-3ζ anchoring site.  The differences in post-translational modification

and protein folding in mammalian and yeast cells may also explain the discrepancies

observed for the protein interaction results.  As expected, deleting the entire NRG-3

ICD abolished interaction with 14-3-3ζ (Figure 5.3C).  Control coimmunoprecipitation

experiments with sepharose beads indicated a specific interaction between the NRG-3

ICD and 14-3-3ζ.
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Figure 5.2 Ser-573 is Critical for 14-3-3ζ Binding to NRG-3 in Yeast

Two serine residues in the putative 14-3-3 binding site were mutated to alanine and

their ability to bind NRG-3 ICD was ascertained in yeast.  Co-transformed L40 yeast

was assayed for HIS3 and lacZ reporter activity in six individual yeast colonies for each

construct.  Results indicate the growth of yeast on His-minus media and colorimetric

formation with X-Gal (- = no interaction, + = weak interaction, ++ = intermediate

interaction and +++ = strong interaction).  In the liquid β-gal assay, lacZ reporter

activities are presented as the mean ± s.e.m. of four independent assays.  Mutation of

Ser-573 abolished NRG-3 binding to 14-3-3ζ, while Ser-572 did not affect 14-3-3ζ

binding.
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A

B

C

Figure 5.3 The NRG-3 ICD is Crucial for 14-3-3ζ Interactions

Coimmunoprecipitation experiments from protein lysates of COS7 cells transiently

expressing wild-type or mutant NRG-3 proteins (A).  The immunoprecipitation

antibody is indicated on top (anti-14-3-3ζ antibodies were used to immunoprecipitate

endogenous proteins).  Immunoprecipitates were separated on SDS-PAGE and NRG-3

was detected with a anti-HisX5 antibody.  A ~85 kDa band corresponding to NRG-3 was

detected in reactions containing full-length NRG-3 as well as in the Ser to Ala mutants.

Control immunoprecipiations were performed with sepharose beads only (B).  Deleting

the NRG-3 ICD abolished the interaction between NRG-3 and 14-3-3ζ as expected (C).
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5.2 Serine Phosphorylation of Recombinant NRG-3 Protein
Interactions between 14-3-3 and target proteins are predominantly mediated via

phosphorylated serine or threonine residues (Muslin et al., 1996).  Consequently, the

phosphorylation status of NRG-3 was analysed using a rabbit polyclonal antibody

against phosphoserine residues.  The phosphorylation of NRG-3 was postulated to

involve the NRG-3 ICD interactor PICK1, as PICK1 is known to tether the serine

kinase, PKCα, to substrates (Staudinger et al., 1995; 1997).  The protein was transiently

co-expressed with NRG-3 as COS7 cells lack endogenous PICK1 protein.  Following

treatment, protein lysates were prepared with the standard RIPA lysis buffer minus

EDTA to preserve kinase activity.  The NRG-3 protein was immunprecipitated with a

mouse monoclonal antibody against the FLAG epitope tag and was resolved on SDS-

PAGE.  Phosphorylation of serine/tyrosine residues was ascertained by immunoblotting

with anti-phosphoserine and anti-phosphotyrosine antibodies.  Representative results of

three independent experiments are shown and equal amounts of protein were loaded on

each lane (Figure 5.4 – 5.6).  NRG-3 exhibited some serine phosphorylation

independent of ErbB4-Fc treatment (Figure 5.4), indicating a constitutively

phosphorylated NRG-3 protein in COS7 cells.  Furthermore, ErbB4-Fc induction

reduced serine phosphorylation of NRG-3.  The addition of the PKCα  inhibitor,

bisindolymaleimide, marginally reduced immuno-reactivity of NRG-3 to the anti-

phosphoserine antibody.  As a positive immunoblot control, PICK1, which is known to

be serine phosphorylated (Staudinger et al., 1995), was used.  The presence of

immunoprecipitated NRG-3 and PICK1 was confirmed in a separate blot of input

proteins.  To analyse tyrosine phosphorylation, immunoprecipitated NRG-3 protein was

immunoblotted with a mouse monoclonal antibody against phosphotyrosine residues

(Figure 5.5).  NRG-3 protein was immunoprecipitated via the FLAG epitope and then

immunoblotted with anti-phosphotyrosine antibody (Cell Signalling Technology, USA).

A constitutively active Lyn tyrosine autokinase (Lyn-508) was used as a positive

control.  Results showed tyrosine phosphorylation was absent in NRG-3 but present in

Lyn controls (Figure 5.5A and 5.5B).  Following immunoblotting with the anti-

phosphotyrosine antibody, the membrane was reprobed with an anti-HisX6 antibody to

confirm the presence of NRG-3 protein.  Metabolic labelling of NRG-3 with radioactive

γ-ATP also corroborated with the anti-phosphoresidue immunoblots.  Radio-labelled
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Figure 5.4 Serine Phosphorylation of NRG-3

Phosphorylation of NRG-3 were analysed in COS7 cells transiently co-transfected with

NRG-3 and PICK1.  Cells were incubated with (+) or without (-) ErbB4-Fc or IgG1

control for 30 min before cell lysis.  Total cell lysates prepared in RIPA lysis buffer

were immunoprecipitated with a mouse monoclonal antibody against the FLAG epitope

tag.  Immunoprecipitated proteins were resolved by SDS-PAGE, transferred to

nitrocellulose and then immunoblotted with an anti-phosphoserine antibody.  NRG-3

protein was serine phosphorylated regardless of induction, but serine phosphorylation

was reduced in ErbB4 induced cells.  The addition of the PKCα  inhibitor,

Bisindolymaleimide I (5 pM) slightly reduced the intensity of phosphoserine

immunoreactivity.  The serine-phosphorylated PICK1 was used as a positive

immunoblot control.  Total protein was immunoblotted with anti-FLAG antibody to

confirm expression levels of NRG-3 and PICK1.
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A

B

Figure 5.5 NRG-3 is Not Tyrosine Phosphorylated

Tyrosine phosphorylation of NRG-3 was investigated in COS7 cells transiently

expressing NRG-3.  The NRG-3 expressing cells were induced with ErbB4 before cell

lysis.  Total cell lysates prepared in RIPA lysis buffer were immunoprecipitated with a

mouse monoclonal antibody against the Flag epitope tag and immunoprecipitated

proteins were separated on SDS-PAGE and transferred onto nitrocellulose membranes

for immunoblotting.  A anti-phosphotyrosine antibody was used to detect

phosphotyrosine residues in NRG-3 proteins (A).  Immunoblot results indicated that

NRG-3 protein was not tyrosine phosphorylated.  The presence of immunoprecipitated

NRG-3 was identified by probing the same membrane with anti-HisX5 antibody.  In a

separate study, constitutively active Lyn tyrosine autokinase mutant (Lyn-508) was

immunoprecipitated and used as an anti-phosphotyrosine antibody control (B).
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protein was detected by autoradiographic film in NRG-3 transfected cells and not in

mock controls (data not shown).

5.3 Transient Expression of NRG-3 Induces Cell Death
It is generally accepted that 14-3-3 proteins inhibit pro-apoptotic molecules by

rendering them inactive in the cytosol (van Hemert et al., 2001).  COS7 cells lack NRG-

3 and ErbB4 (data not shown), making it a good mammalian cell model to examine

NRG-3 functions.  Cell viability was assessed in cells transiently expressing NRG-3.

Two methods were independently used to quantify cell viability; staining with either

propidium iodide (PI) followed by flow cytometry or staining with trypan blue (Figure

5.6).  In flow cytometry, the identification of late stage apoptosis is characterised by the

appearance of a sub G0/G1 peak in PI stained DNA (Telford et al., 1994).  NRG-3

expressing cells displayed a sub G0/G1 peak that was absent in vector controls.

Quantitatively, this correlated to a 30.9 % increase in cell death above basal levels and

strongly indicated apoptosis.  Moreover, when 14-3-3ζ was co-expressed, the NRG-3-

induced cell death was significantly reduced (Figure 5.6).

The importance of heteromeric ErbB2:4-mediated activation of the NRG-1 ICD was

recently highlighted (Bao et al., 2003).  Therefore, the NRG-3 cognate receptor ErbB4

was expressed as an Fc fusion protein to investigate ErbB4-mediated effects. Cell

viability was quantified in NRG-3 expressing COS7 cells before and after ErbB4-Fc

treatment (100 ng/mL for 24 h), by staining with trypan blue.  Independent experiments

were repeated three times and results were normalised to vector controls (Figure 5.7).

