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ABSTRACT

ErbB4 is a member of the epidermal growth receptor family (EGFR/ErbB1, ErbB2,
ErbB3, ErbB4) of receptor tyrosine kinases. ErbB receptors are activated by extracellular
growth factor ligands, and control the activity of intracellular signaling pathways that
regulate fundamental cellular processes such as proliferation, differentiation and survival.
ErbB receptors are necessary for the development and homeostasis of several tissues,
and aberrant ErbB signaling is a common feature of human pathologies, such as cancer.
Accordingly, several regulatory mechanisms are required to ensure the appropriate
function of ErbB receptors.

This thesis aimed to characterize novel regulatory mechanisms of ErbB4 signaling, with a
focus on ubiquitin and ubiquitin-like post-translational modifications. ErbB4 is expressed
as functionally distinct isoforms, and the results of this thesis indicate that ErbB4 is
ubiquitinated, endocytosed and degraded in an isoform-specific manner. Ubiquitination, a
signal for endocytosis and degradation, was catalyzed by a ubiquitin ligase that specifically
interacted with one of the isoforms. This study also demonstrated that ErbB4 intracellular
domain (ICD), released by ErbB4 isoforms that undergo regulated intramembrane
proteolysis, is modified by small ubiquitin-like modifier (SUMO). SUMOylation promoted
the nuclear accumulation of ErbB4 ICD and regulated the nuclear signaling of ErbB4.

Together, these findings represent novel molecular mechanisms that regulate the stability,
subcellular localization and activity of ErbB4. Moreover, this study demonstrates for the
first time that SUMOylation controls the function of an ICD of a receptor tyrosine kinase
in the nucleus. The post-translational regulation of quantitative and qualitative aspects
of ErbB4 signaling may have implications for the function of ErbB receptors in both
normal tissues and cancer. Finally, the findings of this thesis can potentially be extended
to provide new understanding on the mechanisms that regulate the functions of receptor
tyrosine kinases other than ErbB4.

Key words: endocytosis, ErbB4, isoform, nuclear signaling, SUMO, ubiquitin
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TIIVISTELMA

ErbB4 on ErbB-reseptoriperheeseen (EGFR/ErbB1, ErbB2, ErbB3, ErbB4) kuuluva
tyrosiinikinaasireseptori. ErbB-reseptorit sitovat solun ulkopuolisia kasvutekijoitd ja
aktivoivat ndin solunsisdisid signalointireittejd. ErbB-vilitteinen signalointi séételee
solujen kasvua, erilaistumista ja selviytymistd, ja on vilttdmétontd useiden kudosten
kehityksen ja toiminnan siételyssd. ErbB-reseptorien aktiivisuutta ja toimintaa sdadellaan
tarkasti, ja héiriintynyt ErbB-signalointi on keskeinen tekija syovin ja erdiden muiden
sairauksien synnyssé ja etenemisessa.

Tadmaén tutkimuksen tavoitteena oli 10ytaa uusia molekyylitason mekanismeja, jotka
sddtelevit ErbB4-reseptorin toimintaa. Tutkimus keskittyi erityisesti ubikitiinin
kaltaisiin translaation jélkeisiin modifikaatioihin. ErbB4 esiintyy erilaisina
alamuotoina, ja tutkimuksessa havaittin eroja alamuotojen ubikitinaatiossa,
endosytoosissa ja hajotuksessa. Tutkimuksessa Idydettiin ubikitiiniligaasi,
joka sditeli vain tietyn ErbB4:n alamuodon ubikitinaatiota aiheuttaen ErbB4:n
endosytoosin ja hajotuksen. Tutkimuksessa havaittiin myos, ettd ubikitiinin kaltainen
SUMO-modifikaatio (engl. small ubiquitin-like modifier) sdidtelee ErbB4-reseptorin
proteolyyttisesti katkeavista alamuodoista irtoavan solunsisdisen osan toimintaa.
SUMO-modifikaatio sddteli ErbB4:n solunsisdisen osan méérii tumassa ja ErbB4:n
tumasignaloinnin aktiivisuutta.

Tutkimuksessa tehdyt havainnot osoittavat, ettd translaation jilkeiset modifikaatiot
sadtelevat ErbB4-reseptorin hajotusta, solunsisdistd sijaintia ja signalointia.
Tutkimuksessa osoitettiin ensimmaistd kertaa, ettdi SUMO-modifikaatio sditelee
tyrosiinikinaasireseptorin solunsisdisen osan toimintaa tumassa. Translaation jélkeiset
modifikaatiot voivat vaikuttaa ErbB-reseptorien toimintaan sekd terveessd ettd
syopédkudoksessa. Tutkimuksen tulokset ErtbB4-reseptorin uusista sddtelymekanismeista
saattavat my0s olla laajennettavissa muihin tyrosiinikinaasireseptoreihin.

Avainsanat: alamuoto, endosytoosi, ErbB4, SUMO, tumasignalointi, ubikitiini
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1 INTRODUCTION

The ErbB family of receptor tyrosine kinases consists of epidermal growth factor receptor
(EGFR, ErbB1), ErbB2, ErbB3, and ErbB4. ErbB receptors are activated by the binding
of extracellular EGF-like growth factors, and transmit the growth factor signal into the
activation of intracellular signaling cascades. Through these signaling cascades ErbB
receptors regulate fundamental cellular processes such as proliferation, differentiation
and survival, and play essential roles in embryonic development and the homeostasis of
adult tissues. Accordingly, the function of ErbB receptors must be tightly controlled, and
aberrant ErbB signaling is a common feature of human pathologies, including cancer.

The function of many proteins involved in signal transduction is regulated by post-
translational modifications. Post-translational modifications, which include the
attachment of ubiquitin and ubiquitin-like polypeptides in addition to small chemical
groups, represent a fast and often reversible way to regulate protein function. Chains
of ubiquitin molecules often function as proteolytic degradation signals, and the
ubiquitination-induced lysosomal degradation of activated EGFR is a well-characterized
example of ubiquitination as a negative regulator of cellular signaling. The attachment
of ubiquitin-like proteins, however, typically regulates their target proteins by non-
proteolytic mechanisms, for example by inducing changes in the activity or subcellular
localization.

Although many aspects of ErbB signaling have been extensively studied, the roles
of post-translational ubiquitin, and in particular ubiquitin-like modifications in ErbB
receptor function are largely unexplored. This thesis focuses on one member of the
ErbB family, ErbB4, and elucidates how ErbB4 signaling is regulated by ubiquitin and
ubiquitin-like modifications. Identification of the molecular mechanisms that modify
the output of ErbB4 signaling will expand the understanding of ErbB4 function in both
healthy and diseased tissues.
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2  REVIEW OF THE LITERATURE

2.1 Receptor tyrosine kinases

Protein phosphorylation is a post-translational modification that regulates intracellular
signaling pathways. Protein kinases are enzymes that catalyze the transfer of the
Y-phosphate group from adenoside triphosphate (ATP) to an amino acid residue of a
protein substrate. The human genome encodes over 500 protein kinases, of which at
least 90 are protein tyrosine kinases. 55 protein tyrosine kinases are transmembrane
receptors referred to as receptor tyrosine kinases (RTK), which are further divided in
19 subfamilies. RTKs mediate extracellular growth factor signals across the plasma
membrane, and control fundamental cellular processes. The activity of RTKs is tighly
controlled during normal embryonic development and homeostasis of adult tissues,
but aberrant RTK function is associated with pathologies, especially cancers (Blume-
Jensen and Hunter, 2001; Lemmon and Schlessinger, 2010; Wheeler and Yarden,
2015).

2.2  ErbB receptors

The ErbB or epidermal growth factor (EGF) receptor subfamily of RTKs consists
of epidermal growth factor receptor (EGFR, or ErbB1) (Ullrich et al., 1984), ErbB2
(Coussens et al., 1985), ErbB3 (Plowman et al., 1990) and ErbB4 (Plowman et al.,
1993a) (Figure 1). The receptors are called ErbB for the close similarity of the amino
acid sequence of EGFR with the amino acid sequence of avian erythroblastic leukemia
retroviral oncoprotein v-erb-B (Downward et al., 1984). ErbB receptors are also called
HER receptors, an abbreviation for human EGF receptor.

ErbB receptors are transmembrane type [ glycoproteins of approximately 180 kilodaltons.
They share a common structure with other receptor tyrosine kinases, with an extracellular
domain, a single a-helical transmembrane domain, and an intracellular domain (Figure
1). The ErbB extracellular domain mediates receptor activation via ligand binding
and receptor dimerization. The transmembrane domain docks ErbB receptors to the
plasma membrane, and has minor roles in receptor activation. The ErbB intracellular
domain contains tyrosine kinase activity and a carboxy (C)-terminal tail, including
phosphorylated tyrosine residues that serve as binding sites for the intracellular signaling
molecules upon receptor activation (Lemmon et al., 2014).
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Figure 1. Structures and ligands of ErbB receptors. 7op: ErbB ligands grouped according
to their receptor-binding specificities. EGF, epidermal growth factor; HB-EGF, heparin-binding
EGF-like growth factor; NRG, neuregulin; TGFa, transforming growth factor o. Bottom:
Schematic structures of ErbB receptors in the inactive conformation. ErbB receptors have a ligand-
binding extracellular domain, a single o-helical transmembrane domain, and an intracellular
domain containing a tyrosine kinase domain (indicated in red) and carboxy-terminal tail (C). The
extracellular domain of ErbB2 is constitutively in an active conformation. The kinase domain of
ErbB3 is inactive. The receptor structures are modified from Burgess et al., 2003 and Zhang et
al., 2006.

2.2.1 Ligands of ErbB receptors

The four ErbB receptors are activated by 11 EGF-like polypeptide ligands that have
different receptor-binding preferences (Figure 1). Ligands that bind to and activate
EGFR include EGF, heparin-binding EGF-like growth factor (HB-EGF), transforming
growth factor oo (TGF-at), amphiregulin, betacellulin, epigen, and epiregulin (Riese et al.,
1996a; 1996b; 1998; Strachan et al., 2001). In addition to EGFR, HB-EGF, betacellulin
and epiregulin also activate ErbB4 (Riese et al., 1996a; Elenius et al., 1997a; Riese et al.,
1998). Neuregulins (NRG) are ligands that activate either both ErbB3 and ErbB4 (NRG-
1 and NRG-2), or ErbB4 only (NRG-3 and NRG-4) (Plowman et al., 1993b; Carraway
et al., 1994; Carraway et al., 1997; Chang et al., 1997; Zhang et al., 1997; Harari et al.,
1999). No EGF-like ligands that directly bind to ErbB2 have been identified, an anomaly
explained by the crystal structure of the ErbB2 extracellular domain (Cho et al., 2003;
Garrett et al., 2003).
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The EGF-like ligands are synthesized as transmembrane precursor proteins. Proteolytic
processing by extracellular proteases, referred to as shedding, releases the soluble ligand
into the extracellular space and controls autocrine and paracrine signaling. Additionally,
transmembrane forms of some EGF-like ligands can bind to receptors in neighboring
cells, and transmit signals in juxtacrine fashion (Singh and Harris, 2005; Blobel et al.,
2009).

2.2.2 Activation of ErbB receptors

Structural studies have illustrated how ligand binding to the extracellular domain of
ErbB receptors is converted to the activity of the intracellular tyrosine kinase domain.
In the absence of ligand, ErbB receptors exist as monomers, and the extracellular
domain of EGFR, ErbB3 and ErbB4 is in a closed, autoinhibited conformation (Cho
and Leahy, 2002; Garrett et al., 2002; Bouyain et al., 2005) (Figure 2). Ligand binding
to the extracellular subdomains I and III results in a major structural reconfiguration,
and the stabilization of an open, active conformation. In this active conformation, the
extracellular subdomains II and IV mediate receptor dimerization (Garrett et al., 2002;
Ogiso et al., 2002; Burgess et al., 2003). Notably, the extracellular domain of ErbB2
is constitutively in the active conformation, and thus ready to dimerize without ligand
binding. The active conformation of ErbB2 is stabilized by an interaction interface of
subdomains I and III in a manner that resembles the ligand-induced stabilization of the
active conformation of other ErbB receptors. The interaction interface also buries the
ligand-binding surface, explaining the inability of ErbB2 to bind to ligands (Cho et al.,
2003; Garrett et al., 2003) (Figure 1).

The dimerization of ErbB extracellular domains promotes the formation of an
asymmetric dimer of the intracellular tyrosine kinase domains. In the asymmetric dimer,
the C-terminal lobe of one kinase molecule (referred to as the activator kinase) makes
contacts with the N-terminal lobe of another kinase molecule (referred to as the receiver
kinase) (Figure 2). These interactions stabilize the active conformation of the receiver
kinase, which in turn phosphorylates the activator kinase in trans (Zhang et al., 2006;
Qiuetal., 2008). The intracellular juxtamembrane region and the transmembrane domain
further stablize the active asymmetric kinase dimer (Bocharov et al., 2008; Brewer et al.,
2009; Jura et al., 2009).

The allosteric activation mechanism of ErbB receptors does not require catalytic activity
of the activator kinase. Thus, ErbB3, which lacks important catalytic residues and is
practically inactive, can function as an activator in the asymmetric kinase dimer of ErbB
heterodimers (Guy et al., 1994; Zhang et al., 2006; Shi et al., 2010).
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© Ligand
@) Phosphorylation

Closed Open Active dimer

Figure 2. Activation of ErbB receptors. Lefi: Inactive receptor monomers adopt a closed
conformation, in which the dimerization interface (indicated by an oval) of the subdomains II
and IV is masked. Middle: Ligand (indicated in blue) binding to the subdomains I and III induces
structural reconfiguration, and receptors adopt an open conformation where the dimerization
interface is exposed. Right: Dimerization of the extracellular domains, mediated by the
subdomains II and IV, promotes the formation of an asymmetric dimer of the tyrosine kinase
domains (indicated in red). The C-terminal lobe of the activator kinase makes contacts with
the N-terminal lobe of the receiver kinase, resulting in stabilization of the active conformation
and autophosphorylation of the receptor dimer. Yellow circles indicate phosphorylated tyrosine
residues. Modified from Burgess et al., 2003 and Zhang et al., 2006.

2.2.3 Signaling pathways activated by ErbB receptors

Theligand-induced activation ofthe ErbB kinase domainresultsin the autophosphorylation
of several tyrosine residues in the receptor’s C-terminal tail. Autophosphorylation sites
are determined by the activating ligand and, as ErbB receptors can form homo- and
heterodimers, the composition of the receptor dimer (Olayioye et al., 1998; Sweeney
et al., 2000). Indeed, the C-terminal tail is the least conserved domain of ErbBs, and
each receptor has different preferences for signaling and adaptor proteins that recognize
the phosphorylated tyrosines (Schulze et al., 2005). The signaling and adaptor proteins
associate with ErbB receptors via their Scr homology (SH) or phosphotyrosine-binding
(PTB) interaction domains, and link the receptors to downstream signaling cascades
including the mitogen-activated protein kinase (MAPK), phosphoinositol 3-kinase
(PI3K), phospholipase C (PLC)-vy, and signal transducer and activator of transcription
(STAT) pathways (Figure 3). The activity of these signaling processes translates receptor
activation to cellular responses including proliferation, differentiation, migration, and
survival (Lemmon and Schlessinger, 2010).