Similar to the results seen with PI staining, cells expressing NRG-3 also displayed

elevated cell death above background (~10 %).  Furthermore, following ErbB4-Fc

induction, NRG-3 mediated cell death was significantly enhanced (~35 %).  When co-

expressed with NRG-3, 14-3-3ζ attenuated the NRG-3 mediated cell death regardless of

ErbB4-Fc induction.  Transient expression of 14-3-3ζ and the NRG-3 EGF-like domian

(NRG-3EGF) had no effect on cell viability, indicating that the cell death observed was

directly attributable to the NRG-3 ICD and not by the effects of the NRG-3 extracellular

domain.  Although the NRG-3S573A mutant was able to maintain interaction with 14-3-3ζ

in COS7, the mutant construct did not cause cell death when transiently expressed in

mammalian cells (Figure 5.7).  The result indicated the importance of the Ser-573
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Figure 5.6 NRG-3 Causes Cell Death in COS7 Cells

DNA profiles of NRG-3 expressing cells were analysed by flow cytometry after PI

staining.  Representative results of three independent experiments are presented.

Control transfected cells stained with PI clearly demonstrate the various stages of the

cell cycle.  In cells transiently expressing NRG-3, 42.2 % of cells were in the sub G0/G1

phase compared to 11.3 % in controls.  Moreover, co-expression of NRG-3 and 14-3-3ζ

reduced the sub G0/G1 population to 25.6 %.  A total of 10 000 cells were analysed in

each independent experiment.  The presence of a sub G0/G1 peak in PI stained cells is

indicative of apoptosis.
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Figure 5.7 ErbB4 Induction Increases the NRG-3 ICD Mediated Cell Death

Cell viability was analysed with trypan blue in NRG-3 expressing cells before and after

ErbB4 treatment (100 ng/mL for 24 h).  Results of three independent experiments were

normalised to vector controls.  Transient expression of NRG-3 significantly increased

cell death, which was further increased following treatment with ErbB4.  Furthermore,

the increase in cell death was attenuated by co-expressing 14-3-3ζ and NRG-3.  Control

experiments where the NRG-3 EGF-like domain and 14-3-3ζ were expressed alone did

not significantly increase cell death.  Mutating Ser-573 in the NRG-3 ICD to Ala

abolished 14-3-3ζ binding and significantly reduced NRG-3 mediated cell death

(student t-test P < 0.01, asterisk).  Co-transfecting 14-3-3ζ with the NRG-3S573A mutant

had the same effect as transfecting the NRG-3S573A mutant (data not shown).  A student

t-test value of P < 0.008 were obtained in sample comparisons between vector control

and test samples (asterisk), and # denotes statistical comparisons with NRG-3 full-

length transfections.  Error bars represent ± s.e.m.
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residue in mediating cell death, but not 14-3-3ζ interactions in mammalian cells.  The

NRG-3 mediated cell death was also gene dosage dependent.  Cells were transiently

transfected with different concentrations of NRG-3 plasmid DNA and trypan blue

stained cells were scored.  The averaged results of independent triplicate experiments

are presented (Figure 5.8).  Results indicate a positive correlation between increasing

amounts of DNA transfected and cell death, indicating a specific NRG-3 effect.  To

ascertain the critical domain for cell death induction, cell viability in NRG-3 ICD

truncation mutant expressing cells was also measured (Figure 5.9).  The NRG-3 mutant

lacking the entire ICD elicited minimal cell death when compared to the full-length

protein.  Interestingly, the addition of residues carboxyl to the 14-3-3ζ binding motif,

amino acids 398 to 575, caused elevated cell death, albeit significantly less than wild-

type NRG-3.  The results thus tentatively suggest a correlation between death signal

strength and 14-3-3ζ binding, as the addition of residue carboxyl to the 14-3-3ζ binding

motif reduced the affinity between 14-3-3ζ and the NRG-3 ICD.
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Figure 5.8 NRG-3 Mediated Cell Death is a Gene Dosage Effect

Cell viability was analysed in cells transfected with varying amounts of NRG-3 cDNA,

24 h following transfection, cell viability was measured by staining cells with trypan

blue.  Results from three independent experiments are presented.  Cell death increased

with increasing amounts of NRG-3 cDNA transfected.  NRG-3 protein in transfected

cells were detected in an immunoblot using a goat polyclonal antibody raised against

the NRG-3 ectodomain.  Equal amounts of cellular protein lysate was resolved on SDS-

PAGE and transferred to nitrocellulose membrane for immunoblotting.  Cells viability

is presented as mean ± s.e.m.
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Figure 5.9 The NRG-3 ICD is Required for Mediating Cell Death

NRG-3 mediated cell death was analysed following transfection of cells with various

truncation mutants.  Results from four independent experiments were normalised to

vector controls.  Wild-type NRG-3 caused elevated cell death in transfected cells and

deleting 107 amino acids from the carboxyl-terminus significantly decreased NRG-3

mediated cell death.  Further truncations of the NRG-3 ICD showed similar levels of

decrease.  The 14-3-3ζ binding motif is indicated by the red bar.  A significant

difference was found between wild-type NRG-3 and individual mutants (P < 0.01,

asterisk).  Error bars represent ± s.e.m.
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Discussion

More than 200 protein interactors have been identified for 14-3-3 family members and

these elicit a plethora of biological functions (Pozuelo-Rubio et al., 2004).  This study

ascertained the molecular basis of NRG-3 and 14-3-3ζ interaction, and illustrated one

possible biological consequence for this interaction.

Mechanism of NRG-3 and 14-3-3 Interactions
The 14-3-3 protein family binds phosphorylated peptide residues in a manner analogous

to Src-homology 2 (SH2) and phosphotyrosine binding (PTB) domains (reviewed in

Pawson, 1995; Uhlik et al., 2004).  Three general mechanisms of action for 14-3-3

protein have been described: 1. regulation of catalytic activity of the bound protein, 2.

regulating interactions between the bound protein and other molecules via sequestration

or modification and 3. controlling the subcellular localisation of bound proteins.  The

majority of 14-3-3 protein interactions occur via a phosphorylated serine residue in the

target protein (Muslin et al., 1996).  In addition to mediating protein-protein

interactions, 14-3-3 proteins also alter the function of target proteins.  In a

phosphoserine-orientated peptide library screen, Yaffe and colleagues identified two

optimum 14-3-3 binding domains in target proteins; Arg-Ser-X-pSer/pThr-X-Pro and

Arg-X-Tyr/Phe-X-pSer/pThr-X-Pro, where X is any amino acid and pSer/pThr indicates

phosphorylated serine/threonine residues (Yaffe et al., 1997).  These two consensus 14-

3-3 binding motifs are not absolute as several alternative binding motifs have also been

identified (reviewed in Aitken, 2002).  The crystal structures of mammlian ζ and τ were

determined in the absence of ligands (Liu et al., 1997; Xiao et al., 1995) and revealed a

U-shape homodimer.  Each monomer is composed of nine anti-parallel α-helices

forming the side walls and roof of a negatively charged binding cleft for ligands.

Maximal isoform divergence occurs at residues distributed on the outer surface of the

protein, while residues in the ligand-binding cleft are highly conserved among isoforms.

Moreover, the stability of 14-3-3 and substrate interaction was demonstrated by solving

the structure of 14-3-3ζ bound to a bona fide protein ligand, the serotonin N-acetyl

transferase molecule in complex with a bisubstrate analog (Obsil et al., 2001).
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In this study, truncation mutants designed to map the critical 14-3-3ζ interacting region

revealed a semi-conserved consensus 14-3-3 binding site in the NRG-3 ICD, 570Arg-

Ala-Ser-Ser-Val-Pro575.  The putative interaction domain satisfies the canonical

positioning of the Arg, Ser and Pro residues required for 14-3-3 interactions (Yaffe et

al., 1997) and this was confirmed when Ser-573 was deemed critical for interaction in

yeast (Figure 5.2).  The abolition of interaction strongly suggests phosphorylation of

Ser-573.  Mutating Ser-573, however, did not abrogate coimmunoprecipitation of the

proteins in COS7 cells (Figure 5.3).  Although interaction between 14-3-3 and target

proteins is mediated by the recognition of a phosphoserine residue (Muslin et al., 1996),

residues that abut the phosphoserine are also critically involved (Yaffe et al., 1997).  For

NRG-3, assuming Ser-573 is the phosphorylated serine, pS(0); the basic arginine

residue at the amino-terminus, pS(-3), and the proline residue in a cis conformation at

the carboxyl-terminus, pS(+2), would also be critical for 14-3-3ζ interaction, as

demonstrated by peptide studies (Yaffe et al., 1997).  Moreover, the cis-Pro

conformation can form a stable H-bond with adjacent residues to enhance interaction

(Yaffe et al., 1997).  In the NRG-3 ICD and other 14-3-3 target proteins, the concerted

actions of these three residues are the minimum requirements for constituting a

functional ‘gatekeeper’ site.  In mammalian cells, mutating the pS(0) in NRG-3 was

insufficient in disrupting protein association, as demonstrated by

coimmunoprecipitation of proteins.  Based on peptide studies by Yaffe and colleagues,

simultaneous mutation of the arginine, serine and proline may be required for abolishing

protein interaction in mammalian cells.  However, the entire NRG-3 ICD is required for

protein interaction, as deleting the NRG-3 ICD abrogated NRG-3 and 14-3-3ζ

interaction.  Alternatively the existence of a second 14-3-3ζ binding site may contribute

to persistent interaction observed in mammalian cells.  It has been proposed that most

14-3-3 targets contain a single dominant ‘gatekeeper’ site as well as a secondary

binding site (Yaffe et al., 2002).  The identification of several 14-3-3 targets that contain

two binding sequences separated by polypeptide segments of various lengths, including

cRaf-1 (Rommel et al., 1996) and Cbl (Liu et al., 1997).  Despite this, no secondary

interacting domain was identified in the NRG-3 ICD.  Therefore the critical 14-3-3ζ

interacting residue in the NRG-3 ICD may not be restricted to the Ser-573 residue, but

also include the neighbouring Arg and Pro residues.