16 Review of the Literature
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Figure 3. Signaling pathways activated by ErbB receptors. Signaling and adaptor molecules
(indicated in grey) are recruited to the phosphorylated tyrosine residues (indicated in yellow) in
receptor C-terminal tails, and initiate intracellular signaling pathways that mediate different cellular
responses. Akt, v-akt murine thymoma viral oncogene homolog; DAG, diacylglycerol; ERK,
extracellular signal-regulated kinase; GRB2, growth factor receptor-bound protein 2; IP3, inositol-
1,4,5-triphosphate; MEK, mitogen activated protein kinase kinase; PCK, protein kinase C; PDK1,
3-phosphoinositide dependent kinase 1; PI3K, phosphoinositol 3-kinase; PLCY, phospholipase
C-v; Raf, v-raf murine leukemia viral oncogene homolog; Ras, rat sarcoma; SHC, Src homology 2
containing; SOS, son of sevenless; STAT, signal transducer and activator of transcription.

The MAPK pathway can be activated by all ErbB receptors. Phosphorylated ErbB
receptors harbor docking sites for the SH2 domain containing adaptor protein growth
factor receptor-bound protein 2 (GRB2), or the SH2 and PTB domain containing
adaptor protein Src homology 2 containing (SHC), which recruit the guanide nucleotide
exchange factor son of sevenless (SOS) to the plasma membrane (Schulze et al., 2005;
Lemmon and Schlessinger, 2010). SOS activates the small GTPase Ras, which in turn
triggers a kinase cascade comprising Raf (MAPK kinase kinase), MEK (MAPK kinase)
and ERK (MAPK). Activated ERK translocates into the nucleus where it can activate
several transcription factors, including Myc and transcription factors belonging to the
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AP-1 and ETS families. The activation of these transcription factors leads to changes in
gene expression to promote various cellular responses, most prominently proliferation
(Roberts and Der, 2007; Shaul and Seger, 2007).

PI3K pathway is another key signaling pathway activated by ErbB receptors. ErbB3
and ErbB4 have binding sites for the SH2 domain containing PI3K regulatory subunit
p85 (Schulze et al., 2005). The PI3K catalytic subunit p110 catalyzes the conversion
of phosphatidylinositol-4,5-phosphate to phosphatidylinositol-3,4,5-phosphate, which
recruits Akt and 3-phosphoinositide dependent kinase 1 (PDK1). PDK1 phosphorylates
Akt, which becomes activated and phosphorylates downstream targets involved in cell
survival, metabolism and cytoskeletal rearrangements (Luo et al., 2003). In addition
to the direct PI3K activation by ErbB3 and ErbB4, ErbB receptors can activate this
pathway indirectly via Ras (Rodriguez-Viciana et al., 1994).

Another phosphoinositol signaling pathway is initiated by the recruitment of PLCy to the
activated ErbB receptors by its SH2 domains. EGFR, ErbB2 and ErbB4 phosphorylate
PLCY, leading to its activation (Margolis et al., 1990; Peles et al., 1991; Vecchi et al.,
1996). Activated PLCy hydrolyzes phosphatidylinositol-4,5-phosphate to secondary
messengers diacylglycerol and inositol-1,4,5-triphosphate, which in turn stimulate the
release of calcium and calcium dependent signaling, as well as the activation of protein
kinase C (Rhee, 2001). The PLCy pathway regulates diverse cellular processes including
proliferation, differentiation and migration (Yang et al., 2013).

ErbB receptors also activate STAT proteins, transcription factors that were initially implicated
as cytokine signal transducers (Schindler, 2002). Different ErbB receptors activate different
STAT proteins. EGFR activates STAT1, STAT3 and STATS (Olayioye et al., 1999; Schulze
et al., 2005), and ErbB4 activates STATS (Jones 1999; Olayioye et al., 1999; Schulze et al.,
2005). The inactive STATS reside in the cytosol as monomers, and are activated through
phosphorylation-induced dimerization. STAT dimers translocate to the nucleus where they
regulate gene expression (Schindler, 2002). In the context of EGFR signaling, STAT-mediated
transcriptional responses promote proliferation and survival (Quesnelle et al., 2007). ErbB4,
in turn, activates STATS to promote differentiation (Long et al., 2003).

2.2.4 Nuclear signaling of ErbB receptors

In addition to the classical signaling pathways activated by ErbB receptors at the cell
surface, ligand-activated ErbB receptors can be shuttled to the nucleus where they may
function as transcriptional regulators (Chen and Hung, 2015). All ErbB receptors have
been observed to localize in the nucleus (Xie and Hung, 1994; Marti etal., 1991; Nietal.,
2001; Offterdinger et al., 2002). Unique among ErbB receptors, ErbB4 can translocate
into the nucleus as a soluble intracellular receptor fragment (Ni et al., 2001).

The nuclear translocation mechanism of EGFR has been studied in detail. Ligand-
activated receptors are first internalized via clathrin mediated endocytosis, and sorted from
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endosomes to a retrograde vesicular trafficking route, which transports them to the trans-
Golgi network and endoplasmic reticulum (Lo et al., 2006; Wang et al., 2010a) (Figure 4).
All ErbB receptors contain a tripartite nuclear localization signal (NLS) in the intracellular
juxtamembrane region, which allows them to be transported to the nuclei via interactions
with nuclear transport receptors importin 1o and B (Lo et al., 2006; Hsu and Hung, 2007).
Finally, SEC61 translocon activity is required to release transmembrane EGFR from the
lipid membrane (Liao and Carpenter, 2007; Wang et al., 2010b). A similar translocation
mechanism requiring endocytosis and importin 3 has been described for ErbB2 and ErbB3
(Giri et al., 2005; Wang et al., 2012; Reif et al., 2016).
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Figure 4. Nuclear translocation and signaling of ErbB receptors. Full-length ErbB receptors
are transported to the nucleus via vesicular transport, and interactions with importin 1 and SEC61
translocon. ErbB4 undergoes regulated intramembrane proteolysis mediated by tumor-necrosis

factor o converting enzyme (TACE) and y-secretase, and is translocated into the nucleus as a soluble
intracellular fragment. Nuclear ErbB receptors can regulate transcription. TF, transcription factor.
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The nuclear translocation of ErbB4 intracellular fragment is initiated by a two-step
proteolytic process called regulated intramembrane proteolysis (RIP) (Figure 4). Of
note, although ErbB4 was the first RTK described to undergo RIP, many other RTKs
have since been identified as RIP substrates (Merilahti et al., unpublished). First, the
extracellular domain of ErbB4 is shed by tumor-necrosis factor o. converting enzyme
(TACE/ADAM17), generating a membrane-tethered receptor fragment (m80) and a
soluble extracellular fragment (Rio et al., 2000). This proteolytic event is stimulated by
phorbol esters or ligand binding (Vecchi et al., 1996; Zhou and Carpenter, 2000). Next,
the m80 fragment is cleaved by y-secretase complex, releasing the intracellular domain
(ICD) into the cytosol (Ni et al., 2001; Lee et al., 2002). The soluble ICD contains a
nuclear localization signal that mediates the nuclear translocation (Williams et al., 2004;
Hsu and Hung, 2007).

Nuclear ErbB receptors have been demonstrated to promote proliferation by regulation
of gene expression (Chen and Hung, 2015). For example, nuclear EGFR associates with
cyclin D1 promoter and nuclear ErbB2 associates with cyclooxygenase-2 promoter,
promoting their transcription (Lin et al., 2001; Wang et al., 2004). ErbB receptors do not
contain DNA-binding domains, but instead regulate gene expression via interactions with
DNA-binding transcription factors (Chen and Hung, 2015). In addition to transcriptional
coregulatory functions, nuclear EGFR has been shown to phosphorylate and regulate the
function of proliferating cell nuclear antigen (Wang et al., 2006).

Nuclear ErbB4 ICD regulates transcriptional processes by modifying the activity
of transcriptional activators and repressors. The signaling mechanisms and cellular
responses of ErbB4 ICD will be discussed in more detail in section 2.3.1.

2.2.5 Negative regulation of ErbB signaling

The signaling of ligand-activated ErbB receptors is attenuated by reversible and
irreversible negative regulatory mechanisms. Receptor dephosphorylation and
endocytosis-mediated receptor degradation are rapid mechanisms to downregulate
signaling. In contrast, the synthesis of protein inhibitors represents a delayed negative
regulatory mechanism (Citri and Yarden, 2006).

Protein tyrosine phosphatases (PTP) are enzymes that catalyze the removal of phosphate
groups from phosphotyrosines, thus inactivating RTKs. The human genome encodes
more than one hundred PTPs (Tonks, 2006). Several of them, for example protein
tyrosine phosphatase 1B, have been shown to dephosphorylate and inactivate ErbB
receptors (Haj et al., 2003; Monast et al., 2012).

Receptor endocytosis is the major downregulation mechanism of activated RTKSs,
including EGFR. The receptors are constitutively internalized from the plasma
membrane, but ligand binding increases the internalization rate resulting in the rapid
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retention of receptors in early endosomes (Goh and Sorkin, 2013). Although clathrin-
mediated internalization is the major and fastest internalization pathway for ligand-
activated EGFR, clathrin-independent pathways may also be involved (Sigismund et al.,
2005; Goh and Sorkin, 2013). Once internalized, the receptors can be recycled back to
the plasma membrane in recycling endosomes, or trafficked further into multivesicular
bodies and sorted for lysosomal degradation. This sorting event is regulated by post-
translational ubiquitin modification, mediated by ubiquitin ligase Cbl (Levkowitz et al.,
1999; Goh and Sorkin, 2013) (Figure 5). Unlike EGFR, the ligand-induced endocytosis
and degradation of ErbB2, ErbB3 and ErbB4 has been reported to be inefficient (Baulida
et al., 1996). However, the stability of ErbB2, ErbB3 and ErbB4 is regulated by other
ubiquitin-dependent mechanisms. The role of ubiquitination in the degradation of ErbB
receptors will be discussed in more detail in section 2.4.1.
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Figure 5. Ubiquitination and the endocytosis of EGFR. Activated EGFR is ubiquitinated
(indicated in orange) by Cbl. Ubiquitinated receptors are trafficked from early endosomes
to multivesicular bodies (MVB). In MVBs the ubiquitinated receptors are recognized by the
endosomal sorting complex required for transport (ESCRT), and sorted for intraluminal vesicles
and further to lysosomes. Alternatively, the receptors can be deubiquitinated and recycled back
to the cell surface.

In addition to rapid downregulation by dephosphorylation and endocytosis, ErbB
signaling is controlled by ligand-inducuble protein inhibitors that form a negative
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feedback loop. These protein inhibitors include leucine-rich repeats and immunoglobulin-
like domains-1 (LRIGI), receptor-associated late inducer/mitogen-induced gene 6
(RALT/MIG), and suppressors of cytokine signaling (SOCS) (Anastasi et al., 2003; Gur
et al., 2004; Laederich, 2004; Kario et al., 2005). While LRIG1 and SOCS enhance ErbB
receptor ubiquitination and degradation, RALT/MIG6 binds to the kinase domain and
inhibits the formation of the kinase dimer (Gur et al., 2004; Laederich, 2004; Kario et
al., 2005; Zhang et al., 2007).

2.2.6 ErbB receptors in embryonic development

The importance of ErbB signaling in normal tissues has been illustrated in genetic
knockout studies. Egfir deficient mice die before preimplantation or survive until a
few weeks after birth, depending on the genetic background (Miettinen et al., 1995;
Threadgill et al., 1995). These mice demonstrate defective epithelial and central nervous
system development (Miettinen et al., 1995; Threadgill et al., 1995; Sibilia et al., 1998).

Erbb2 null mice die at embryonic day 10.5 due to the lack of ventricular trabeculae, which
results in cardiac failure (Lee et al., 1995). ErbB2 is also critical in the development
of the nervous system, and Erbb2 deficient mice demonstrate defects in neural crest-
derived tissues such as cranial ganglia and Schwann cells (Lee et al., 1995; Erickson et
al., 1997; Woldeyesus et al., 1999).

Erbb3 deletion also results in embryonic lethality. Erbb3 null mice die at embryonic
day 13.5 due to the abnormal development of cardiac cushions, which leads to defective
atrioventricular valves and cardiac failure (Erickson et al., 1997; Riethmacher et al.,
1997). Inactivation of Erbb3 also results in severe neuropathies, especially in the
peripheral nervous system, due to defective Schwann cell development (Riethmacher
et al., 1997). Similar to ErbB2, Erbb3 is required for the development of cranial ganglia
(Erickson et al., 1997; Riethmacher et al., 1997).

Inactivation of Erbb4 results in embryonic lethality, and Erbb4”- mice have defects in
the development of the heart, central nervous system, mammary gland, kidney and testis.
These studies are reviewed in section 2.3.4.

2.2.7 ErbB receptors in cancer

Dysregulation of growth factor signaling is a common feature of cancer (Hanahan and
Weinberg, 2000; 2011). Since the identification of EGFR and ErbB2 as homologs of
avian and rodent oncogenes, v-erb-B (Downward et al., 1984) and neu (Schechter et al.,
1984), the role of ErbB signaling in cancer has been extensively studied. While EGFR
and ERBB2 are well-established oncogenes driving tumors of epithelial tissues and the
central nervous system, ErbB3 has been implicated in cancer as a co-receptor able to
promote signaling from EGFR and ErbB2 (Arteaga and Engelman, 2014). Compared to
other ErbB receptors, the role of ErbB4 in cancer is poorly defined (section 2.3.5).
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ErbB signaling in cancer can be abnormally activated by overexpression, somatic mutations,
or increased ligand availability (Arteaga and Engelman, 2014). For example, a subset of
breast cancers overexpresses ERBB2 due to genetic amplification (Slamon et al., 1987),
and substitutions and deletions of EGFR have been found in subsets of non-small cell lung
cancers and glioblastomas (Sugawa et al., 1990; Lynch et al., 2004; Paez, 2004; Pao et al.,
2004). Additionally, failure to attenuate signaling contributes to the aberrant activity of
ErbB receptors in cancer (Avraham and Yarden, 2011; Mellman and Yarden, 2013).

Several drugs have been developed and approved for clinical use to treat cancers with
overexpressed or mutated ErbB receptors. Drugs targeting ErbB receptors are either
small-molecule tyrosine kinase inhibitors that typically compete with ATP, or monoclonal
antibodies that bind to the receptor extracellular domain. For example, trastuzumab, a
monoclonal antibody targeting ErbB2, is approved to treat breast cancer patients with
ERBB?2 amplification, and erlotinib, a small-molecule tyrosine kinase inhibitor, is used in
non-small cell lung cancer patients with EGFR mutations (Arteaga and Engelman, 2014).

2.3 ErbB4 receptor

The ERBB4 gene is expressed as four isoforms that are generated by alternative
messenger RNA splicing. Two of the isoforms differ in the extracellular juxtamembrane
region (JM-a and JM-b) and two differ in the intracellular cytoplasmic domain (CYT-1
and CYT-2) (Figure 6). Through these structurally and functionally distinct isoforms,
ErbB4 can activate both classical RTK-induced signaling pathways (reviewed earlier in
section 2.2.3), as well as RIP-mediated signaling.
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Figure 6. Schematic structure of ErbB4 isoforms. Alternative splicing generates four isoforms
that differ at juxtamembrane (JM) or cytoplasmic (CYT) domains. JM-a isoforms, but not JM-b
isoforms, include a tumor-necrosis factor o converting enzyme (TACE) cleavage site. Subsequent
cleavage by y-secretase releases a soluble intracellular domain. CYT-1 isoforms, but not CYT-2
isoforms, contain a sequence that has binding sites for PI3K (YTPM; indicated in bold) and WW
domain containing proteins (PPAY; indicated in italics). Black indicates transmembrane domain
and red indicates tyrosine kinase domain. Modified from Méatta et al., 2006.
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2.3.1 Extracellular juxtamembrane isoforms of ErbB4

The JM isoforms of ErbB4, JM-a and JM-b, include either exon 16 or exon 15, respectively,
resulting in amino acid and structural differences in the extracellular juxtamembrane
region (Figure 6). The JM-a isoform includes a 23 amino acid sequence with a cleavage
site for TACE, resulting in the shedding of the JM-a extracellular domain (Elenius et
al., 1997b; Rio et al., 2000). In contrast, the JM-b isoform includes a shorter 13 amino
acid sequence and lacks the TACE cleavage site (Elenius et al., 1997b). TACE cleavage
triggers a second proteolytic cleavage by y-secretase complex, releasing a soluble ErbB4
ICD (Ni et al., 2001; Lee et al., 2002) (Figure 4).

Soluble ErbB4 ICD can translocate into the nucleus as described in section 2.2.4, but
also reside in the cytosol and accumulate in the mitochondria (Ni et al., 2001; Naresh
et al., 2006). Nuclear ErbB4 ICD associates with, and either promotes or represses, the
activity of transcriptional regulators including yes-associated protein (YAP), STATSA,
estrogen receptor o (ERa), ETO2, the TAB2-NCoR complex, activator protein 2 (AP-
2), KRAB associated protein 1 (KAP1), and hypoxia-inducible factor 1 o (HIF-1o)
(Komuro et al., 2003; Williams et al., 2004; Linggi and Carpenter, 2006; Sardi et al.,
2006; Zhu et al., 2006; Gilmore-Hebert et al., 2010; Sundvall et al., 2010; Paatero et al.,
2012). Soluble ErbB4 ICD is an active tyrosine kinase (Linggi et al., 2006), but only a
few studies have addressed the role of ErbB4 kinase activity in ICD-mediated signaling
(Linggi and Carpenter, 2006; Muraoka-Cook et al., 2006; Naresh et al., 2006). Currently,
the only known phosphorylation substrate of ErbB4 ICD is MDM2, a ubiquitin ligase
that is critical for regulating p53 protein level (Arasada and Carpenter, 2005).

Cellular responses mediated by RIP-dependent ErbB4 signaling have been elucidated in
studies that compare JM-a and JM-b isoforms, or in studies that employ mutagenesis of
the y-secretase cleavage site or ectopic expression of the soluble ICD. Cleavable JM-a
CYT-2, but not the non-cleavable JM-b CYT-2, promotes the proliferation and survival
of breast cancer and myeloid cells (Maitta et al., 2006) and regulates tubulogenesis of
kidney epithelial cells (Zeng et al., 2007). JM-a CYT-2 and JM-b CYT-2 have different
target genes and promote opposing cellular effects in serum starved fibroblasts: JM-a
promotes survival, whereas JM-b mediates apoptosis (Sundvall et al., 2010). In vivo,
JM-a, but not JM-b, regulates astrogenesis in the developing brain (Sardi et al., 2006).
The function of JM-a CYT-1 in promoting mammary epithelial cell differentiation
requires an intact y-secretase cleavage site, and the ectopically expressed soluble ICD
can regulate differentiation in vitro and in vivo (Muraoka-Cook et al., 2006; 2009).

2.3.2 Cytoplasmic isoforms of ErbB4

The cytoplasmic (CYT) isoforms either include (CYT-1) or exclude (CYT-2) exon 26,
encoding a 16 amino acid sequence near the C-terminus (Figure 6). The CYT-1-specific
sequence contains a binding site for the SH2 domain of PI3K p85 subunit (YTPM), and
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can activate PI3K (Elenius et al., 1999). Moreover, the CYT-1-specific sequence has a
PPXY motif that can bind to WW domain containing proteins such as YAP (Komuro et
al., 2003; Omerovic et al., 2004).

In studies comparing the cellular responses mediated by different cytoplasmic isoforms,
CYT-1, but not CYT-2, was shown to promote survival and chemotaxis of fibroblasts,
survival of medulloblastoma cells, and anchorage-independent growth of ovarian cancer
cells in a PI3K-dependent manner (Kainulainen et al., 2000; Ferretti et al., 2006; Paatero
et al., 2013).

The cytoplasmic isoforms differ in their stability, tyrosine phosphorylation, and
subcellular localization (Maitta et al., 2006; Sundvall et al., 2007). Compared to CYT-
1, JM-a CYT-2 is more stable and constitutively phosphorylated (Maétté et al., 2006).
Consistently, only JM-a CYT-2 promotes the survival of myeloid cells, possibly through
its constitutive tyrosine kinase activity (Maétté et al., 2006). JIM-a CYT-2 produces more
ICD, and ICD of CYT-2 localizes to the nuclei more efficiently than that of CYT-1
(Maattd et al., 2006; Sundvall et al., 2007). Similar to different JM isoforms (2.3.1), CYT
isoforms regulate the expression of different target genes (Wali et al., 2014a).

In the context of the mammary gland, inducible expression of ErbB4 ICD of CYT-1 type
promotes differentiation both in vitro and in vivo, while CY T-2 suppresses differentiation
and promotes proliferation (Muraoka-Cook et al., 2009). However, a more recent in vivo
study comparing the mammary gland-specific overexpression of full-length JM-a CYT-
1 and JM-a CYT-2 reported that CYT-1 suppresses mammary gland differentiation,
and induces neoplasia (Wali et al., 2014b). In contrast, CYT-2 was shown to suppress
mammary gland differentiation only mildly, but induce a low incidence of hyperplasia
(Wali et al., 2014b). Despite the partially conflicting findings, these studies demonstrate
that the cytoplasmic isoforms of ErbB4 have different signaling potentials also in vivo.

2.3.3 Expression of ErbB4 isoforms

ErbB4 messenger RNA expression has been analyzed in various mouse and human
tissues. The highest ErbB4 expression levels are observed in the nervous system, kidney,
salivary and thyroid glands, testis, and heart and skeletal muscle (Elenius et al., 1997b;
1999; Junttila et al., 2005; Veikkolainen et al., 2011).

The alternative splicing of ErbB4 messenger RNA is regulated in a tissue-specific
manner, resulting in tissue-specific isoform expression patterns. Epithelial tissues, such
as those in the kidney and mammary gland, exclusively express the cleavable JM-a
isoform, while mesenchymal tissues such as the heart and skeletal muscle tissue express
JM-b either dominantly or together with JM-a (Junttila et al., 2005; Veikkolainen et al.,
2011). Both JM-a and JM-b are expressed in nervous tissues such as the brain and the
cerebellum, but they have been reported to be present in different cell types (Elenius et
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al., 1997b; Junttila et al., 2005; Veikkolainen et al., 2011). In contrast to JM isoforms,
both CYT isoforms are usually expressed in the same cell types, although not always in
the same quantities (Junttila et al., 2005; Veikkolainen et al., 2011).

2.3.4 ErbB4 in embryonic and adult tissues

Similar to other ErbB receptors, reviewed in section 2.2.6, ErbB4 is essential during
embryonic development, and Erbb4”~ mice die at embryonic day 10.5. Like Erbb2-
~ mice, they demonstrate lack of ventricular trabeculae resulting in cardiac failure
(Gassmann et al., 1995). A conditional deletion of Erbb4 in ventricular cardiomyocytes
during embryogenesis leads to dilated cardiomyopathy in adult mice (Garcia-Rivello et
al., 2005).

ErbB4 is also required for the development of the nervous system. Erbb4” mice
demonstrate defective neural innervation of the hindbrain, migration of the cranial neural
crest cells, and abnormalities in the cerebellum (Gassmann et al., 1995; Tidcombe et al.,
2003).

The function of ErbB4 in the mammary gland has been revealed in genetic inactivation
studies using heart-specific ERBB4 transgene expression to rescue the embryonic lethality
of the Erbb4 null embryos, or conditional mammary gland-specific Erbb4 deletion in
adult mice (Long et al., 2003; Tidcombe et al., 2003). These mice fail to lactate due to
impaired differentiation of the mammary lobuloalveoli and reduced STATS5-mediated
milk gene expression (Long et al., 2003; Tidcombe et al., 2003).

Conditional mouse knockout models have also demonstrated roles for ErbB4 in the
kidney and the male reproductive system. Kidney-specific deletion of Erbb4 during
embryonic development results in kidney dysfunction with mispolarization in the
collecting duct epithelia and larger ductal lumens (Veikkolainen et al., 2012). Erbb4
inactivation in testis Sertoli cells during embryogenesis reduces testis size and produces
aberrant organization of testicular seminiferous tubules, resulting in reduced fertility
(Naillat et al., 2014).

2.3.5 ErbB4 in cancer

ErbB4 is expressed in several cancer types, and both increased and decreased expression
compared to non-neoplastic control tissue have been reported (Hollmén and Elenius,
2010). For example, overexpression of ErbB4 has been reported in ovarian cancer
and central nervous system malignancies, and reduced expression in bladder cancer
(Gilbertson et al., 2002; Memon et al., 2004; Ferretti et al., 2006; Steffensen et al., 2008).
Both overexpression and reduced expression of ErbB4 have been reported in breast
cancer (Srinivasan et al., 1998; Witton et al., 2003; Junttila et al., 2005).
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ErbB4 expression can be associated with favorable or poor prognosis (Hollmén and
Elenius, 2010). In breast cancer ErbB4 is usually expressed in tumors with estrogen- and
progesterone receptor-positive, ErbB2-negative, well-differentiated phenotype, which is
a breast cancer subtype that is associated with favorable prognosis (Bacus et al., 1996;
Knowlden et al., 1998; Kew et al., 2000; Pawlowski et al., 2000; Sundvall et al., 2008).
However, in two breast cancer studies, high ErbB4 expression is associated with poor
prognosis (Bieche et al., 2003; Lodge et al., 2003), despite the association of ErbB4
expression with estrogen receptor positivity (Bieche et al., 2003). Another example of
the association of ErbB4 expression with favorable prognosis is bladder cancer, and an
example of the association of ErbB4 expression with poor prognosis is medulloblastoma
(Gilbertson et al., 1997; Memon et al., 2004).

While experimental in vitro and in vivo models have revealed unique functions
for different ErbB4 isoforms (sections 2.3.1 and 2.3.2), only a few studies have
specifically analyzed the expression or prognostic significance of ErbB4 isoforms in
cancer. Increased expression of CYT-1 isoform is associated with more aggressive
medulloblastoma subtype and decreased survival in serous ovarian cancer (Ferretti et
al., 2006; Paatero et al., 2013). The expression levels of CYT-1 and CYT-2 isoforms
have also been reported to vary in breast cancer (Machleidt et al., 2013; Fujiwara et
al., 2014; Kiuchi et al., 2014). Nuclear ErbB4 immunoreactivity, which potentially
represents the soluble ICD, is frequently detected in breast cancer irrespective of the
breast cancer subtype (Srinivasan et al., 2000). Nuclear ErbB4 epitope is associated
with decreased survival when compared to the localization of ErbB4 epitope at the
cell surface (Junttila et al., 2005). Conversely, cytoplasmic and membranous ErbB4
staining are associated with increased survival (Ageilan et al., 2007; Thor et al.,
2009).

Cancer sequencing studies collected in the cBioPortal database (www.cbioportal.
org) have identified ERBB4 mutations in varying frequencies in several cancer types
including lung cancer, melanoma, gastric cancer and colorectal cancer. Some cancer-
associated FRBB4 mutations have been functionally characterized. ERBB4 mutations
found in melanoma have been shown to be oncogenic, and the lung cancer mutations
were found to alter the signaling properties of ErbB4 or promote receptor activation
(Prickett et al., 2009; Tvorogov et al., 2009; Kurppa et al., 2016).

Although the role of ErbB4 in cancer is less well characterized than that of other ErbB
family members, drugs that target ErbB4 are available. Afatinib, a pan-ErbB tyrosine
kinase inhibitor that inhibits ErbB2 and ErbB4 in addition to EGFR, is approved in
several countries for the treatment of metastatic non-small cell lung cancer with EGFR
kinase domain mutations (Solca et al., 2012; Modjtahedi et al., 2014).
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2.3.6 ErbB4 in non-neoplastic diseases

Aberrant ErbB4 signaling has been implicated in neurological disorders. Together with
NRGI, ERBB4 is a candidate susceptibility gene in schizophrenia (Stefansson et al.,
2002; Nicodemus et al., 2006; Norton et al., 2006; Silberberg et al., 2006). Intriguingly,
some of the identified genetic ERBB4 variants are associated with increased expression
of the JM-a CYT-1 isoform in postmortem brain studies of schizophrenia patients
(Silberberg et al., 2006; Law et al., 2007). In addition to schizophrenia, genetic variants
of ERBB4 have been identified in amyotrophic lateral sclerosis. These include causative
germ line and sporadic coding sequence mutations that inhibit ErbB4 activity in vitro
(Takahashi et al., 2013).

ErbB4 is required for cardiac development during embryogenesis and for the
maintenance of adult heart function (Gassmann et al., 1995; Garcia-Rivello et al., 2005).
The ErbB4/NRG-1 signaling system has also been shown to regulate the proliferation
of cardiomyocytes in response to ischemic heart injury (Bersell et al., 2009). Notably,
therapeutic administration of NRG-1 improves cardiac function in experimental models
of ischemic heart injury (Bersell et al., 2009; Galindo et al., 2013), and in patients with
chronic heart failure (Gao et al., 2010; Jabbour et al., 2011).

2.4 Post-translational modification by ubiquitin and SUMO

Cell signaling is regulated at multiple levels. Compared to altering cell behavior by
transcriptional responses, post-translational modification of existing proteins provides a
fast and often transient way of controlling the activity of signaling pathways. In addition
to small molecules such as phosphate groups, proteins can be modified with much larger
polypeptides.