The NRG-3 protein undergoes protein phosphorylation in an activity dependent manner,

which may regulate its association with 14-3-3ζ.  Signal transduction mediated by 14-3-
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3 often requires serine/threonine phosphorylation of target proteins.  As the NRG-3 ICD

contains a non-consensus 14-3-3 interacting domain, it was tested for the presence of

phosphoresidues.  Subsequent immunoblots with antibodies targeted at phosphorylated

residues revealed that NRG-3 was serine and not tyrosine phosphorylated.

Incorporation of radioactive γ-ATP further supported a phosphorylated NRG-3 protein

(data not shown).  In COS7 cells, NRG-3 protein appeared to be constitutively

phosphorylated in uninduced cells and in vehicle controls.  Surprisingly, ErbB4-Fc

induction reduced the level of serine phosphorylation, thus suggesting a repressor effect

activated by ErbB4 engagement.  The reduced phosphoserine activity is intriguing, as it

it suggests NRG-3 and 14-3-3ζ binding is an active process.  The NRG-3 serine

phosphorylation was anticipated, as a phosphorylation prediction program, NetPhos 2.0,

indicated several serine residues in the NRG-3 ICD displayed a high probability of

being phosphorylated (data not shown).  One of the predicted candidate kinase involved

is the Ser/Thr kinase PKCα, because adding a PKCα inhibitor to cells expressing NRG-

3 reduced serine phosphorylation, albeit marginally.  Furthermore, the hypothesis is

supported by the identification of an alternative NRG-3 protein interactor, PICK1,

which is known to tether PKCα to target proteins.  Whether NRG-3 protein is a specific

PKCα substrate warrants further investigation.

NRG-3 and Cell Death
Several physiological cellular processes are ascribed to 14-3-3 family members, eg.

signal transduction, intracellular trafficking, apoptosis, cell cycle progression,

regulation of ion channels and transcriptional regulation (reviewed in Aitken et al., 1996

and 2000; Muslin and Xing, 2000; van Hemert et al., 2001).  The diverse biological

effects are mediated via a plethora of cellular protein partners (reviewed in Bridges and

Moorhead, 2005).  Despite intensive research, distinct roles for several 14-3-3 isoforms

remain unclear.  In this study, the apoptotic role of 14-3-3 is of particular interest as

NRG-3 increased cell death when transiently expressed in mammalian cells (Figure 5.6

and 5.7).  The NRG-3 mediated cell death is speculated to be mediated by 14-3-3ζ, as

the proteins are well established regulators of apoptosis.  14-3-3s work by controlling

subcellular sequestration and stimulation of protein-protein interactions.  Different

isoforms can inactivate various pro-apoptotic molecules in the cytoplasm.  For example,

the β and ζ isoforms bind BAD (Zha et al., 1996; Yang et al., 2001; Sunayama et al.,

2005), the θ isoform binds Bax (Nomura et al., 2003), the ζ isoform binds apoptosis
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signal-regulating kinase (ASK-1) (Zhang et al., 1999) and fork head transcription factor,

FKHRL-1 (Brunet et al., 1999) and the τ isoform binds yes-associated protein (YAP)

(Basu et al., 2003).  Conversely, 14-3-3 proteins can also retain the anti-apoptotic

molecule, telomerase reverse transcriptase (TERT) in the nucleus (Seimiya et al, 2000;

Zhang et al., 2003).  In addition to controlling subcellular localisation, 14-3-3 can also

function as an adapter/bridging molecule.  For example, interaction between p75

neurotrophin receptor (p75NTR)-associated cell death executor (NADE) to p75NTR

recruits 14-3-3ε proteins and results in caspase-3 mediated cell death (Kimura, 2001);

14-3-3η has been shown to facilitate interaction between A20, an inhibitor of tumor

necrosis factor induced apoptosis, and Raf by bringing them within close proximities

(Vincenz et al., 1996).  It is possible that one of the 14-3-3 signalling mechanisms may

regulated NRG-3 mediated cell death.

COS7 cells do not express either NRG-3 or ErbB4, making them an ideal cell model to

study NRG-3 mediated cell death.  Many other cell lines express ErbB receptors or

NRGs, making it difficult to exclude effects of NRG-3 extracellular domain binding to

endogenous receptors.  The NRG-3 mediated cell death appeared to be ligand-mediated,

as stimulation with ErbB4-Fc chimera increased cell death.  Moreover, deleting the

NRG-3 ICD and mutating Ser-573 abrogated NRG-3 mediated cell death (Figure 5.7).

Presumably, NRG-3 activates an apoptotic mechanism of cell death, identifiable as a

characteristic sub G0/G1 apoptotic peak in PI stained cells (Figure 5.6).  This sets a

precedent for NRG-3 ICD in inducing apoptosis and is supported by studies of NRG-1

mediated apoptotsis.  The NRG-1 ICD can induce apoptosis in breast epithelial cells

(Weistein et al., 1998; Grimm et al., 1998) and participates in γ-secretase-mediated

nuclear translocation to upregulate the transcription of anti-apoptotic genes (Bao et al.,

2003).  NRG-3 may activate similar NRG-1 cell death mechanisms, as NRG-1 also

induces cell death in epithelial cells.  The generation of a stable NRG-3, full-length and

ICD mutant, expressing cell lines will assist in deciphering the NRG-3 signalling

mechanisms involved.  It is anticipated that cells stably expressing NRG-3 full-length

protein will activate different signalling pathways to the ICD null-mutant, resulting in

activation of distinct biological events.

Although this study showed that 14-3-3ζ is involved in NRG-3 signalling, little is

known about the mechanistic pathways in receptor signalling involving 14-3-3ζ.  One

possible mechanism of action may involve the recruitment of secondary anti-apoptotic
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signals, such as kinases, to activate NRG-3 receptor-proximal events.  It is known that

14-3-3ζ antagonises the pro-apoptotic molecules by sequestering the phosphorylated

proteins to the cytosol (FKHRL-1, Brunet et al., 1999; BAD, Zha et al., 1996; ASK-1,

Zhang et al., 1999).  Furthermore, 14-3-3ζ has been shown to enhance survival

following IL-3 receptors binding the survival factor, IL-3 (Guthridge et al., 2004;

Stomski et al., 1999).  Survival factors cause serine phosphorylation of the IL-3 receptor

and promotes 14-3-3ζ binding.  Following 14-3-3ζ binding, secondary receptor-

proximal events are activated, including the recruitment and activation of PI 3-K and

activation of Akt kinase to phosphorylate BAD.  The phosphorylation of BAD by Akt

and its subsequent association with 14-3-3ζ is thought to result in the inactivation of the

pro-apoptotic BAD (Zha et al., 1996).  In a similar manner, a decreased in serine

phosphorylation of NRG-3 following ErbB4 induction caused an increase in cell death.

The decreased serine phosphorylation may correlate with a reduction in the number of

14-3-3ζ bound to NRG-3.  Subsequent to this, less secondary signals are activated to

promote survival, thus an increase in NRG-3-mediated cell death was observed.