The first example of an entire protein acting as a post-translational modification (PTM)
was ubiquitin (Hershko and Ciechanover, 1998). Subsequently, many other ubiquitin-like
modifiers (UBL) including small ubiquitin-like modifier (SUMO) have been discovered.
UBLSs share a similar three-dimensional structure with ubiquitin, and a pathway by which
they are covalently conjugated to substrates. First, UBL precursors are proteolytically
processed to mature forms. Ubiquitin, which is expressed as a polyubiquitin precursor,
is processed to mature ubiquitin monomers, and SUMO is cleaved to expose a carboxy-
terminal motif necessary for conjugation. Next, UBLs are activated by an E1 enzyme in
an ATP-dependent reaction, and then transferred to an E2 conjugating enzyme. Finally,
the composite action of E2 and E3 ligase, or the activity of E3 alone, ligates UBLs
to a lysine residue in a target protein by an isopeptide bond, or to an amino-terminal
methionine residue by a peptide bond. Attachment of UBLs is reversible, and specific
proteases catalyze the cleavage reactions (Hochstrasser, 2009) (Figure 7).



28 Review of the Literature

Figure 7. Conjugation of ubiquitin-like modifiers. Ubiquitin-like modifier (UBL; indicated in
orange) precursors are proteolytically processed to mature forms, and activated by E1 in an ATP-
dependent manner. E2 conjugating and E3 ligating enzymes attach UBLSs to a single or multiple
lysine (K) residues of target proteins (indicated in red). Some UBLs can also form polymeric
chains. Specific proteases catalyze the deconjugation of UBLs.

The consequences of UBL conjugation are diverse. The UBL “tag” may create or mask
interaction surfaces, induce or interfere with other PTMs, or induce conformational
changes (Hochstrasser, 2009). Functionally, by altering the stability, activity or
localization of proteins, they participate in most signaling events and cellular processes
(sections 2.4.1 and 2.4.2). Indeed, the activity of RTKs including ErbB receptors is tighly
regulated by ubiquitination (Goh and Sorkin, 2013). Additionally, post-translational
modifications of EGFR and insulin-like growth factor receptor 1 (IGF-1R) by SUMO,
and EGFR by another UBL, NEDDS, have been described (Oved et al., 2006; Sehat et
al., 2010; Packham et al., 2015).

2.4.1 Ubiquitination

Ubiquitin is a small, 76 amino acid polypeptide (Figure 8). Ubiquitin is one of the
most highly conserved proteins in eukaryotes, with only three conservative amino acid
changes from yeast Saccharomyces Cerevisiae to Homo Sapiens. The human ubiquitin
system comprises a vast signaling network, including two ubiquitin E1 enzymes,
approximately 35 ubiquitin E2s, and at least 600 E3 ubiquitin ligases in the genome.
Conversely, ubiquitination is reversed by approximately 80 deubiquitinating enzymes
(DUB) that control the level of ubiquitination along with the E3s (Komander and Rape,
2012; Williamson et al., 2013). The ubiquitin signal is recognized by different ubiquitin
binding domains (UBD) that have been identified in over 200 proteins (Husnjak and
Dikic, 2012).
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Figure 8. Structures of ubiquitin and SUMOL1. Structures of ubiquitin (orange) and SUMO1
(blue) were obtained from Research Collaboratory for Structural Bioinformatics Protein Data
Bank (RCSB PDB; accession codes are 1ubq for ubiquitin, and 1a5r for SUMO1) and visualized
using UCSF Chimera software. Despite their low amino acid sequence homology, ubiquitin and
SUMO share a similar three-dimensional structure.

TBypes of ubiquitin modification

Proteins can be conjugated with a single ubiquitin molecule, referred to as
monoubiquitination, or with a single ubiquitin at multiple lysine residues, referred to
as multimonoubiquitination (Komander and Rape, 2012). For example, EGFR has been
shown to be multimonoubiquitinated (Haglund et al., 2003; Mosesson et al., 2003).
Ubiquitin contains seven lysines, and each of them can be conjugated with ubiquitin
molecules leading to the formation of polyubiquitin chains. While all linkages (K6, K11,
K29, K33, K48, K63) have been reported, substrates are mainly known for the most
commonly used K48 and K63-linked chains (Peng et al., 2003; Komander and Rape,
2012). A polyubiquitin chain can also form in a head-to-tail manner by modification of the
amino-termini of ubiquitin molecules (Walczak et al., 2012). The type of ubiquitination
can be controlled by an E2, an E3, or a specific E2-E3 complex, and it determines the
effect of the modification on substrate function (Kim et al., 2007; Kim and Huibregtse,
2009; Ye and Rape, 2009; Komander and Rape, 2012).
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E3 ubiquitin ligases

Members of the large and diverse group of E3 ligases are key regulators of ubiquitination.
They directly interact with the target protein and thus determine the specificity of
ubiquitination. The ubiquitin E3s can be classified into three major types depending on
their characteristic domains, which mediate the ubiquitin transfer to the target protein.
Really interesting new gene (RING) type E3s recognize the substrate and function as
scaffolds between substrate and E2s, which catalyze the ubiquitin transfer (Deshaies and
Joazeiro, 2009). RING E3s are the most abundant type of ubiquitin ligases, comprising
more than 95% of human E3s (Deshaies and Joazeiro, 2009). In contrast to RING E3s,
much smaller groups of homologous to E6-AP carboxyl terminus (HECT) and RING-
between-RING (RBR) E3s ligases are true enzymes. They receive the ubiquitin molecule
from the E2, and subsequently catalyze the ubiquitin transfer to the substrate (Rotin and
Kumar, 2009; Wenzel and Klevit, 2012).

Functions of ubiquitin modification

Ubiquitination regulates nearly all cellular processes through proteolytic, but also non-
proteolytic mechanisms. The proteolytic pathways controlled by ubiquitination include
proteasomal degdaration, endocytosis and lysosomal degradation, and autophagy. The
non-proteolytic functions are based on the interactions of the ubiquitinated substrate
with effector proteins that contain UBDs (Husnjak and Dikic, 2012; Komander and
Rape, 2012).

Ubiquitination was first discovered as a signal for proteasomal degradation
(Ciechanover, 2015). The proteasome is a large multi-subunit protein complex that
recognizes polyubiquitin-tagged proteins with UBDs, and degrades them into peptides
in an ATP-dependent manner (Navon and Ciechanover, 2009). All polyubiquitin
chains, except those with K63- and amino-terminal linkages, may mediate proteasomal
degradation (Xu et al., 2009). The ubiquitin-proteasome system controls the levels, and
thus the activity, of many intracellular signaling proteins. For example, ubiquitination
regulates the cell cycle by the periodic degradation of cyclins and cyclin-dependent
kinase inhibitors (Teixeira and Reed, 2013). Another important function of the
ubiquitin-proteasome system is the elimination of misfolded proteins (Navon and
Ciechanover, 2009).

Ubiquitinationis also asorting signal in the endocytic pathway, targeting plasma membrane
proteins for lysosomal degradation (Piper et al., 2014). The role of ubiquitination in the
endocytosis of EGFR has been extensively studied (Goh and Sorkin, 2013; Piper et
al., 2014). Upon ligand binding, autophosphorylation of EGFR recruits the RING-type
E3 ligase Cbl, which binds to EGFR either directly with its SH2-domains or via the
SH2-domain containing adaptor protein GRB2 (Levkowitz et al., 1996; 1999; Jiang et
al., 2003) (Figure 5). Cbl modifies EGFR with ubiquitin monomers and polyubiquitin
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chains that primarily contain K63-linkages (Haglund et al., 2003; Mosesson et al.,
2003; Huang et al., 2006). One model suggests that the ubiquitinated receptors are
recognized by the UBDs of EGFR pathway substrate 15 (EPS15) and Epsin, which
in turn assemble the receptors to clathrin-coated pits through their interactions with
clathrin adapter protein complex 2 (Goh and Sorkin, 2013). However, the role of this
mechanism in EGFR endocytosis is unclear, as ubiquitination of EGFR is not essential
for the internalization step (Huang et al., 2007). Instead, ubiquitination is required for the
degradation of EGFR, which is thought to reflect the irreversible ubiquitin-dependent
sorting of EGFR from early endosomes into the intraluminal vesicles of multivesicular
bodies (MVB) (Huang et al., 2006; Goh and Sorkin, 2013). According to this model,
the ubiquitinated receptors are recognized by the UBDs of endosomal sorting complex
required for transport (ESCRT)-0 at the limiting membrane of the MVB. Subsequently,
the action of ESCRT complexes I-I1I direct the receptors into the intraluminal vesicles
of the MVB, which further targets them into lysosomes where they are degraded (Piper
et al., 2014) (Figure 5).

Ubiquitination of EvbB receptors

Along with platelet-derived growth factor (PDGF) B-receptor, EGFR was among the
first RTKs reported to be ubiquitinated in response to ligand stimulation (Mori et
al., 1992; Galcheva-Gargova et al., 1995). Numerous studies have since establised
the key role of ubiquitination and Cbl in ligand-induced degradation of EGFR (Goh
and Sorkin, 2013). A few other E3 ligases have also been reported to ubiquitinate
EGFR. For example, RING-type E3 ligases RNF126 and Rabring7 were shown
to function downstream of Cbl to further promote EGFR ubiquitination and late
endosomal sorting (Smith et al., 2013). Furthermore, DUB activity in the endocytic
pathway before the ubiquitin-dependent sorting step promotes EGFR recycling
to the plasma membrane and delays degradation (Figure 5). These DUBs include
ubiquitin specific protease (USP) 2a in early endosomes, associated molecule with
the SH3 domain of STAM (AMSH) and ubiquitin specific protease 8 in MVBs, and
Cezanne-1 (McCullough et al., 2004; Mizuno et al., 2005; Berlin et al., 2010; Pareja
etal., 2011; Liu et al., 2012).

ErbB2, ErbB3 and ErbB4 are also ubiquitinated. However, in contrast to EGFR, they
do not interact with Cbl, and are thought to be endocytosed inefficiently (Baulida et al.,
1996; Levkowitz et al., 1996). In agreement with this observation, ubiquitin ligases that
interact with ErbB2, ErbB3 and ErbB4 are often reported to regulate the steady-state
levels and induce proteasomal instead of lysosomal degradation. ErbB2 is ubiquitinated
by carboxyl-terminal HSP70-interacting protein (CHIP), an E3 ligase containing a RING-
related U-box (Xu et al., 2002; Zhou et al., 2003; Deshaies and Joazeiro, 2009). ErbB3
is ubiquitinated by a RING-type E3 ligase neuregulin receptor degradation protein-1
(NRDP1) and a HECT-type E3 ligase neural precursor cell expressed, developmentally
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downregulated-4 (NEDD4) (Diamonti et al., 2002; Qiu and Goldberg, 2002; Huang et
al., 2015). In addition to ErbB3, NRDP1 also regulates steady-state levels of ErbB4
(Diamonti et al., 2002). A multisubunit RING-type E3 ligase anaphase-promoting
complex/cyclosome (APC/C) induces the proteasomal degradation of soluble ErbB4
ICD (Strunk et al., 2007).

2.4.2 SUMOylation

SUMOs are approximately 100 amino acid polypeptides highly conserved in evolution.
Mammalian cells express three SUMO proteins that share only about 20% amino acid
sequence identity with ubiquitin, but have a similar three-dimensional structure; the
“ubiquitin fold” (Figure 8). The amino acid sequence of SUMO1 is approximately 50%
identical with SUMO2 and SUMO3, which are nearly identical and jointly referred
to as SUMO2/3 (Flotho and Melchior, 2013). SUMO1 and SUMO2/3 are conjugated
to distinct, but also overlapping substrates (Vertegaal et al., 2006). Unlike SUMOI1,
SUMO2/3 are able to form polymeric chains through internal lysine residues (Tatham
etal., 2001).

The SUMOylation machinery

In contrast to ubiquitination, a considerably smaller set of enzymes regulates
SUMOylation. Human cells express a single heterodimeric SUMO E1 enzyme (SUMO
activating enzyme 1/2) and a single SUMO E2 enzyme, UBC9 (Flotho and Melchior,
2013). Consequently, UBC9 is required for SUMO conjugation to all substrates,
and genetic inactivation of Ubc9 in mice results in early embryonic lethality due to
chromosome condensation and segregation defects (Nacerddine et al., 2005). Even in
the abscence of an E3 ligase, UBC9 can directly interact with and modify some target
proteins, but the prescence of E3s usually promotes SUMOYylation (Flotho and Melchior,
2013).

The currently known human SUMO E3 ligases include the protein inhibitor of activated
STAT (PIAS) protein family (PIAS1, PIASxo and 3, PIAS3, PIASy) (Kahyo et al.,
2001; Sachdev et al., 2001; Kotaja et al., 2002) and Ran-binding protein 2 (RanBP2)
(Pichler et al., 2002). PIAS proteins contain a Siz/PIAS(SP)-RING domain similar to
the RING of E3 ubiquitin ligases, and they function as scaffolds between the SUMO-
loaded E2 and substrates (Figure 9). Despite their well-characterized role as SUMO
E3 ligases, PIAS proteins also have SP-RING-independent functions. These functions
require their SUMO interaction motif (SIM), or domains that mediate protein-protein or
protein-DNA interactions (Figure 9) (Rytinki et al., 2009). RanBP2 is a SUMO E3 ligase
that is not RING- or HECT-type (Pichler et al., 2004). Instead, its E3 ligase activity can
be attributed to a stable multisubunit complex of RanBP2, UBC9 and SUMO-modified
Ran GTPase-activating protein-1 (RanGAP1) (Werner et al., 2012). Other proteins that
stimulate SUMOylation of specific targets, but that are not classified as definite SUMO
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E3 ligases have been reported. Examples of these include Polycomb 2 and TOPORS
(Kagey et al., 2003; Weger et al., 2005).
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Figure 9. Schematic structure of PIAS proteins. All PIAS proteins have a similar domain
architecture with N-terminal SAP (scaffold attachment factor-A/B, acinus and PIAS) and PINIT
domains, SP-RING, and SIM. The SAP and PINIT domains mediate DNA binding and subcellular
localization, respectively (Rytinki et al., 2009). SP-RING domain interacts with UBC9 and is
essential for the E3 ligase activity. SIM interacts with SUMO non-covalently.

SUMOylation is a reversible modification catalyzed by SUMO isopeptidases (SUP).
The human sentrin-specifc protease (SENP) family, which deSUMOylates many targets,
consists of SENP1, -2, -3, -5, -6 and -7 (Gong et al., 2000; Kim et al., 2000; Nishida
et al., 2000; 2001; Gong and Yeh, 2006; Lima and Reverter, 2008). The more recently
characterized desumoylating isopeptides 1 and 2 (Shin et al., 2012) and ubiquitin-
specific protease-like 1 (Schulz et al., 2012) have a limited number of targets compared
to SENPs.

It is still unclear how substrate specificity is achieved with the limited number of SUMO
E3 ligases and isopeptidases. Subnuclear compartmentalization of the SUMO machinery
may play a role in regulating target selection. Indeed, (de)SUMOylating enzymes are
concentrated in promyelocytic leukemia (PML) nuclear bodies and nuclear pores (Saitoh
et al., 2006; Palancade and Doye, 2008; Sahin et al., 2014b), and the specificities of
SENPs are partially controlled by their localization in nuclear pores, nucleoli or
nucleoplasm (Gong et al., 2000; Nishida et al., 2000; Hang and Dasso, 2002; Zhang
et al., 2002; Gong and Yeh, 2006). In addition, the SUMOylation machinery has been
suggested to simultaneously modify a functionally related group of proteins, rather than
individual targets (Jentsch and Psakhye, 2013).

Target lysine selection

Unlike ubiquitination, SUMO is conjugated to a defined lysine residue or residues in a
target protein. SUMOylation frequently occurs on a consensus motif YKx(E/D) where ¥
is a large hydrophobic residue and x is any amino acid (Rodriguez et al., 2001; Hendriks
and Vertegaal, 2016). Notably, UBC9 directly interacts with the consensus motif
(Sampson et al., 2001). Several variations of the consensus motif have been identified.
For example, the consensus motif can be inverted to E/DxKY (Matic et al., 2010), or
extended to include a proline-directed serine phosphorylation site (phosphorylation-
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dependent SUMOylation motif; WYKxExxSP) that enhances UBC9 binding and thus
SUMOylation (Hietakangas et al., 2006; Mohideen et al., 2009).

Despite the well-defined consensus motif, unbiased proteomic screens have revealed that
up to 50 % of the identified SUMO acceptor lysines do not match the consensus (Matic
et al., 2010; Hendriks et al., 2014). Selection of a non-consensus site can be dependent
on non-covalent interaction of the SUMO-loaded UBC9 with a SIM present in a target
protein (Lin et al., 2006). Alternatively, SUMO E3 ligases that interact with both UBC9
and target protein may direct acceptor site selection (Flotho and Melchior, 2013).

Functions of SUMO modification

The consequences of SUMOylation are diverse and depend on the substrate. In contrast
to ubiquitination that often results in target proteolysis, SUMOylation is usually a non-
proteolytic modification and can thus function as a reversible molecular switch regulating
the activity, localization, or stability of its targets. SUMOylation is best characterized in
nuclear processes such as transcription and nuclear transport, but also in the regulation
of signal transduction pathways (Flotho and Melchior, 2013).

A considerable group of SUMO substrates are transcriptional regulators, whose activity
can be modulated, typically repressed, by SUMOylation (Garcia-Dominguez and Reyes,
2009). SUMOylation can repress transcription by recruiting chromatin modifying
enzymes such as histone deacetylases, or by inducing the formation of repressor
complex via SUMO-SIM interactions (Garcia-Dominguez and Reyes, 2009) (Figure
10). SUMOylation can also alter the activity of transcriptional regulators by targeting
them into nuclear subdomains, such as promyelocytic leukemia (PML) nuclear bodies
(Sachdev et al., 2001; Ross et al., 2002; Bernardi and Pandolfi, 2007).

SUMOylation regulates the subcellular localization of many targets. In fact, SUMO was
initially discovered as a post-translational modifier targeting RanGAP1 to the nuclear
pore complex (Matunis et al., 1996; Mahajan et al., 1997). SUMOylation can promote
either nuclear or cytoplasmic accumulation, depending on the target protein (Huang et
al., 2003; Wood et al., 2003) (Figure 10). Although the mechanisms of how SUMO
regulates subcellular localization are not known for most targets, SUMOylation has
been reported to regulate nuclear export (Du et al., 2008; Bassi et al., 2013; Santiago
et al., 2013). SUMOylation adjacent to the nuclear export signal (NES) of Kriippel-like
transcription factor 5 inhibits its interaction with a nuclear export receptor, resulting in the
inhibition of export and nuclear accumulation (Du et al., 2008). Similarly, SUMOylation
is required for the nuclear accumulation of phosphatase and tensin homolog (PTEN),
and the nuclear localization of SUMOylation deficient PTEN can be rescued by a
chemical inhibitor of nuclear export (Bassi et al., 2013). Conversely, SUMOylation of
tumor suppressor protein p53 facilitates its nuclear export by promoting the disassembly
of p53-export receptor complex in the cytosol (Santiago et al., 2013).
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Figure 10. Examples of SUMO functions. SUMOylation can either promote or inhibit
kinase activity. SUMOylation regulates the subcellular localization of many target proteins,
promoting either nuclear or cytosolic localization. SUMOylated proteins can also accumulate
in subnuclear structures such as promyelocytic leukemia (PML) bodies. SUMOylation regulates
many transcriptional processes. Transcription factor (TF) SUMOylation can activate or repress

transcription. SUMOylation may induce repression via the recruitment of corepressor (CoR)
complexes or chromatin modifying enzymes (HDAC, histone deacetylase).

More recently, the role of SUMOylation in regulating signal transduction pathways has
been elucidated. Kinases are a prominent group of SUMOylated proteins, as indicated
by a proteome-wide study (Merbl et al., 2013), and SUMOylation of many kinases
has been biochemically characterized. For example, SUMOylation has been shown
stimulate the autophosphorylation of focal adhesion kinase, and the activity Akt towards
it substrates (Kadare et al., 2003; Li et al., 2013; de la Cruz-Herrera et al., 2014) (Figure
10). Conversely, SUMOylation of MEK inhibited its activity towards ERK by interfering
with the MEK-ERK interaction (Kubota et al., 2011).
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3 AIMS OF THE STUDY

The general aim of this study was to identify and characterize novel post-translational
modifications that regulate ErbB4 function. The signaling mechanisms and regulation of
ErbB receptors have been extensively studied. However, the roles of post-translational
ubiquitin, and in particular ubiquitin-like modifications in ErbB signaling are less well
characterized. Identification of the molecular mechanisms that modify the output of
ErbB signaling will expand the understanding of ErbB function in healthy and diseased
tissues.

CYT-1 and CYT-2 isoforms of ErbB4 have different degradation rates, suggesting that
an isoform-specific, post-translational mechanism such as ubiquitination differentially
regulates their stability. As the cytoplasmic isoforms represent functionally distinct
ErbB4 proteins, it is important to understand the molecular mechanisms regulating the
abundance of each. Moreover, little is known about the mechanisms that control the
subcellular localization and nuclear functions of ErbB4 ICD. Since SUMOylation is
involved in many nuclear signaling processes, it could represent a novel mechanism to
regulate the signaling of an ICD of a receptor tyrosine kinase.

To understand the roles of ubiquitin and ubiquitin-like modifications in ErbB4 signaling,
the specific aims of this thesis were:

1)  To functionally characterize the ubiquitination of ErbB4 isoforms.
2) To characterize the SUMO modification of ErbB4 intracellular domain.

3)  To analyze the role of the SUMO system in ErbB4 function.
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4 MATERIALS AND METHODS

4.1 Cell culture (I-1II)

The cell lines used in the study are listed in Table 1. MCF-7, OVCAR-3, and WM-266-
4 are human cancer cell lines that express ErbB4 endogenously. COS-7, HEK293, and
HEK293T cells were used for transient expression of proteins from expression plasmids
(4.2). Stable NIH 3T3-7d cell lines (Zhang et al., 1996; Elenius et al., 1999) were used
for internalization analyses (4.8). Phoenix-Ampho HEK293T cells were used to produce
retroviruses (4.1.2). HC11 and MDA-MB-468 cells were used to study differentiation in
three-dimensional cultures (4.15).

COS-7, HEK293, MDA-MB-468, NIH 3T3-7d, Phoenix-Ampho HEK293T, and WM-
266-4 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Lonza).
HC11, MCF-7 and OVCAR-3 cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 (Lonza). Both culture media were supplemented with 10% fetal calf serum
(Biowest), 2 mM L-glutamine (Lonza), and 50 units/ml penicillin-streptomycin solution
(Lonza). The culture medium of HCI11 cells was further supplemented with 5 pg/ml
insulin (Sigma-Aldrich) and 10 ng/ml EGF (Sigma-Aldrich or R&D), the medium of
MCEF-7 cells with 10 pg/ml insulin and 1 nM 17-B-estradiol (Sigma-Aldrich), and the
medium of OVCAR-3 cells with 10 pg/ml insulin.

Table 1. Cell lines used in the study.

Cell line Type Species Used in
COS-7 Kidney fibroblast-like cell African green monkey I, 11, III
HCI11 Mammary epithelial cell Mouse II, III
HEK?293 and HEK293T Embryonic kidney cell Human II
MCEF-7 Mammary adenocarcinoma cell Human II, 111
MDA-MB-468 Mammary adenocarcinoma cell Human II

NIH 3T3-7d Fibroblast Mouse I
OVCAR-3 Ovarian carcinoma cell Human I
Phoenix-Ampho HEK293T Embryonic kidney cell Human II, 111
WM-266-4 Melanoma cell Human II

4.1.1 Transient transfection (I-1II)

COS-7, HEK293, HEK293T, and Phoenix-Ampho HEK293T cells were transiently
transfected with expression plasmids (4.2) with FuGENEG6 transfection reagent
(Promega). MCF-7 and WM-266-4 cells were transiently transfected with Lipofectamine
2000 (ThermoFischer Scientific). Transfections were carried out according to the
manufacturers’ protocols.
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4.1.2 Generation of stable cell lines with retroviral infection (1L, IIT)

Stable HC11 and MDA-MB-468 cell lines expressing different ErbB4 constructs
were generated by retroviral infection. For retrovirus production, retroviral expression
plasmids (4.2) encoding wild-type or mutant ErbB4 were transfected into Phoenix-
Ampho HEK293T virus packaging cells. Retrovirus-containing media were harvested
36 hours after transfection, and incubated on recipient cells for 8 hours in the presence
of 8 ug/ml polybrene (Sigma-Aldrich). To generate stable cell lines, infected cells were
selected with 2 pg/ml puromycin (Sigma-Aldrich).

4.2 Expression plasmids (I-1II)

Mammalian and retroviral expression plasmids were used to express the indicated wild-
type and mutant proteins in cell lines and to produce retroviruses, respectively. Bacterial
expression plasmids were used to express recombinant proteins in Escherichia coli.

The expression plasmids listed in Table 2 were generated in this study using standard
molecular cloning procedures. Amino acid substitutions were introduced to expression
plasmids by site-directed mutagenesis. Retroviral pBABE-ErbB4JM-aCYT-2 and
pBABE-ErbB4JM-bCYT-2 plasmids were generated using restriction enzymes and
ligation as described in (II). All generated constructs were verified by sequencing.

The expression plasmids listed in Table 3 have been previously described. The references
of these plasmids are described in (I-I1I).

Table 2. Expression plasmids generated in this study.

Insert Backbone Purpose Used in
ErbB4 ICD2-K1002/1143/1181/1202R-HA  pcDNA3.1(+) Mammalian expression III
ErbB4 ICD2-K1143/1181/1202R-HA pcDNA3.1(+) Mammalian expression 11
ErbB4 ICD2-K1202R-HA pcDNA3.1(+) Mammalian expression III
ErbB4 ICD2-K714/719/722R-HA pcDNA3.1(+) Mammalian expression 11
ErbB4 ICD2-K714R-HA pcDNA3.1(+) Mammalian expression III
ErbB4 ICD2-K719R-HA pcDNA3.1(+) Mammalian expression III
ErbB4 ICD2-K722R-HA pcDNA3.1(+) Mammalian expression III
ErbB4 ICD2-V721/V723/L724A-HA pcDNA3.1(+) Mammalian expression III
ErbB4 IM-aCYT-2-K714R-HA pcDNA3.1(+) Mammalian expression III
ErbB4 IM-aCYT-1-P1054A-HA pcDNA3.1(+) Mammalian expression [
ErbB4 IM-aCYT-1-Y1056F-HA pcDNA3.1(+) Mammalian expression [
ErbB4 IM-aCYT-2-K714R-HA pBABE-puro Retroviral III
ErbB4 IM-aCYT-2-V675A-HA pcDNA3.1(+) Mammalian expression I
ErbB4 IM-aCYT-2-ANLSI/II-HA pcDNA3.1(+) Mammalian expression 1I
ErbB4 IM-bCYT-1-P1054A-HA pcDNA3.1(+) Mammalian expression [
ErbB4 JIM-bCYT-1-Y1056F-HA pcDNA3.1(+) Mammalian expression |
ErbB4 IM-aCYT-2 pBABE-puro Retroviral II
ErbB4 JIM-bCYT-2 pBABE-puro Retroviral II
FLAG-PIAS3-C299S pFLAG Mammalian expression 1T, IIT
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Table 3. Previously described expression plasmids.

Insert Backbone Purpose Used in
6xHis-SUMO1 pSG5 Mammalian expression I, III
6xHis-SUMO3 pcDNA3.1(-) Mammalian expression 11, III
ErbB4 ICD1-HA pcDNA3.1(+) Mammalian expression I
ErbB4 ICD2-GAL4 pSG424 Mammalian expression I
ErbB4 ICD2-GST pGEX-6P-1 Bacterial expression II
ErbB4 ICD2-HA pcDNA3.1(+) Mammalian expression 11, 111
ErbB4 ICD2-K751R-HA pcDNA3.1(+) Mammalian expression III
ErbB4 ICD2-AC-GST pGEX-6P-1 Bacterial expression II
ErbB4 ICD2-AC-HA pcDNA3.1(+) Mammalian expression III
ErbB4 ICD2-AN-GST pGEX-6P-1 Bacterial expression II
ErbB4 ICD2-AN-HA pcDNA3.1(+) Mammalian expression 111
ErbB4 IM-aCYT-1-HA pcDNA3.1(+) Mammalian expression |
ErbB4 JM-aCYT-1-Myc pcDNA3.1(+) Mammalian expression [
ErbB4 IM-aCYT-2-HA pcDNA3.1(+) Mammalian expression I, II, III
ErbB4 IM-aCYT-2-HA pBABE-puro Retroviral I
ErbB4 IM-aCYT-2-Myc pcDNA3.1(+) Mammalian expression [
ErbB4 IM-bCYT-1-HA pcDNA3.1(+) Mammalian expression [
ErbB4 JIM-bCYT-2-HA pcDNA3.1(+) Mammalian expression [
FLAG-CRM1 p3xFLAG-CMV-10  Mammalian expression III
FLAG-Itch pCMV5-FLAGI Mammalian expression [
FLAG-Itch-C830A pCMVS5-FLAGI1 Mammalian expression I
FLAG-PIASI1 pCMVS5-FLAG Mammalian expression I
FLAG-PIAS3 pFLAG Mammalian expression I, III
FLAG-PIASxa pFLAG Mammalian expression 11
FLAG-PIASy pFLAG Mammalian expression I
FLAG-SENP1 pcDNA3.1(-) Mammalian expression Il
FLAG-SENP1-C603A pcDNA3.1(-) Mammalian expression 111
FLAG-SENP2 pFLAG-CMV Mammalian expression 111
FLAG-SENP6 pFLAG-CMV Mammalian expression 111
FLAG-SENP7 p3XxFLAG-CMV-10  Mammalian expression III
FLAG-Ubiquitin pEF Mammalian expression [
GAL4-driven Firefly luciferase pFR-Luc GALA4 activity reporter I
GFP-Rab5a pEGFP-C3 Mammalian expression I
GFP-Rab7 unknown Mammalian expression |
GFP-SENP3 pEGFP-C3 Mammalian expression 111
GFP-SENP5 pEGFP-C3 Mammalian expression Il
GFP-SUMOI pEGFP Mammalian expression I
GST-Itch-WW pGEX-KT Bacterial expression I
GST-Itch-WW1 pGEX-KT Bacterial expression I
GST-Itch-WW2 pGEX-KT Bacterial expression I
GST-Itch-WW3 pGEX-KT Bacterial expression I
GST-Itch-WW4 pGEX-KT Bacterial expression I
HA-Ubiquitin pMT123 Mammalian expression [
HA-Ubiquitin-K48R pMT123 Mammalian expression [
HA-Ubiquitin-K63R pMT123 Mammalian expression I
Myc-Itch pRK Mammalian expression |
Myc-Itch-C830A pRK Mammalian expression |
Omni-YAP2 pcDNA4-HisMaxB Mammalian expression 11
PML-3 unknown Mammalian expression I, III
Renilla luciferase pTK-RL Control reporter II
STAT5a pME18S Mammalian expression 111
WWOX-Myc pCMV-Myc Mammalian expression 11
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4.3 Primary antibodies (I-11I)

Primary antibodies (Table 4) were used to detect proteins of interest or their epitope tags
by immunofluorescence, immunoprecipitation, in situ proximity ligation assay (PLA),

and Western blotting.