Alternatively, associations between the NRG-3 ICD and 14-3-3ζ may mediate cell

death events via novel mechanisms.  The NRG-3 ICD’s 14-3-3ζ binding motif is critical

in regulating NRG-3-mediated cell death.  Despite retaining the ability to bind 14-3-3ζ,

transient expression of the NRG-3S573A mutant reduced cell death in COS7 cells.  In

contrast to the predicted increase in cell death, the NRG-3S573A mutant had a survival

effect.  Although not tested, the specific phosphorylation of Ser-573 may be pertinent in

forming a biologically active association between the NRG-3 ICD and 14-3-3ζ.  This

may correlate with the maintenance of survival effects of 14-3-3ζ in NRG-3S573A

mutants, hence a biologically active association between the NRG-3 ICD and 14-3-3ζ

leads to increased cell death through an unknown mechanism.  To ascertain the direct

participation of 14-3-3ζ, a NRG-3 mutant construct that can abolish the 14-3-3ζ binding

in mammalian cells may be generated, eg. 570Arg-Ala-Ser-Ser-Val-Pro575 → 570Ala-Ala-

Ala-Ala-Ala-Ala575.  The effect of this mutant in mediating 14-3-3ζ and cell death

induction will be helpful in deciphering the involvement of 14-3-3ζ in NRG-3 mediated

cell death.  It is also possible that NRG-3 mediated cell death indirectly involves 14-3-

3ζ , as the ability to bind 14-3-3ζ does not effect the NRG-3 ICD-mediated cell death.

Despite the conflicting results, biological evidence supports the direct participation of

the NRG-3 ICD in inducing cell death.
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Summary

Analysis of the NRG-3 ICD identified a 14-3-3 interacting motif.  The primary binding

domain in the NRG-3 ICD contains a non-consensus 14-3-3 binding sequence.  Despite

not conforming to the conventional 14-3-3 binding motifs, the NRG-3 ICD contains the

critical interacting arginine, serine and proline residues.  Phospho-specific antibodies

revealed serine but not tyrosine phosphorylated NRG-3 protein.  Whether the NRG-3

protein undergoes threonine phosphorylation is yet to be determined.  The predicted

phosphoserine residue, Ser-573, is particularly important for interaction in the yeast

two-hybrid system but not for protein interaction in mammalian cells.  The persistent

protein interaction of the Ser-573 → Ala-573 point mutant in mammalian cells may be

mediated via the arginine and proline residues having different conformations in

mammalian and yeast cells.  Nonetheless, the entire NRG-3 ICD is critical for 14-3-3ζ

interactions and highlights the importance of the domain in 14-3-3ζ and NRG-3

associations.

14-3-3 proteins were identified more than 30 years ago.  Although extensively studied,

distinct roles for the seven individual mammalian 14-3-3 isoforms remain elusive.

However, a general mechanism of interaction occurs between dimeric 14-3-3 proteins

and their target proteins.  The 14-3-3ζ protein is an interesting interacting candidate for

the serine rich NRG-3 ICD because of the propensity of 14-3-3 proteins in binding

phosphoserine/theronine residues.  Transient expression of full-length NRG-3 induced

cell death in epithelial cells.  Furthermore, expression of both NRG-3 lacking the ICD

and Ser-573 → Ala-573 mutant reduced cell death.  It is well established that 14-3-3ζ

has an anti-apoptotic effect and not surprisingly, the co-expression of NRG-3 and 14-3-

3ζ in mammalian cells attenuated NRG-3 induced cell death.  It is tantalizing to

suggest, the direct involvement of 14-3-3ζ and pro-apoptotic molecules interacting with

the protein, in NRG-3-mediated cell death.  However, a 14-3-3ζ-independent effect

cannot be completely ruled out.  Therefore, further investigation of the posttranslational

events associated with NRG-3 cell death is warranted.
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The results presented indicate the possibility of NRG-3 to signal bi-directionally via the

ICD.  Bi-directional signaling is emerging as a common and crucial biological event

and may constitute an important mechanism in NRG-3 mediated functions.
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Chapter 6

Investigating the Interaction Between

NRG-3 and Protein Interactor of C-Kinase-

1 (PICK1)
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Introduction

The Protein Interactor of C-Kinase 1 (PICK1) is a scaffolding protein capable of

facilitating downstream signalling complex formation.  PICK1 is a 46.5 kDa protein

which contains two structurally identifiable domains, a PDZ-domain and a BAR domain

(Staudinger et al., 1995; Peters et al., 2004).  A diverse range of proteins, have been

shown to interact with PICK1, including, Eph receptors, ephrins, α-amino-3-hydroxyl-

5-methyl-isoxazole-4-propionate  (AMPA) receptor subunits and ion channels (Dev et

al., 1999; Hirbec et al., 2002; Torres et al., 1998; Xia et al., 1999a).  Most of these

interactions occur via binding with the PDZ domain via residues at the extreme

carboxyl-terminus (reveiwed in Collingridge and Isaac, 2003; Henley, 2003).  In the

CNS, PICK1 is differentially involved in presynaptic neurotransmitter release (Deken et

al., 2001) and mGluR7 receptor clustering (reviewed in (Dev et al., 2001), as well as

postsynaptic trafficking of GluR52b/2c (Hirbec et al., 2003) and GluR2 (Gardner et al.,

2005; Liu and Cull-Candy, 2005; Lu and Ziff, 2005) of AMPA-type glutamate receptors

in an activity dependent manner.  The AMPA-receptors belong to the family of

ionotropic glutamate receptors and are responsible for fast excitatory synaptic

transmission.  The regulation of functional AMPA-receptor numbers via ICD

interactions is important at hippocampal synapse during basal transmission and synaptic

plasticity.

Various studies have demonstrated a role for PICK1 in regulating AMPA-receptor

endocytosis (Chung et al., 2003; Chung et al., 2000; Hanley et al., 2002; Kim et al.,

2001; Perez et al., 2001; Seidenman et al., 2003) and exocytosis (Gardner et al., 2005;

Greger et al., 2002; Liu and Cull-Candy, 2005; Lu and Ziff, 2005).  AMPA-Receptor

regulation is often phosphoserine depdendent (Chung et al., 2000; Hirbec et al., 2003;

Lu and Ziff, 2005; Matsuda et al., 1999) and involves secondary signalling molecules

(Dong et al., 1997; Srivastava et al., 1998; Lu and Ziff, 2005).  Importantly, the

intramolecular interaction between the PICK1 PDZ-domain and BAR domain dictates

either membrane or cytosolic protein association, thus adding an additional layer of

micro-regulation.

The synaptic roles of NRGs in the CNS have mainly focused on NRG-1.  In dissociated

neuronal cultures and organotypic cultures, NRG-1 participates in the regulation of
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synaptic activities and expression of GABAA receptors (Rieff et al., 1999; Okada et al.,

2004) and N-methyl-D-aspartate (NMDA) receptor subunits (Gu et al., 2005; Ozaki et

al., 1997).  Furthermore, the NRG-1β isoform de-potentiates long-term potentiation by

promoting internalisation of GluR1 containing AMPA-receptors (Kwon et al., 2005).

Based on these reports, there is precedence to suggest a synaptic role for other NRG

family members.
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Results

6.1 Mapping the Crucial PICK1 Interacting Region in the NRG-3
ICD

To identify the region of the NRG-3 ICD that interacts with PICK1, a number of

systematically truncated mutants fused to LexA DNA binding protein were assayed for

protein interaction in the yeast two-hybrid system using lacZ and HIS3 reporter genes.

Six replicates of individual interactions were averaged (mean ±  s.e.m.) and

representative experiments of the qualitative and quantitative assays are shown (Figure

6.1).  The entire NRG-3 ICD (construct 1) was able to elicit a reporter response and

deleting amino acids 384 to 567 attenuated protein interactions.  A weak PICK1

interacting region between amino acids 499 and 567 was probably due to background

reporter activation (constructs 2), as it only activated weak reporter activity in liquid β-

Gal assay (Figure 6.1A).  Additional mutants of the NRG-3 ICD (constructs 4 – 12)

were used to refine the minimal protein residues required for PICK1 association.

Results indicate the presence of a strong interacting domain (dark blue highlights)

between amino acids 576 and 611, as indicated by the different activities of construct 8

and 9.  Furthermore, the PICK1 interacting domain is separate from the 14-3-3ζ binding

motif in the NRG-3 ICD (red highlights).  The peptide sequence of NRG-3 with the

PICK1 interacting region and 14-3-3ζ binding motif is shown (Fig 6.1B).