Table 4. Primary antibodies used in the study. Application abbreviations: IF, immunofluorescence;
IP, immunoprecipitation; PLA, in situ proximity ligation assay; WB, Western blotting. Company
abbreviations: CST, Cell Signaling Technology; SBCT, Santa Cruz Biotechnology. * FK1 antibody
recognizes polyubiquitinated conjugates; FK2 antibody recognizes mono- and polyubiquitinated

conjugates.

Application Used in

HA

HSP90

Itch

Lamin B
MEK1/2

mono- and poly-Ub*
Omni

PCNA
phospho-Akt
phospho-ErbB4
phospho-Erk1/2
phospho-STATS
phospho-tyrosine
PIAS3

PIAS3

PML

PML

PML

poly-Ub*
STATS

SUMO1
Ubiquitin

sc-1616
sc-1618
9E10
sc-03
sc-283
HFR-1
HFR-1
E200
9102
M2
sc-9996

3F10
HA-7
6E2
ab18181
ACS88
611198
sc-6217
4694
FK2
sc-7270
sc-56
9271
4757
9101
9351
4G10
sc-46682
ab22856
sc-966
sc-5621
36.1-104
FK1
sc-835
ab1172
P4D1

Abcam
Neomarkers
Abcam

CST
Sigma-Aldrich
SCBT

GE Heathcare
Roche
Sigma-Aldrich
CST

Abcam
Calbiochem
BD Biosciences
SCBT

CST

Enzo

SCBT

SCBT

CST

CST

CST

CST

produced in house
SCBT

Abcam

SCBT

SCBT
Millipore
Enzo

SCBT

Abcam

SCBT

Goat polyclonal
Goat polyclonal
Mouse monoclonal
Rabbit polyclonal
Rabbit polyclonal
Mouse monoclonal
Mouse monoclonal
Rabbit monoclonal
Rabbit polyclonal
Mouse monoclonal
Mouse monoclonal
Goat polyclonal
Rat monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Goat polyclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Rabbit polyclonal
Rabbit monoclonal
Rabbit polyclonal
Rabbit polyclonal
Mouse monoclonal
Mouse monoclonal
Rabbit polyclonal
Mouse monoclonal
Rabbit polyclonal
Mouse monoclonal
Mouse monoclonal
Rabbit polyclonal
Rabbit polyclonal
Mouse monoclonal

WB I, 11, I
WB il
IFWB LI

IP I

WB LI

IF, IP, PLA 11, III
IP I
WB,IF LI I
WB il
IPWB  LILII
WB I

WB L1
IF,WB  LILII
WB I
IPWB I

WB 1

WB I

WB I

WB I, T
WB I, 111
WB I

WB I
IPLWB I

WB 0

WB il

WB I

WB I

WB 11
IF,WB I
IF,PLA 11

IF 1

WB i

IF i

WB I

WB 11, T
IF I

WB I
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4.4 Growth factors and inhibitors (I-1II)

The growth factors and chemical inhibitors used in the study are listed in Table 5. The
concentrations and incubation times in each experiment are indicated in the sections
describing the experimental procedures.

Table 5. Growth factors and inhibitors used in the study.

Reagent Application Company Used in
EGF EGFR stimulation in Sigma-Aldrich or I, IT, TII
internalization analysis and R&D
HCI1 culture
HB-EGF EGFR stimulation in Sigma-Aldrich I
internalization analysis
NRG-1-B1 ErbB4 stimulation R&D I, 11, 11T
(referred to as NRG-1)
ALLN Inhibition of proteasomes Calbiochem I
(N-Acetyl-Leu-Leu-Nle-CHO)
Cycloheximide Inhibition of translation Sigma-Aldrich I, IIT
GSI IX Inhibition of y-secretase Calbiochem II
Leptomycin B Inhibition of nuclear export Sigma-Aldrich I, III
LY294002 Inhibition of PI3K Calbiochem I
N-ethylmaleimide Inhibition of SUMO isopeptidases Sigma-Aldrich  1I
PMA Stimulation of ErbB4 cleavage  Sigma-Aldrich I

(Phorbol 12-myristate 13-acetate)

4.5 Small interfering RNAs (II)

Small interfering RNAs (siRNA) were used to downregulate the expression of PIAS3
and PML (4.9.3, 4.12, 4.15). The sequences of siRNA oligonucleotides are listed in
Table 6. Cells were transfected with siRNAs at final concentrations of 20-50 nM using
Lipofectamine 2000 (ThermoFischer Scientific) according to the manufacturer’s protocol.
Knockdown efficacy was confirmed using Western blotting or immunofluorescence
analysis.

Table 6. siRNA oligonucleotides.

Target Sequence Company Species Used in
Non-silencing control  Cat#SI103650318 Qiagen - 1T
Non-silencing control ~ Cat#!AM4611 Ambion - II
PIAS3 GGUCGAAGUUAUUGACUUGTT Ambion Human II
PIAS3 GGUGCAGCUAAGGUUCUGUTT Ambion Human II
PIAS3 GGGACCCUUCUACAAAAACTT Ambion Mouse II
PIAS3 GGUUAAUGGGAAACUCUGCTT Ambion Mouse II
PML CCAAGAUCUAAACCGAGAATT Qiagen  Human II

PML GGAGCAGGAUAGUGCCUUUTT Qiagen  Human II
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4.6 Cell lysis, immunoprecipitation and Western blotting (I-IIT)

To prepare cell lysates for immunoprecipitation and Western blotting, cells were washed
with PBS, lysed in lysis buffer (1% Triton X-100, 10 mM Tris-Cl pH 7.4, 150 mM
NaCl, and 1 mM EDTA) supplemented with protease and phosphatase inhibitors (5 mM
NaF, 10 pg/ml aprotinin, 10 pg/ml leupeptin, I mM Na,VO,, 2 mM PMSF, and 10 mM
Na,P,O.), and centrifuged at 16 000 x g for 10 minutes. Protein concentration of the
supernatants was measured by Bradford protein assay (Bio-Rad).

Immunoprecipitation was used in degradation, interaction and receptor activation studies,
and in post-translational modification analyses (4.7-4.11, 4.13). Cells lysates were pre-
cleared with 30 pl protein G agarose (GE Healthcare or Santa Cruz Biotechnology) at
4 °C for 1 hour, and subjected to immunoprecipitation with antibodies recoginizing the
protein of interest and 30 ul protein G agarose at 4 °C overnight. Beads were washed
four times with 1 ml of lysis buffer to remove non-specific binding, and heated at 95 °C
for 5 minutes in Laemmli loading buffer to elute and denature the precipitated proteins.

Western blotting was used to determine the abundance and phosphorylation of ectopic and
endogenous proteins in cell lysates, and to analyze immuno- and pull-down precipitates
(4.7-4.15). Cell lysates were denatured by heating at 95 °C for 5 minutes in Laemmli
loading buffer. Samples were separated by SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were incubated with primary antibodies as indicated in
original publications, followed by horseradish peroxidase (HRP)-conjugated anti-goat,
anti-mouse, anti-rabbit and anti-rat secondary antibodies (Santa Cruz Biotechnology).
Signals were detected using enchanced chemiluminescence (ThermoFischer Scientific).

4.7 Internalization of cell surface receptors (I)

The internalization rates of ErbB4 isoforms from the cell surface were analyzed by
measuring the uptake of iodinated NRG-1 into the cytosol. As a control, the internalization
rates of EGFR upon EGF and HB-EGF stimulus were measured. All growth factors
were iodinated as previously described (Elenius et al., 1997a). NIH 3T3-7d transfectants
stably expressing ErbB4 isoforms or EGFR were treated with 20 ng/ml >I-NRG-1,
I[-EGF, or '»I-HB-EGF for 1, 5, 10 or 15 minutes. Cells were washed with an acidic
buffer (pH 2.8) to remove cell surface-bound growth factors, and lysed with NaOH
to release internalized growth factors. Radioactivity in acidic washes (containing cell
surface-bound growth factors) and cell lysates (containing internalized growth factors)
were measured with a y-counter to determine the ratio of internalized versus cell surface
growth factors. Representative data of reproduced experiments are shown.

The abundance of membrane-associated ErbB4 upon ligand stimulus was analyzed using
biotin-labeling of cell surface proteins. COS-7 transfectants were starved without serum,
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and stimulated with 50 ng/ml NRG-1 for 0, 5, 15 or 30 minutes. Cells were washed with
DMEM, incubated with 0.5 mg/ml EZ-linked Sulfo-NHS-LC-Biotin (ThermoFischer
Scientific) for 45 minutes to biotinylate cell surface proteins, and lysed. Cell lysates were
immunoprecipitated with anti-ErbB4 antibody, and the precipitates were analyzed by
SDS-PAGE and Vectastain ACB HRP-kit (Vector Laboratories) to detect the abundance
of biotinylated ErbB4. Signal intensities were quantified using MCID M5+ software.
Representative data of reproduced experiments are shown.

4.8 Degradation of ErbB4 (I, I1I)

4.8.1 Analysis of ErbB4 half-life using metabolic labeling (I)

Metabolic labeling with [**S]methionine was used to determine the degradation rates of
ErbB4 isoforms. As a control, the degradation rate of EGFR was measured. COS-7 cells
were transfected with ErbB4 isoforms or EGFR, and metabolic labeling was carried
out by incubating the cells first with methionine-free medium for 2 hours, followed
by incubation with methionine-free medium containing 20 uCi/ml [**S]methionine
(MP Biomedicals) for 1 hour. After metabolic labelling, cells were incubated with
methionine-free medium for additional 0, 2, 4 or 6 hours, and lysed. The abundances
of ErbB4 and EGFR in cell lysates were analyzed by immunoprecipitation, followed by
SDS-PAGE and autoradiography to detect the abundances of [*S]methionine-labeled
receptors. Signal intensities were quantified using MCID M5+ software. Representative
data of reproduced experiments are shown.

4.8.2 Analysis of ErbB4 half-life using cycloheximide (I, III)

Degradation analysis utilizing a translation inhibitor cycloheximide was used to study
the stability of ErbB4 isoforms and the role of Itch in ErbB4 degradation (I), and to
determine the stability of SUMOylation deficient ErbB4 (III). In all analyses, COS-7
transfectants were starved without serum, and treated with 100 pg/ml cycloheximide for
0, 2, 4 or 6 hours. The abundances of ErbB4 protein in cell lysates, and when indicated,
Itch, were analyzed by Western blotting. The data were quantified as ErbB4 signal
intensities relative to Actin abundance using ImageJ software. Representative results of
at least three independent experiments are shown.

4.9 Interaction analyses (I-11I)

4.9.1 Coimmunoprecipitation (I-11T)

The interactions of ErbB4 with Itch (I), PIAS3 (II), and CRM1 (III) were characterized
by coimmunoprecipitation. To study the interactions of ErbB4 isoforms and PPXY-



44 Materials and Methods

domain mutants with Itch (I), COS-7 transfectants were lysed and subjected to
immunoprecipitation with antibodies recognizing ErbB4 or epitope-tagged Itch.
Coprecipitating proteins were analyzed by Western blotting with antibodies recognizing
epitope-tagged Itch or ErbB4. To study the interaction of endogenous ErbB4 and Itch,
OVCAR-3 cells were treated with 50 ng/ml NRG-1 for 10 minutes to stimulate ErbB4
phosphorylation, and lysed. Lysates were subjected to immunoprecipitation with anti-
ErbB4 antibody, followed by Western blot analysis with anti-Itch antibody. The interaction
of ErbB4 and PIAS3 (II) was studied by using COS-7 transfectants. Cell lysates were
subjected to immunoprecipitation with antibodies recognizing ErbB4 or epitope-tagged
PIAS3, and precipitates were analyzed by Western blotting with antibodies recognizing
epitope-tagged PIAS3 or ErbB4. The interaction of ErtbB4 and CRM-1 (III) was studied
similarly in COS-7 transfectants, by using antibodies recognizing epitope-tagged ErbB4
and epitope-tagged CRM1. All coimmunoprecipitation experiments were reproduced at
least twice.

4.9.2 Glutathione-S-transferase pull-down assay (I, 11, III)

Glutathione-S-transferase (GST) pull-down assay was used to study the interactions of
ErbB4 with WW domains of Itch (I), ErbB4 with PIAS proteins (II), and ErbB4 with
SUMOI (III). For all experiments, GST fusion proteins were expressed in BL-21 DE3
strain of Escherichia coli (Invitrogen), affinity-purified using Glutathione Sepharose 4B
(GE Healthcare), and eluted with a buffer containing 20 mM glutathione, 100 mM NacCl,
0.5% Triton X-100, and 1 mM dithiothreitol.

To study the interactions of ErbB4 with WW domains of Itch (I), GST fusion proteins
including each, or all four of the WW-domains of Itch, were incubated with lysates
of COS-7 cells expressing epitope-tagged ErbB4. COS-7 cells were lysed (0.5%
Triton X-100, 150 mM NaCl, 50 mM Tris-HCI, pH 7.5), and aliquots of the lysates
corresponding to 1000 pg of total protein were incubated with 10 pg of GST fusion
proteins and 25 ul of Glutathione Sepharose 4B at 4°C for 6 hours. Beads were washed
four times with 1 ml of lysis buffer to remove non-specific binding, and heated at 95
°C for 5 minutes in Laemmli loading buffer to elute and denature precipitated proteins.
Ppull-down precipitates were separated with SDS-PAGE, and analyzed by Western
blotting with antibodies recognizing epitope-tagged ErbB4 and GST fusion proteins.
Representative data of three independent experiments are shown.

To characterize the interactions of ErbB4 with PIAS proteins (II), GST fusion proteins
including C- or N-terminal deletion of ErbB4 ICD were incubated with lysates of
COS-7 cells expressing epitope-tagged PIAS proteins. GST pull-down was performed
as described above. Pull-down precipitates were analyzed by Western blotting with
antibodies recognizing epitope-tagged PIAS proteins and GST fusion proteins.
Representative data of at least three independent experiments are shown.
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To study the non-covalent interaction of ErbB4 with SUMOI1 (I1I), GST-SUMOI fusion
protein was incubated with COS-7 lysate expressing epitope-tagged ErbB4 ICD or
PIASy (a positive control for non-covalent SUMO1-binding). GST pull-down assay was
performed as described above. Pull-down precipitates were analyzed by Western blotting
with antibodies recognizing epitope-tagged ErbB4, PIASy, and GST fusion proteins.

4.9.3 In situ proximity ligation assay (II)

The interaction between endogenous ErbB4 and PIAS3 was analyzed using PLA, which
allows for detection of endogenous protein complexes in situ (Séderberg et al., 2008).
MCEF-7 cells were starved without serum, treated with 50 ng/ml NRG-1 for 15 minutes to
stimulate ErbB4 phosphorylation, and fixed with methanol. Fixed cells were incubated
with anti-ErbB4 and anti-PIAS3 antibodies, and proximity ligation was carried out with
Duolink II in situ PLA kit (Olink Biosciences) following the manufacturer’s protocol.
PLA signals were detected by confocal microscopy, and classified as cytosolic or nuclear
depending on their colocalization with DAPI. The specificity of the interactions was
controlled using siRNAs targeting PIAS3 (4.5). The PLA experiment was carried out
twice. Differences between two groups were examined using ¢ tests.

4.10 Ubiquitination of ErbB4 (I)

The ubiquitination of ErbB4 was studied by using COS-7 transfectants expressing ErbB4
and ubiquitin constructs, and OVCAR-3 cells, which express ErbB4 endogenously. To
study the role of Itch in ErbB4 ubiquitination, wild-type or mutant Itch was cotransfected.
Lysine-to-arginine ubiquitin mutants were used to analyze the polyubiquitination of
ErbB4.

Cells were starved without serum, and when indicated, treated with 50 ng/ml NRG-1 for
10 or 30 minutes to stimulate ErbB4 phosphorylation, 100 ng/ml PMA for 30 minutes
to stimulate ErbB4 cleavage, or with 150 uM ALLN for 2 hours to inhibit proteasomes.
Cells were lysed, and the lysates were subjected to immunoprecipitation with anti-ErbB4
antibody. Precipitates were analyzed for ErbB4 ubiquitination by Western blotting using
antibodies recognizing epitope-tagged ubiquitin, endogenous ubiquitin, or specific
ubiquitin conjugates. The expression of Itch was analyzed using antibodies recognizing
epitope-tagged Itch. All experiments were reproduced at least twice.

4.11 SUMOylation of ErbB4 (11, III)

The SUMOylation of ErbB4 ICD was studied using COS-7, HEK293, MCF-7, and WM-
266-4 transfectants expressing ErbB4 ICD and epitope-tagged SUMO constructs. To
study the role of SUMO E3 ligases and isopeptidases in ErbB4 SUMOylation, wild-type
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or mutant PIAS3 (II) or SENP proteins (III) were cotransfected. The role of PIAS3 was
further studied using RNA interference (II) (4.5). C- or N-terminal deletion and lysine-
to-arginine amino acid substitution constructs of ErbB4 ICD were used to identify the
SUMO acceptor lysine (I11). Representative data of at least two independent experiments
are shown.

The SUMOylation of ErbB4 was analyzed by Western blotting with ErbB4 antibody,
or immunoprecipitation with ErbB4 antibody followed by Western blotting with ErbB4
antibody (IT). SUMO-modified ErbB4 was observed as higher molecular weight species
compared to unmodified ErbB4. To inhibit the activity of SUMO isopeptidases, 20 mM
N-ethylmaleimide was added in lysis and immunoprecipitation buffers. Alternatively,
cells were lysed in a denaturing buffer (8 M urea, 0.1 M Na,HPO,/NaH,PO,, 10 mM
Tris-HCI pH 7.0, 10 mM imidazole, 10 mM B-mercaptoethanol), and His-tagged SUMO
conjugates were precipitated using Ni**-NTA agarose (Qiagen) (II, III). After extensive
washing, the His-SUMO conjugates were eluted with elution buffer (200 mM imidazole,
5 % SDS, 150 mM Tris-HCI pH 6.8, 30 % glycerol, 720 mM B-mercaptoethanol),
separated by SDS-PAGE, and analyzed for ErbB4 by Western blotting. When indicated,
the expression of epitope-tagged PIAS3 and SENP proteins was analyzed by Western
blotting.

4.12 Subcellular localization of ErbB4 (I-11I)

4.12.1Immunofluorescence analyses of ErbB4 in cytoplasmic vesicles (I)

The subcellular localization of ErbB4 isoforms and PPXY domain mutants in cytoplasmic
vesicles was analyzed by immunofluorescence using COS-7 transfectants. Cells were
cultured on coverslips, and fixed and permeabilized with methanol at -20°C for 15
minutes. After washing with PBS, fixed cells were incubated with primary antibodies for
2 hours, and Alexa Fluor conjugated fluorescent secondary antibodies (ThermoFischer
Scientific) for 45 minutes. Both primary and secondary antibodies were diluted in PBS
containing 3% bovine serum albumin. Nuclei were visualized with DAPI (a fluorescent
DNA stain; Sigma-Aldrich). Coverslips were mounted with Vectashield (Vector
Laboratories) or Mowiol 4-88 (Sigma-Aldrich) mounting medium, and the images were
acquired with confocal microscopy. When indicated, cells were treated with 20 pM
LY29400 for 4 hours to inhibit PI3K, or with 50 ng/ml NRG-1 for 0, 5 or 30 minutes
to stimulate ErbB4 phosphorylation. The role of Itch in the subcellular localization of
ErbB4 isoforms was studied by cotransfection of wild-type or mutant Itch. The identity
of cytoplasmic vesicles was determined by coexpressing fluorescent-protein-tagged
Rab-proteins. Representative data of experiments reproduced several times are shown.
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4.12.2Immunofluorescence analyses of ErbB4 in cell nuclei (I1, III)

The roles of PIAS proteins in the localization of ErbB4 in cell nuclei versus cytosol were
determined using overexpression and RNA interference of PIAS proteins, followed by
immunofluorescence analysis as described (4.12.1) (II). Depending on the experimental
setup, COS-7 transfectants, HC11 retroviral cell lines, and MCF-7 cells were used.
When indicated, cells were treated with 5 uM GSI IX for 4 hours to inhibit y-secretase,
25 ng/ml leptomycin B for 3 hours to inhibit nuclear export, or 50 ng/ml NRG-1 for 0
or 45 minutes to stimulate ErbB4 phosphorylation. Quantification of nuclear ErbB4 in
HCI11 cells was performed using ImageJ software. Differences between two groups were
examined using ¢ tests. (II).

The localization of ErbB4 mutant constructs with or without PIAS3 overexpression
was analyzed to characterize the roles of y-secretase cleavage site (II), and nuclear
import (II) and export signals (III) in determining the subcellular localization. In these
experiments, COS-7 cells expressing wild-type or mutant constructs of ErbB4 were
scored for predominantly cytosolic (more signal in the cytosol than in the nucleus) or
nuclear (equal signal in the nucleus and in the cytosol or more signal in the nucleus than
in the cytosol) staining in at least 200 randomly selected cells. Differences between two
groups were examined using ¢ tests in (II). Frequences of nuclear staining intensities
were examined using the Chi-squared test in (III).

The colocalization of ErbB4 with SUMOI1, PIAS3, and PML was analyzed in COS-
7 transfectants, and the colocalization of endogenous ErbB4 with SUMO1 and PML
in leptomycin B- and NRG-1-treated WM-266-4 cells (II). Representative data of
reproduced experiments are shown. The colocalization of ErbB4 with PIAS3 and
PML was analyzed quantitatively in HC11 cells (n=15 for PIAS3 and n=10 for PML)
retrovirally expressing ErbB4 using BioimageXD software (Kankaanpéé et al., 2012)

an.

4.12.3 Subcellular fractionation (II, I1I)

The localization ErbB4 in cell nuclei versus cytosol was also analyzed by subcellular
fractionation with a NE-PER kit (ThermoFischer Scientific), followed by Western
blotting detection of the proteins of interest. Antibodies against Lamin B (a nuclear
marker) and MEK1/2 (a cytosolic marker) were used to control the fractionation.

The subcellular localization of overexpressed ErbB4 was studied in COS-7 cells upon
PIAS3 overexpression, and that of endogenous ErbB4 in MCF-7 cells upon RNA
interference of PIAS3 (II). The role of SUMOylation in nuclear localization of ErbB4
was characterized in MCF-7 transfectants expressing wild-type or SUMOylation
deficient ErbB4, with or without overexpression of PIAS3 (III). Representative data of
at least two independent experiments are shown. To study the role of nuclear export in



48 Materials and Methods

subcellular localization of ErbB4, MCF-7 cells were treated with 0, 5, 10 or 20 ng/ml
leptomycin B for 3 hours to inhibit nuclear export (I1I).

4.13 ErbB4 tyrosine phosphorylation and activity of signaling pathways
{1n

The basal tyrosine phosphorylation of wild-type and SUMOylation deficient ErbB4
mutant was studied by using COS-7 transfectants. Cells were serum starved and
lysed, and lysates were subjected to immunoprecipitation with anti-ErbB4 antibody.
Precipitates were analyzed by Western blotting for phosphotyrosine content. To analyze
the activity of signaling pathways downstream of wild-type and SUMOylation deficient
ErbB4, COS-7 transfectants were serum starved and stimulated with 50 ng/ml NRG-1
for 10 minutes. Cell lysates were analyzed by Western blotting for the phosphorylation
of Akt, ERK and STATS5 with phospho-specific antibodies. Representative data of three
independent experiments are shown.

4.14 ErbB4-mediated transactivation (II)

A previously described transactivation assay (Komuro et al., 2003), where ErbB4 ICD
fused to the GAL4 DNA-binding domain and YAP coactivate the transcription of a Firefly
luciferase reporter gene driven by GAL4 binding sites, was used to study the transcriptional
coregulatory activity of ErbB4. PIAS proteins were cotransfected to analyze their role
in ErbB4-mediated transactivation, and a cotransfected Renilla luciferase construct was
used as an internal control. Firefly and Renilla luciferase activities were measured with
Dual-Luciferase Assay Reporter System (Promega). The expression of PIAS proteins
and YAP were controlled by Western blotting. The experiment was repeated three times,
and differences between two groups were examined using 7 tests.

4.15 Three-dimensional Matrigel cultures (11, IIT)

When cultured in a reconstituted basement membrane matrix such as Matrigel, normal
breast epithelial cells are able to form structurally and functionally differentiated
mammary acini (Petersen et al., 1992). In contrast, transformed breast carcinoma cells
grow in disorganized colonies (Petersen et al., 1992). The function of ErbB4 in this
system was characterized by using MDA-MB-468 human breast cancer cells (II) and
HC11 mouse mammary epithelial cells (II, III), both retrovirally expressing ErbB4
(4.1.2). Single cell suspensions were suspended into Matrigel (MDA-MB-468) or
Growth Factor Reduced Matrigel (HC11) in triplicates on 96-well plates, supplemented
with 50 ng/ml NRG-1, and maintained cell culture incubator for 6-20 days as indicated
(11, IIT). Both Matrigels were obtained from Corning. Colonies were counted from three



Materials and Methods 49

to four independent views through the whole thickness of the Matrigel, and classified
as undifferentiated colonies or differentiated acini on the basis of their morphology as
described (Tvorogov et al., 2009). To study the function of the soluble ErbB4 ICD in
MDA-MB-468 cells, ErbB4 RIP was inhibited with 5 uM GSI IX (II). The function of
the soluble ICD in HC11 cells was analyzed by comparing the effects of the cleavable
and non-cleavable ErbB4 isoforms on the three-dimensional growth (II). For RNA
interference experiments, cells were transfected with siRNAs targeting PIAS3 or PML
(4.5), or with negative control siRNAs, and suspended into Matrigel 24 hours after
siRNA transfection (II). The role of ErbB4 SUMOylation was determined by comparing
retroviral HC11 cell lines expressing wild-type and SUMOylation deficient ErbB4 (III).
All experiments were reproduced two to four times. Differences between two groups
were examined using ¢ tests (II), or one-way analysis of variance followed by pairwise
comparisons using ¢-tests (I11). Correction for multiple testing was performed using the
Benjamini-Hochberg procedure (I1I).
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5 RESULTS

5.1 ErbB4 isoforms are differentially endocytosed (I)

Ligand-stimulated endocytosis followed by lysosomal degradation is a well-characterized
mechanism to downregulate RTK signaling. While EGFR undergoes -efficient
endocytosis, other ErbB receptors including ErbB4 have been previously considered
endocytosis-impaired (Baulida et al., 1996). However, ErtbB4 CYT-1 isoform has been
shown to localize in cytoplasmic vesicles (Méitta et al., 2006). Moreover, CYT-1 and
CYT-2 isoforms have been reported to have different degradation rates, suggesting that
isoform-specific mechanisms regulate their stability (Sundvall et al., 2007).

Immunofluorescence microscopy of COS-7 cells expressing different ErbB4 isoforms
demonstrated that CYT-1 isoforms localized in cytoplasmic vesicles more frequently
than CYT-2 isoforms (I, Fig 1B and C). To address whether the localization of ErbB4
CYT-1 in cytoplasmic vesicles was associated with faster internalization, the uptake
of '»I-labelled NRG-1 was measured. The ligand-stimulated internalization of CYT-1
was significantly faster than that of CYT-2 (I, Fig 1D, left) and had kinetics similar to
EGFR, which is efficiently internalized (I, Fig 1D, right). To analyze the identity of the
CYT-1-positive cytoplasmic vesicles, ErbB4 isoforms were coexpressed with Rab5 or
Rab7, markers for early and late endosomes, respectively (Zerial and McBride, 2001).
Confocal microscopy demonstrated that CYT-1, but not CYT-2, clearly colocalized
with Rab5 and Rab7 (I, SI Fig 5). As these results indicated that ErbB4 CYT-1 was
endocytosed, the degradation rates of the cytoplasmic isoforms were analyzed. Indeed,
the half-life of CYT-1 was shorter than that of CYT-2 (I, Fig 4C, lanes 1-4, and SI Fig
6B). Taken together, these data demonstrate that ErbB4 CYT-1 isoform is endocytosed
and degraded more efficiently than CYT-2.