6.2 NRG-3 and PKCα Interaction

One of the biological functions ascribed to PICK1 is in tethering the serine kinase

PKCα to GluR2 receptor subunits to induce receptor phosphorylation in an activity

dependent manner (Perez et al., 2001).  To test if NRG-3, PICK1 and PKCα exist as a

protein complex, transiently expressed proteins were coimmunoprecipitated from COS7

cell lysates.  Cells were lysed in standard RIPA lysis buffer minus EDTA and

coimmunoprecipitation performed as described in materials and methods.  The divalent

cation chelator was excluded from the buffer because it disrupted protein

coimmunoprecipitation (data not shown).  NRG-3 was immunoprecipitated with an anti-

FLAG antibody directed at the amino-terminal epitope tag.  PKCα was detected
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following separation in SDS-PAGE and immunoblotting with a mouse monoclonal

antibody raised against PKCα (Figure 6.2A).  The immunoblots demonstrated a specific

in vitro interaction between NRG-3 and PKCα.  In a separate experiment, PICK1,

PKCα and NRG-3 were immunoprecipitated as a protein complex.  Using a goat

polyclonal antibody raised against PICK1 for immunoprecipitation, the

immunoprecipitated products were resolved on SDS-PAGE and immunoblotted with

antibodies against target proteins.  PKCα was present when immunoblotted with a

specific anti-PKCα antibody.  Furthemore, subsequent immunoblots for NRG-3 with

the HisX6 epitope tag detected NRG-3 protein in the protein complex (Figure 6.2B).

Confocal immunofluorescence of neurons transfected with NRG-3-EGFP and

endogenous PKCα in dissociated rat cortical neurons was used to visualise protein

localisation.  In dissociated cortical neurons, NRG-3 expression (green) was prominent

in the neuronal soma and concentrated at the perinuclear regions reminiscent of Golgi.

In addition, NRG-3 protein expression was also detected along the dendrites in clusters

(arrows).  Immunocytochemistry showed endogenous PKCα throughout the neuronal

soma and along the dendrites (red).  Confocal sections, when merged, indicated

overlapping expression patterns for the fluorescent NRG-3-EGFP protein and immuno-

stained PKCα (Figure 6.3).

6.3 NRG-3 Alters Neurotransmitter Receptor Surface
Expression

The two ionotropic glutamate receptors, AMPA and NMDA, mediate the majority of

excitatory synaptic transmission in the CNS.  In particular, the regulation of the GluR2

subunit involves phosphorylation dependent protein-protein interactions in the AMPA-

receptor ICD (Song and Huganir, 2002; Bredt and Nicoll, 2003; Collingridge et al.,

2004).  Subsequent to the ICD interaction events, receptors are mobilised between the

cell surface and internal membranes to affect synaptic transmission.  Synaptic activity in

hippocampal organotypic cultures was examined following transient transfection of full-

length NRG-3 and NRG-3ΔICD mutants.  The ratio between AMPA and NMDA

receptor-mediated components of evoked synaptic transmission at –65 mV and +40 mV

was measured in whole-cell voltage clamp.  Following transfections, whole-cell
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A

B
NRG-3 Peptide Sequence:
MSEGAAAASPPGAASAAAASAEEGTAAAAAAAAAGGGPDGGGEGAAEPPRELRCSDCIV

WNRQQTWLCVVPLFIGFIGLGLSLMLLKWIVVGSVKEYVPTDLVDSKGMGQDPFFLSKP

SSFPKAMETTTTTTSTTSPATPSAGGAASSRTPNRISTRLTTITRAPTRFPGHRVPIRA

SPRSTTARNTAAPATVPSTTAPFFSSSTLGSRPPVPGTPSTQAMPSWPTAAYATSSYLH

DSTPSWTLSPFQDAASSSSSSSSSATTTTPETSTSPKFHTTTYSTERSEHFKPCRDKDL

AYCLNDGECFVIETLTGSHKHCRCKEGYQGVRCDQFLPKTDSILSDPTDHLGIEFMESE

EVYQRQVLSISCIIFGIVIVGMFCAAFYFKSKKQAKQIQEQLKVPQNGKSYSLKASSTM

AKSENLVKSHVQLQNYSKVERHPVTALEKMMESSFVGPQSFPEVPSPDRGSQSVKHHRS

LSSCCSPGQRSGMLHRNFRRTPPSPRSRLGGIVGPAYQQLEESRIPDQDTIPCQGYSSS

GLKTQRNTSINMQLPSRETNPYFNSLEQKDLVGYSSTRASSVPIIPSVGLEETCLQMPG

ISEVKSIKWCKNSYSADVVNVSIPVSDCLIAEQQEVKILLETVQEQIRILTDARRSEDY

ELASVETEDSASENTAFLPLSPTAKSEREAQFVLRNEIQRDSALTK*

Figure 6.1 The Crucial PICK1 Interacting Region is Identified in the NRG-3 ICD

The NRG-3 ICD was systematically truncated and the interaction with PICK1 tested in

yeast.  Co-transformed L40 yeasts were assayed for HIS3 and lacZ reporter activity in

six individual yeast colonies.  Results indicate the growth of yeast on His- media and

colorimetric formation in X-Gal reagent (- = no interaction, + = weak interaction, ++ =

intermediate interaction and +++ = strong interaction).  In a separate liquid β-Gal assay,

results presented are the mean ± s.e.m. of four independent assays.  The reporter assays

indicate the existence of a PICK1 interacting region (dark blue), that is non-overlapping
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with the 14-3-3ζ binding motif (red) (A).  The NRG-3 peptide sequence is depicted with

the NRG-3 ICD (underlined) and the PICK1 interacting region (dark blue highlights)

indicated accordingly.  The 14-3-3ζ binding motif is highlighted in red (B).
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Figure 6.2 NRG-3, PICK1 and PKCα Interacts In Vitro

Coimmunoprecipitation experiments were performed on protein lysates of COS7 cells

transiently expressing NRG-3, PICK1 and PKCα.  The immunoprecipitation antibody is

indicated on top (anti-FLAG antibodies were used to immunoprecipitate amino-terminal

tagged NRG-3 protein and anti-PICK1 was used to immunoprecipitate expressed

PICK1 protein).  Immunoprecipitates separated on SDS-PAGE were immunoblotted

with mouse monoclonal antibodies against PKCα (A) or the HA tag (B).  A ~84 kDa

band corresponding to PKCα was detected in coimmunoprecipitation experiments.

Control immunoprecipiations were performed with sepharose beads only and indicated

no non-specific protein binding.  In addition, NRG-3 was detected with anti-HisX5

antibody in the PICK1 immunoprecipitated complex with PKCα (B).
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Figure 6.3 NRG-3 Colocalises with PKCα in Cortical Neurons

Confocal immunofluorescence analysis of dissociated rat cortical neurons (11 DIV)

transiently expressing autofluorescent NRG-3-EGFP (green) and co-labelling of

endogenous PKCα (red) immunostained with mouse antibodies against PKCα .  The

expression patterns of NRG-3 overlapped that of endogenous PKCα in merged confocal

optical sections.  In addition, the NRG-3 protein was present in clusters along dendrites

(inset, arrows).  Scale bar, 20 µm.
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recordings of the synaptic activity of hippocampal pyramidal neurons in the CA1 region

were made after stimulating the Schaffercollateral-commissural pathway (Figure 6.4A).

To calculate AMPA/NMDA ratio, AMPA and NMDA components of the evoked

excitatory postsynaptic current (EPSC) in the same cell were ascertained at specific

times after the stimulation artefact (Figure 6.4B).  The AMPA/NMDA ratio was

significantly increased in NRG-3 expressing cells when compared to untransfected

controls (NRG-3, 2.64 ± 0.20 (s.e.m.), n = 4; control, 2.13 ± 0.15 (s.e.m.), n = 6; p <

0.05).  This increase was mediated by the NRG-3 ICD, as deletion of the ICD domain

did not affect the AMPA/NMDA ratio when compared to controls (NRG-3ΔICD, 2.19 ±

0.12 (s.e.m.), n = 4; control, 2.13 ± 0.15 (s.e.m.), n = 6; p = 0.42).  The NRG-3 ICD can

alter synaptic transmission in hippocampal pyramidal CA1 neurons (Figure 6.4C).
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Figure 6.4 NRG-3 Increases AMPA/NMDA Receptor Ratio

A schematic showing the placement of stimulation and recording electrodes in rat

hippocampal slice culture in whole-cell recordings.  NRG-3 mediated AMPA and

NMDA receptor responses were measured in cultures transfected with full-length NRG-

3 or NRG-3ΔICD mutant 3 days before recordings.  The Shaffercollateral-commissural

pathway in the stratum radiatum was stimulated and synaptic responses measured from

transfected hippocampal CA1 pyramidal neurons identified by the visualisation of gold

particle and RFP fluorescence (A).  A typical response of NRG-3 mediated EPSC

evoked at +40 mV holding potential showed components of AMPA and NMDA

receptors.  Early and late measurements allowed estimation of AMPA and NMDA

components in composite EPSCs.  A time window of 5-15 ms and 75-85 ms succeeding

the stimulation artefact determined the AMPA and NMDA components respectively.

The ratio of AMPAR and NMDAR components was compiled and represented (B).

Expression of full-length NRG-3 (2.64 ± 0.20 (s.e.m.), n = 4) significantly increased the

AMPAR/NMDAR ratio in hippocampal CA1 pyramidal neurons when compared to

untransfected controls (2.13 ± 0.15 (s.e.m), n=6) (P < 0.05, ANOVA).  The NRG-

3ΔICD mutant (2.19 ±  0.12 (s.e.m), n = 4) demonstrated a similar response to

untransfected controls (2.13 ± 0.15 (s.e.m), n=6) (P > 0.4, ANOVA) (C).



151

Discussion

The PICK1 and NRG-3 interaction occur via novel mechanisms.  The modular PICK1

protein contains three conserved domains; an amino-terminal PDZ-domain, a BAR

domain and acidic domains on both the amino- and carboxy-terminus.  The protein can

homodimerise via the BAR domain, which is also capable of intramolecular interaction

with the PDZ-domain (Lu and Ziff, 2005).  The intramolecular association of the PICK1

PDZ and BAR domain renders the protein inactive and PKCα phosphorylation can

disrupt the association.  Whilst most PICK1 protein interactions occur via the PDZ-

domain the NRG-3 ICD and PICK1 interaction is PDZ-domain-independent; a property

supported by the isolated yeast two-hybrid clone which lacks the PDZ domain.  In

addition, PDZ-domain targets often contain consensus PDZ-domain interacting residues

located at the extreme carboxyl-terminus (reveiwed in Sheng and Sala, 2001), which are

not present in NRG-3.  Analysis of the critical binding domain indicated a non-essential

role of the NRG-3 extreme carboxyl-terminal residues in mediating PICK1 interaction.

Based on this evidence a novel PICK1 interacting mechanism is postulated for NRG-3,

as NRG-3 does not require the PDZ-domain for interaction.  The unassociated PICK1

PDZ-domain thus is available for binding and sequestering other proteins to the NRG-3

receptor-proximity.

The multitude of PDZ-domain dependent PICK1 interactors warrants further

investigation; one of these interactors is PKCα, which participates in various biological

processes.  PICK1 is best characterised for its role in AMPA-receptor clustering and

trafficking during synaptic plasticity which involves PKCα (Henley, 2003; Collingridge

and Isaac, 2003; Braithwaite et al., 2000; Malinow and Malenka, 2002; Daw et al.,

2000).  It is well established that PICK1 tethers the serine kinase PKCα to its substrates.

Furthermore, as well as regulating PICK1 activity (Staudinger et al., 1997), PKCα can

alter PICK1 targets in an activity dependent manner via serine phosphorylation (Perez

et al., 2001; Daw et al., 2000).  Although PKCα was not isolated in the yeast two-

hybrid screen, it was detected in a complex with NRG-3 in immunoprecipitation

experiments.  In addition, colocalisation studies demonstrated that PKCα and NRG-3

were present in the same subcellular compartments in neurons.  The failure to isolate

PKCα from the yeast two-hybrid is possibly due to the transient nature of kinase and

substrate interactions or the interaction in yeast could be hindered by unfavourable or
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non-native protein conformations.  Alternatively, the NRG-3 and PKCα interaction may

be indirect and require mediation by PICK1.  However, the identification of PKCα,

PICK1 and NRG-3 in a protein complex strongly supports PKCα as a candidate kinase

for phosphorylating NRG-3 serine residues.  Neuronal cell surface receptor trafficking

is activity dependent and involves PKCα  phosphorylation of receptor ICDs

(Seidenmann et al., 2003; Tomita et al., 2005; Brenner et al., 2004).  Therefore, by

interacting with PKCα and PICK1, similar regulatory events may be applicable in

cellular trafficking of NRG-3.  As both PICK1 and PKCα are involved in crucial

receptor trafficking events postsynaptically, it would be important to ascertain the

significance of NRG-3’s presence at the postsyanptic sites.

In this study, a synaptic role for NRG-3 was predicted.  In the NRG-1 to ErbB4 forward

signalling system, postsynaptic receptor organisation via protein-protein interactions

implicates a modulatory role for NRG-1 in synaptic transmission (Huang et al., 2000).

The ErbB4 receptor is expressed during development and in the adult central nervous

system, as well as being present in postsynaptic densities of excitatory synapses (Garcia

et al., 2000).  The NRG-1 ICD undergoes activity-dependent nuclear translocation to

up-regulate transcription of PSD-95 in neurons (Bao et al., 2004).  Furthermore, in a

forward signalling direction, NRG-1 induces association of PSD-95 and the ErbB4 ICD

in neurons, as well as depressing the induction of long-term potentiation

postsynaptically that is independent of NMDA-receptors (Huang et al., 2000; Kwon et

al., 2005).  Although not proven, the distinct postsynaptic localisation of NRG-2 and

NRG-3 may indicate a unique role at the synapse that is mediated by ErbB4. To

characterise the NRG-3 synaptic role, AMPA/NMDA receptor ratio was measured

electrophysiologically in hippocampal CA1 pyramidal neurons transiently expressing

NRG-3.  The evoked EPSCs indicated a significant increase in AMPA/NMDA receptor

ratio mediated by the NRG-3 ICD (Figure 6.4).  As the NRG-3 ICD interacts

specifically with PICK1 and PKCα, a postsynaptic role for NRG-3 involving regulation

of AMPA-receptor trafficking is hypothesised.  AMPA-receptor, rather than NMDA-

receptors are involved, because as yet results do not support PICK1 and NMDA-

receptor interaction.  One possible cause of the increase is the reduction in PICK1

proteins available for GluR2 binding, because of competing PICK1 interaction by the

excess NRG-3 that is present.  As GluR2 bound to PICK1 is internalised (Chung et al.,

2000; Matsuda et al., 1999), the reduction in free PICK1 results in a pool of
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unphosphorylated GluR2 that is available for cell surface insertion.  This results in the

subsequent increase in AMPA-receptor mediated response.

Whilst the results in this present study support a role for the NRG-3 ICD at postsynaptic

sites, responses measured are in vitro.  Confirming the results in NRG-3 knockout mice

will obviate some concerns of transient protein expression.  In addition, the use of

peptides that disrupt protein interaction will also assist in understanding the inherent

regulatory mechanisms.  As the NRG-3 ICD and PICK1 interact via novel residues,

published PICK1 interaction inhibitory peptides is of minimum benefit.  Using a NRG-

3 ICD specific peptide inhibitor, therefore, will aid in demonstrating direct involvement

of NRG-3 in AMPA-receptor trafficking.  Analysis of neuronal cell type specific

responses will also be helpful in understanding the NRG-3 ICD functions, as NRG-1

induced synaptic transmission is cell type specific.  Based on the results of this study,

NRG-3 may possess a crucial role at postsynaptic sites mediated by protein interactors

to the ICD.
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Summary

The scaffolding protein PICK1 is a member of a growing number of PDZ-domain

containing molecules that facilitate protein-protein interactions.  In this study, the NRG-

3 ICD was demonstrated to interact with PICK1 via a novel PDZ-domain independent

mechanism.  Association with NRG-3 occurred via the PICK1 BAR domain and the

carboxyl-terminal residues.  Furthermore, a PICK1 interacting domain was identified in

the NRG-3 ICD and it is distinct from the 14-3-3ζ binding motif.

This study also demonstrated an interaction between NRG-3 and PKCα  in

coimmunoprecipitations, suggesting that PKCα may be the kinase responsible for

phosphorylating the NRG-3 ICD.  PICK1 is a crucial interactor for PKCα  at the

synapse, where protein association is responsible for regulating neurotransmitter

receptor trafficking that subsequently affects synaptic plasticity.  Functionally, NRG-3

expression caused an increase in AMPA/NMDA receptor ratio in pyramidal neurons in

the CA1 region of the rat hippocampus.  The response is possibly due to the resultant

increase in surface AMPA-receptors numbers, as NMDA-receptors are relatively static

at the synapse.  Significantly, the NRG-3 ICD was determined to be crucial in altering

synaptic transmission.  By interacting with PICK1, NRG-3 could participate in synaptic

transmission and possibly partake in regulating synaptic plasticity.  Results presented

indicate an active NRG-3 ICD and reinforce the notion of bi-directional signalling

through the ICD.
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Chapter 7

Discussion
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Both the NRG ICD and the extracellular domain are important for NRG biology.  It is

well established that NRGs bind ErbB3 and ErbB4 through the EGF-like domain to

mediate biological functions (reviewed in Buonanno and Fischbach, 2001).  New

evidence also indicates the ability of NRGs to mediate “reverse signals” via large ICDs.

The NRG-1 ICD has been shown to induce apoptosis and interact with intracellular

signalling molecules (Weistein et al., 1997, 1998; Wang et al., 1998).  Furthermore, two

recent studies have demonstrated activity-dependent nuclear translocation of the ICD of

NRG-1 Type III (Bao et al., 2003, 2004).  The NRG ICD comprises the majority of the

full-length molecules, and is important in mediating NRG-1 biology.  During

development, it is important in trabeculae formation in the heart (Liu et al., 1998) and is

crucial for processing of the full-length molecule (Loeb et al., 1998).  A comparison of

the peptide sequence of the ICD of NRG-1, NRG-2 and NRG-3 reveals a 36%

homology between NRG-1 and NRG-2 ICDs, with identity as high as 89% in certain

regions.  In contrast, the NRG-3 ICD has little homology to either NRG-1 or NRG-2.

Despite the differences, family members have a serine rich ICD that contains several

potential phosphorylation sites.  In addition, multiple isoforms of the NRG-1 (Bao et al.,

2004) and NRG-2 (Dr. S. Busfield, pers. comm.) ICD exist.  A search of expressed

sequence tag (EST) databases revealed the presence of alternate NRG-3 isoforms and

specific primers detected two of the NRG-3 ICD transcripts in nervous tissue, which

corroborated with previous studies where NRG-3 protein appeared to be restricted to the

nervous system.

In this study, analysing the subcellular localisations of a novel NRG-3 isoform revealed

the importance of the ICD in protein compartmentalisation.  Cells transiently expressing

recombinant NRG-3 and NRG-3ΔICD mutant displayed different localisation patterns.

The full-length protein was present in the Golgi, endocytic compartments (including the

lysosome) and on the cell membrane.  Although the NRG-3ΔICD mutant is also present

on the membrane, the majority of protein expression is dispersed throughout the

cytosol.  Golgi localisation is common in NRGs, as NRG-1 (Loeb et al., 1998) and

NRG-2 (Longart et al., 2004) are also present in the Golgi of epithelial cell lines.

Engagement of ErbB4 appeared to enhanced the lysosomal localisation of full-length

NRG-3 and not NRG-3ΔICD mutant proteins, indicating a possible mechanism of

protein degradation and inactivation in lysosomes.  These results suggest that the NRG-

3 ICD plays an important role in sequestering the full-length protein to specific

subcellular compartments and the cell surface.
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A yeast two-hybrid screen of a human fetal brain library identified protein-protein

interaction between the NRG-3 ICD and the signalling protein 14-3-3ζ.  14-3-3ζ is a

member of a larger family of adaptor proteins that interact with phosphorylated serine

residues on target proteins.  This family is involved in a multitude of biological

processes, including cell cycle control, ion channel regulation, transcriptional

regulation, signal transduction, modulation of intracellular trafficking, apoptosis and

neurodegeneration (reviewed in van Hemert et al., 2001; Aitken et al., 2002; Berg et al.,

2003).  The NRG-3 ICD interacts specifically with 14-3-3ζ in both in vitro and in vivo

assays.  Furthermore, analysis of various mutants of the NRG-3 ICD identified a non-

consensus 14-3-3 binding motif, 570Arg-Ala-Ser-Ser-Val-Pro575, and point mutations

identified Ser-573 to be important for interaction in the yeast two-hybrid system.

Notably, the NRG-2 ICD also contains a putative 14-3-3 binding motif, Arg-Ser-Asp-

Ser-Pro-Pro.  It would be of interest to determine if 14-3-3s also binds NRG-2 and if so,

whether the downstream signalling mechanisms activated are similar to that of NRG-3.

Results of this study highlighted the biological importance of the NRG-3 ICD (Figure

7.1).  Transient expression of full-length NRG-3 in epithelial cells caused cell death,

which can be elevated following ErbB4 induction.  The NRG-3 ICD was deemed

critical in the process, as ablating the ICD resulted in cell survival.  The failure of the

NRG-3 EGF-like domain to induce cell death further supported a ICD-mediated effect.

It was hypothesised that ErbB4 engagement may instigate downstream signalling events

leading to elevated cell death.  One possible posttranslational event governing the

process may involve serine phosphorylation of the 14-3-3ζ binding motif present in the

NRG-3 ICD.  In support of this, cells transiently expressing the NRG-3 Ser-573 → Ala-

573 point mutant displayed no significant cell death.  Intriguingly, the point mutation

did not abolish NRG-3 binding to 14-3-3ζ in mammalian cells.  It has been shown that

residues flanking the critical interacting serine residue are equally important in

mediating 14-3-3 binding (Yaffe et al., 1997), which may explain the persistent

association between the NRG-3S573A and 14-3-3ζ.  Testing the interaction between 14-3-

3ζ and additional NRG-3 point mutants will resolve this discrepancy.  However,

whether the 14-3-3ζ bound to the NRG-3S573A mutant is able to transmit biological

activity remains unclear.  In addition, the specificity of the NRG-3 ICD in mediating

14-3-3ζ interaction was confirmed, as ablating the NRG-3 ICD abolished 14-3-3ζ

interactions.  The biochemical and biological evidence strongly implicates the
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Figure 7.1 Bi-directional signalling by transmembrane NRG-3

Both forward and reverse signalling results from interaction between ErbB4 and

membrane tethered NRG-3.  Interaction with NRG-3 triggers activation of ErbB4

tyrosine kinase receptors as well as subsequent biological effects.  The engagement of

NRG-3 with ErbB4 also induces reverse signalling mediated by the NRG-3 ICD.  The

NRG-3 ICD interacts specifically with 14-3-3ζ  and regulates cell viability.

Furthermore, NRG-3 ICD also interacts with PICK1 and regulates surface expression of

AMPA receptors in hippocampal CA1 pyramidal neurons.  As PKCα was identified to

be a NRG-3 interactor, the serine/threonine kinase may play critical roles, eg. direct

phosphorylation of the ICD, in NRG-3 ICD-meidated downstream signalling events.
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NRG-3 ICD in promoting cell death.  Co-transfecting cells with NRG-3 and 14-3-3ζ

attenuated NRG-3 induced cell death.  Despite this, the direct involvement of 14-3-3ζ in

regulating the process warrants further investigation, as it cannot be completely ruled

out that the 14-3-3ζ anti-apoptotic effect is independent of NRG-3.

It has been shown that 14-3-3ζ can inhibit the activity of pro-apoptotic proteins by

sequestering the proteins in the cytoplasm.  Hence it was hypothesised that 14-3-3ζ may

autonomously regulate NRG-3 mediated cell death by acting like a molecular “buffer”.

Cells transiently expressing NRG-3 undergo elevated cell death and when 14-3-3ζ was

co-expressed, cell death was attenuated.  Investigations into the phosphorylation status

of NRG-3 revealed a constitutively serine-phosphorylated NRG-3 protein in transfected

epithelial cells.  Interestingly, serine phosphorylation was reduced following ErbB4

induction.  Based on the evidence, a survival effect similar to downstream signalling

mechanisms activated by the survival factor IL-3 (Guthridge et al., 2000) was proposed.

The model proposed that survival factors promote association between receptors and

14-3-3ζ.  Subsequent to the increased 14-3-3ζ associations, downstream signals are

activated to enhance serine phosphorylation of BAD, thus induces interaction with 14-

3-3ζ.  When bound to 14-3-3ζ, BAD is sequestered to the cytoplasm and inactivated

(Zha et al., 1996).  In NRG-3 signalling, the decrease in serine phosphorylation

following ErbB4 induction can result in reduced 14-3-3ζ binding.  Subsequently, 14-3-

3ζ mediated survival signals are not activated and this resulted in increase cell death.

The expression of NRG-3 at postsynaptic regions in neuronal cultures is suggestive of a

synaptic role, possibly instigated by the ICD interacting with the synaptic protein

PICK1, a signalling adaptor originally identified in a search for PKCα regulators.  This

adaptor molecule contains a functionally distinct PDZ-domain, a BAR domain and

acidic regions on both the amino- and carboxyl-terminus.  In contrast to the prototypic

PICK1 interactions, the PDZ-domain was not crucial for NRG-3 interaction, thus

leaving the domain available for other protein interactions.  A PICK1 interacting region

was defined in the NRG-3 ICD and is non-overlapping with the 14-3-3ζ interacting

motif.  PICK1 functions as a molecular chaperone for PKCα, and although PKCα was

not identified in the yeast two-hybrid screen with the NRG-3 ICD, interaction between

the two was demonstrated in mammalian cells by in vitro coimmunoprecipitations.

Similar to conventional active kinase and substrate associations, the interaction was
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EDTA-dependent.  By tethering PKCα to its substrates, PICK1 plays a crucial role in

regulating receptor trafficking (Figure 7.1), especially for the assembly of the fast

excitatory AMPA-receptor subunits; hence demonstrating that NRG-3 as a direct

substrate of PKCα or other kinases is pertinent in establishing signalling proteins

involved in NRG-3 ICD mediated biology.

NRG-3 localisation in postsynaptic regions is similar to NRG-2 but distinct from NRG-

1 (Longart et al., 2004) and NRG-3 was proposed to mediate synaptic functions.  It was

proposed that the NRG-3 ICD, in concert with PICK1, mediates biological functions at

postsynaptic regions.  Subsequent analysis in pyramidal neurons from the CA1 region

of the hippocampus showed an increase in AMPA/NMDA receptor ratio following

transfection of the full-length NRG-3 and not NRG-3ΔICD mutant.  Whole-cell patch

recordings suggested a NRG-3 ICD-dependent effect on synaptic transmission, similar

to that observed where NRG-1 activates postsynaptic ErbB receptors (Rieff et al., 1999;

Gu et al., 2005; Kwon et al., 2005).  Functionally, the NRG-3 ICD-dependent increase

in AMPA/NMDA ratio may be a consequence of disrupted interaction between PICK1

and GluR2.  Interaction between PICK1 and GluR2 differentially regulates several

AMPA-receptor functions, including endocytosis and clustering at the membrane by

tethering PKCα to phosphorylate the GluR2 subunit (Chung et al., 2000; Perez et al.,

2001; Lu and Ziff, 2005).  Physiological interaction between PICK1 and GluR2 has

been shown to regulate hippocampal (Kim et al., 2001; Daw et al., 2000; Kakegawa et

al., 2004) and cerebellar (Xia et al., 2000) long-term depression.  In addition to AMPA-

receptors, PICK1 also interacts and regulates intracellular trafficking of other subclasses

of glutamate receptors and neurotransmitter transporters.  Regulation of the AMPA-

receptor trafficking is dependent on PICK1 conformation, where intramolecular

interaction of the PDZ and BAR domains inhibits binding to PKCα and AMPA

receptors (Lu and Ziff, 2005).  In contrast, disruption of intramolecular interaction

facilitates PICK1 and GRIP/ABP association and limits the surface availability of

AMPA-receptor subunit (Lu and Ziff, 2005).  Reducing the number of surface AMPA-

receptors has been shown to alter synaptic transmission and plasticity in excitatory

synapses.  However, discrepancies exist regarding the receptor anchoring mechanisms

involving GRIP and/or ABP in conjunction with PICK1.  Nonetheless, serine

phosphorylation of GluR2 subunit destabilises GRIP and not PICK1 interaction.  Base

on these studies, parallels can be drawn between the PICK1, PKCα and NRG-3

interactions and the potential effects on AMPA-receptor subunit trafficking.



161

Determining the PICK1 conformation that interacts with the NRG-3 ICD in vivo will

assist in understanding NRG-3 regulated synaptic transmission.  One possibility is to

coimmunoprecipitate endogenous proteins following the addition of peptides inhibiting

the PDZ and BAR domain interaction.  By affecting the AMPA/NMDA receptor ratio, a

precedence has been set for the NRG-3 ICD to participate in the regulation of AMPA-

receptor trafficking.

The role of NRG-3 in synaptic transmissions and cell survival can both be addressed in

an in vivo mouse model.  The NRG-3 gene knockout mouse is viable and survives to

adulthood (C. Birchmeier pers. comm.).  Whilst not critical during development, in

postnatal development and adulthood the NRG-3 protein may exert critical functions in

maintaining synaptic homeostasis and neuron survival.  Neurotransmitter receptor

trafficking forms the basis for variations in postsynaptic responsiveness (Luscher et al.,

2000; Malinow et al., 2000) and since NRG-3 ICD affects neurotransmitter receptor

(AMPA and NMDA) numbers at the cell surface, it is plausible to suggest NRG-3’s

involvement in this process.  Both AMPA and NMDA receptor trafficking is

extensively studied (AMPA-receptor: Sheng and Lee, 2001; Bredt and Nicoll, 2003;

Henley, 2003; Collingridge and Isaac, 2003 and NMDA-receptor: Perez-Otano and

Ehlers, 2005; Carroll and Zukin, 2002; Prybylowski and Wenthold, 2004), therefore

similar experimental procedures can be applied in the study of NRG-3 mediated

synaptic transmission.  Investigating NRG-3 mediated AMPA receptor trafficking is a

valid initiation point because of the relatively static nature of NMDA-receptors when

compared to AMPA-receptors and other postsynaptic membrane proteins (Lin et al.,

2000; Ehler, 2000; Kauer et al., 1988; Muller et al., 1988).  To ascertain the

neurotransmitter receptor regulated by NRG-3, pharmacological antagonists can be

applied to wild-type and/or NRG-3 knockout mouse.  Furthermore, using specific

peptide inhibitors to disrupt interaction between the NRG-3 ICD with either 14-3-3ζ or

PICK1 will provide mechanistic information regarding NRG-3’s role in the nervous

system.

Apart from 14-3-3ζ and PICK1, other putative protein interactors to the NRG-3 ICD

were identified from the yeast two-hybrid screen.  Two putative protein interactors are

involved in intracellular protein trafficking and could participate in regulating NRG-3

functions.  Huntingtin Interacting Protein 1-Related (HIP1R) was one of the putative

interactors and showed ubiquitously expression in mouse (Engqvist-Goldstein et al.,
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1999) and human (Hyun et al., 2004).  The HIP1R dimer when bound to actin has been

found to be important for the clathrin mediated endocytosis at the cell cortex (Engqvist-

Goldstein et al., 1999, 2001) and at the trans-Golgi network (Carreno et al., 2004), thus

the protein acts as the physical link between actin and endocytic machineries.  Similarly

α-catulin, an actin associated protein, was also identified as a putative NRG-3 ICD

protein interactor in yeast.  It has been shown to participate in Rho signalling pathways

(Park et al., 2002), a function shared with HIP1R.  Therefore, α-catulin and HIP1R may

act in concert to regulate signal transduction from the cell periphery to the nucleus.

Therefore similar regulatory mechanisms mediated by HIP1R and α-catulin may also be

applicable to NRG-3 protein trafficking.

In this study, NRG-3 mediated cell death in epithelial cells may correlate with NRG-3

functions in vivo.  NRG-3 was recently identified outside the nervous system in

transformed mammary tissues.  The gene affecting the impaired mammary gland

development in ska mice was genetically mapped to mouse chromosome 14 containing

the NRG-3 gene (Howard et al., 2005).  Multiple NRG-3 isoforms were detected in ska

mouse and recombinant proteins were demonstrated to induce ectopic mammary gland

bud formation.  Other reports have also placed NRG-3 in mammary tissues, particularly

in mammary carcinomas.  NRG-3 was detected in primary invasive and established

mammary carcinomas, as well as in mammary carcinoma derived cell lines.  However,

in contrast to other NRGs, NRG-3 expression was mainly associated with low-grade

tumours (Dunn et al., 2004; Marshall et al., 2005).  It is well established that NRG-1

activates ErbB receptors and instigates a variety of intracellular signals in carcinoma

progression of epithelial cells.  Furthermore, full-length NRG-1 is capable of mediating

dual functions; the extracellular domain promotes proliferation, while the ICD induces

apoptosis (Weinstein et al., 1998; Grimm et al., 1998; Weinstein and Leder, 2000).

Both activities are highly regulated in NRG-1 mediated functions.  NRG-4 is also

detected in epithelial cells and serves critical embryo implantation functions in the uteri

epithelium (Brown et al., 2004).  Consequently, NRG-3 function in various epithelial

cells warrants further investigation.

The data presented here provides evidence to support a biologically active NRG-3 ICD.

Results have demonstrated, 1. that the NRG-3 ICD is important for

compartmentalisation of the full-length protein in an activity-dependent manner, 2. that

the NRG-3 ICD is capable of binding specifically to the intracellular signalling
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molecules 14-3-3ζ and PICK1, 3. that the NRG-3 ICD can induce cell death and that

this is enhanced by ErbB4, 4. that the NRG-3 mediated cell death can be attenuated by

14-3-3ζ and  5. that the NRG-3 ICD can alter synaptic transmission and possibly

regulate AMPA-receptor trafficking in concert with PICK1 and PKCα.  This study is

the first to identify proteins that interact with the NRG-3 ICD and demonstrate

biological functions mediated by the NRG-3 ICD.  NRG-3 bi-directional signalling

could be an important mechanism that results in a plethora of NRG-3 activities in

different cell types and the phenomena may explain the diverse temporospatial activities

mediated by the different NRG family members.
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