5.2 ErbB4 CYT-1 functionally interacts with Itch E3 ubiquitin ligase (I)

The ErbB4 CYT-1 isoform contains a 16 amino acid sequence that is absent from CYT-2.
This sequence harbors a PI3K binding motif (Elenius et al., 1999). However, a chemical
inhibitor of PI3K activity did not prevent the targeting of CYT-1 into the endocytic
vesicles, indicating that CYT-1 endocytosis was not PI3K-dependent (I, Fig 2C). The
CYT-1-specific sequence also has a PPXY motif that has been shown to interact with
WW-domain containing proteins (Komuro et al., 2003). Analysis of the PPXY motif
mutants Y1056F and P1054A demonstrated that this motif was indeed necessary for the
targeting of CYT-1 into the endocytic vesicles (I, Fig 2B and D).
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Ubiquitination is a key regulator of receptor endocytosis (Goh and Sorkin, 2013). In
accordance with the previously reported difference in the ubiquitination of the membrane-
tethered m80 fragments produced by different cytoplasmic isoforms (Sundvall et al.,
2007), ErbB4 CYT-1 was ubiquitinated more efficiently compared to CYT-2 (I, Fig 2E).
Interestingly, similar to endocytosis, efficient ubiquitination of ErtbB4 CYT-1 required
the intact CYT-1-specific PPXY motif (I, Fig 2G and H).

The requirement of the PPXY motif in the ubiquitination and endocytosis of CYT-1
suggested that this motif could function as a binding site for WW-domain containing
ubiquitin ligases of the NEDD4 family. They contain a C2 domain that mediates
membrane targeting, a catalytic HECT domain, and two to four WW domains that
interact with PPXY motifs (Rotin and Kumar, 2009) (Figure 11). To test for an interaction
between ErbB4 and two candidate NEDD4 family proteins, coimmunoprecipitation of
ErbB4 with either NEDD4 or Itch was analyzed. While no interaction between ErbB4
and NEDD4 was detected (data not shown), ErbB4 associated with Itch (I, Fig 3A and
B, and SI Fig 7). The efficient interaction between ErbB4 CYT-1 and Itch required an
intact PPXY motif (I, Fig 3C), as well as Itch WW domains 1 and 2 (I, Fig 4D and E). A
weak interaction of ErbB4 CYT-2 with Itch was also detected, possibly mediated by the
two PPXY domains shared between ErbB4 cytoplasmic isoforms (I, Fig 3A) (Komuro
et al., 2003).

C2 4xWW HECT
[T -
[— (S 1 Y )
Membrane PPXY Ubiquitin
targeting interaction E3 ligase

Figure 11. Schematic structure of NEDD4 family proteins. All NEDD4 family proteins have
a similar domain architecture with an N-terminal C2 domain, two to four WW domains, and a
C-terminal HECT domain. The C2 domain mediates membrane targeting, WW domains interact
with substrate PPXY motifs, and HECT is a catalytic domain.

To analyze the functional consequences of ErbB4-Itch interaction, the role of Itch in
the ubiquitination of ErbB4 was studied. Coexpression of wild-type Itch, but not the
catalytically inactive mutant (that interacted with ErbB4; I, Fig 3A), stimulated ErbB4
ubiquitination (I, Fig 4A). Itch-induced ubiquitination was detected with an antibody
that recognizes both mono- and polyubiquitinated proteins (FK2), but not with a
polyubiquitin-specific antibody (FK1) (I, Fig 4B). Itch also induced the ubiquitination of
ErbB4 when ubiquitin mutants unable to form K48- or K63-linkages were overexpressed
(I, SI Fig 8). These results suggest that Itch catalyzes mono- or multimonoubiquitination
of ErbB4. In addition to ubiquitination, overexpression of wild-type, but not catalytically
inactive Itch also promoted the targeting of CYT-1 into endocytic vesicles (I, Fig 4D, and
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SI 4B), and enhanced the degradation of CYT-1 (I, Fig 4C). In keeping with the weaker
association of ErbB4 CYT-2 with Itch, CYT-2 stability and subcellular localization were
only weakly affected by Itch overexpression (I, Fig 4C and D). Taken together, these data
indicate that ErbB4 CYT-1 contains a binding site for WW-domain containing Itch E3
ubiquitin ligase, which regulates ubiquitination, endocytosis and degradation of ErbB4
CYT-1 isoform.

5.3 ErbB4 ICD is SUMOylated (II)

Ligand-induced RIP generates a soluble ErbB4 intracellular domain, which can
translocate into the nucleus and coregulate transcription (section 2.3.1). However, little
is known about the mechanisms that regulate the subcellular localization and functions
of ErbB4 ICD. Many nuclear proteins are post-translationally modified by SUMO, and
SUMOylation regulates processes such as nucleo-cytoplasmic transport and transcription
(section 2.4.2). Therefore, we aimed to determine whether ErbB4 ICD is SUMOylated.

To examine the presumed SUMOylation, COS-7 cells expressing ErbB4 ICD and His-
or GFP-tagged SUMOI1 were lysed in the prescence of a SUMO isopeptidase inhibitor,
and analyzed by Western blotting. In addition to the unmodified ErbB4 ICD (~80 kDa),
Western blot analyses revealed higher molecular weight ErbB4 species, corresponding
to the size of ErbB4 ICD modified with His- or GFP-tagged SUMO (~90 kDa and
~120 kDa, respectively) (II, Fig 1G). Higher molecular weight ErbB4 species were also
detected when cells expressing ErbB4 ICD and His-SUMO were lysed and subjected to
Ni?*-NTA agarose pull-down to purify SUMOylated proteins in denaturing buffer (II,
Fig S2A-D). Similar results of ErbB4 ICD SUMOylation were obtained using different
cell lines, as well as with His-tagged SUMO3 (Il, Fig S2A-D). These data demonstrate
that ErbB4 ICD can be covalently conjugated to SUMO1 and SUMO3 (11, Fig S2A-D).

5.4 PIAS3 promotes and SENPs reverse ErbB4 ICD SUMOylation (11, IIT)

To characterize the interactions of ErbB4 ICD with SUMO E3 ligases, GST-tagged
ErbB4 deletion constructs were produced in bacteria, and incubated with cell lysates
expressing PIAS proteins (I, Fig 1A-B). PIAS3 and PIASy interacted with a construct
containing the kinase domain of ErbB4 (II, Fig 1C), but no interactions between ErbB4
and PIAS1 or PIASxo were detected. The physical interaction of ErbB4 and PIAS3 was
further validated using coimmunoprecipitation (II, Fig 1D) and in situ proximity ligation
(IL, Fig 1E-F) assays. Coexpression of wild-type PIAS3, but not the SP-RING disrupted
PIAS3 mutant, promoted the SUMOylation of ErbB4 ICD (II, Fig 1H). Furthermore,
RNA interference of PIAS3 inhibited ErbB4 SUMOylation (II, Fig S2E). These results
demonstrate that PIAS3 functions as a SUMO E3 ligase for ErbB4.
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To identify factors negatively regulating ErbB4 SUMOylation, the activities of the SENP
family of SUMO isopeptidases towards SUMOylated ErbB4 ICD were analyzed. Both
SENP1 and SENP2 could efficiently deconjugate SUMO1 and SUMO3 from ErbB4 ICD
(I, Fig 2A and B). DeSUMOylation was dependent on the catalytic activity of SENP1
(ITL, Fig 2A). SUMO2/3-specific SENPs were less potent in reducing the level of SUMO
modified ErbB4 ICD, but SENP5 overexpression reduced ErbB4 SUMOylation (111,
Fig 2C). These results indicate that ErbB4 ICD SUMOylation is a reversible process,
catalyzed by SENP1, SENP2 and SENPS.

5.5 Identification of the ErbB4 SUMOylation site (I1I)

The amino acid sequence analysis of ErbB4 ICD revealed two WKxXE SUMOylation
consensus motifs, a shorter KxE consensus motif, and an inverted consensus motif
DxK"Y. To examine whether these lysines could function as ErtbB4 SUMOylation sites,
they were replaced with arginines by site-directed mutagenesis (III, Fig 1A), and the
mutant constructs were compared with wild-type ErbB4 ICD for their SUMOylation.
However, consensus site mutations had no effect in the pattern of ErbB4 SUMOylation
(111, Fig 1B and S1). A possibility of SIM-directed SUMOylation was also excluded, as
ErbB4 ICD did not interact non-covalently with SUMO1 in a GST pull-down assay (111,
Fig S2). These results indicate that the SUMOylation of ErbB4 is not consensus motif-
nor SIM-directed.

The analysis of ErbB4 deletion constructs indicated that only a construct containing
the kinase domain was SUMOylated (III, Fig S4). Of note, ErbB4 kinase domain also
interacted with PIAS3 (I, Fig 1C). Intriguinly, three lysines (K714, K719 and K722)
were located within a previously suggested functional domain, a leucine rich putative
nuclear export signal (Nietal., 2001) (111, Fig 1C). Site-directed mutagenesis and Western
blot analyses of these non-consensus sites revealed that the replacement of lysine 714
with an arginine was sufficient to disrupt the formation of the ~90 kD SUMO modified
ErbB4 ICD (111, Fig 1D and S1). A structural model of active ErbB4 kinase domain
indicated that K714 is accessible to the SUMOylation machinery (III, Fig 1G). Finally,
the analysis of ErbB4 amino acid sequences from different species showed that the
SUMO modification site is conserved in vertebrates (III, Fig 1H), suggesting functional
importance. Taken together, these data demonstrate that the non-consensus lysine 714 is
the major SUMO acceptor site in ErbB4 ICD.

5.6 SUMOylation promotes nuclear accumulation of ErbB4 ICD (11, I1I)

Nuclear ErbB4 immunoreactivity is frequently detected in breast cancer (Srinivasan et
al., 2000). However, in cultured cells that express cleavable ErbB4 JM-a isoform either
endogenously or ectopically, nuclear localization of ErbB4 epitope is barely detectable
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(IL, Fig 2A, 3 and 4). Interestingly, endogenous ErbB4-PIAS3 complexes were detected
in the nucleus (II, Fig 1E and F). When full-length cleavable ErtbB4 JM-a isoform was
visualized in cells coexpressing PIAS3 or PIASy, strong nuclear ErbB4 signal was
detected (II, Fig 2A). In accordance with these data, RNA interference of PIAS3 reduced
nuclear ErbB4 immunoreactivity (II, 2F, 6G and H) and ErbB4 ICD protein level in
the nuclear fraction (II, 2G). Furthermore, ErbB4, SUMO1, and PIAS3 were found to
colocalize in subnuclear structures identified as PML nuclear bodies (II, Fig 3 and 4). The
PIAS3-stimulated nuclear accumulation of ErbB4 required intact y-secretase cleavage
and SUMOylation sites (II, Fig 2D and E; I11, Fig 3), as well as a functional NLS (II, Fig
2E). These results indicate that PIAS3-stimulated SUMOylation promotes the nuclear
accumulation of soluble ErbB4 ICD, and that NLS-mediated nuclear translocation is
required for the accumulation.

Because the identified SUMO modification site was located within a sequence resembling
NES (III, Fig 1C), the role of nuclear export in ErbB4 subcellular localization was
further examined. Interference of nuclear export with a chemical inhibitor promoted the
nuclear accumulation of ErbB4 ICD (I, Fig S4; 111, Fig 5A). ErbB4 ICD was also found
to interact with chromosomal region maintenance 1 (CRM1), a major nuclear export
receptor for proteins (III, Fig 5B). Replacement of the hydrophobic NES residues with
alanines resulted in an increased nuclear localization of ErbB4 ICD, indicating that these
residues were critical for the nuclear export (111, Fig 5D and E). These results imply that
nuclear export regulates the nuclear accumulation of ErbB4 ICD. Taken together, these
data are consistent with a model in which ErbB4 SUMOylation at K714 promotes the
nuclear accumulation by interfering with the nuclear export.

5.7 SUMOylation is required for nuclear signaling of ErbB4 I1CD (11, III)

To assess whether the major SUMOylation site is required for basic functions of ErbB4,
wild-type and K714R ErbB4 were compared for their phosphorylation, and ability
to activate signaling cascades. Wild-type and SUMOylation deficient mutant ErbB4
demonstrated efficient constitutive tyrosine phosphorylation in the absence of ligand,
both in the context of soluble ICD and full-length cleavable JM-a CYT-2 isoform (III,
Fig 7A). Upon ligand stimulation, both wild-type and K714R ErbB4 were equally
efficient to activate Akt, ERK1/2 (IIl, Fig 7B), and STATS5A (III, Fig 7C). These data
indicate that the major SUMOylation site does not regulate NRG-induced activation of
signaling pathways downstream of ErbB4 at the cell surface.

As soluble ErbB4 ICD is a constitutively active tyrosine kinase, the relationship between
ErbB4 phosphorylation status and SUMOylation was examined. Kinase-dead ErbB4
ICD was efficiently SUMOylated, indicating that SUMOylation was independent
of the intrinsic catalytic activity of ErbB4 (IIl, Fig 6). The analysis of tyrosine
autophosphorylation of SUMOylated ErbB4 ICD revealed that the SUMO-modified
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ErbB4 ICD was phosphorylated, in fact to a higher extend than the unmodified ErbB4
(111, Fig 6).

Nuclear ErbB4 ICD can function as a transcriptional coregulator (section 2.3.1). As
the SUMO system often regulates transcriptional processes, the role of PIAS3 in the
transcriptional coregulatory activity of ErbB4 ICD was analyzed. Overexpression of
PIAS3 repressed transcription in a model system where ErbB4 ICD and YAP coactivate
expression of a luciferase gene (I, Fig 5). The repressive effect of PIAS3 was dependent
on its SP-RING domain, an indication that the SUMO E3 ligase activity of PIAS3 was
required (I, Fig 5).

To characterize the role of SUMOylation in cellular responses regulated by ErbB4, an in
vitro model of mammary gland differentiation was used. Stable transfectants of human
breast cancer (MDA-MB-468) and mouse mammary epithelial (HC11) cells expressing
empty vector or ErbB4 JM-a CYT-2 were generated, and analyzed for three-dimensional
growth in Matrigel. A high proportion of vector control cells grew in spherical or acinar
structures, and were thus classified as differentiated. However, a significantly smaller
proportion of ErbB4 expressing cells formed spheres but grew in undifferentiated,
disorganized colonies instead (I, Fig 6B and F). Inhibition of ErbB4 RIP by a y-secretase
inhibitor (MDA-MB-468 cells; 11, Fig 6A and B), or by expression of the non-cleavable
JM-b isoform (HC11 cells; 11, Fig 6E and F), increased the formation of mammary acini,
indicating that ErbB4-mediated inhibition of differentiation was ICD-dependent. PIAS3
and PML were required for the inhibitory function of ErbB4 ICD, as demonstrated by
the partial rescue of the phenotype upon RNA interference of PIAS3 or PML (11, Fig 6C,
D and G). Finally, cells expressing the SUMOylation deficient K714R mutant of ErbB4
were comparable to vector control cells in their ability to differentiate, demonstrating that
ErbB4 SUMOylation was required for the function of ErbB4 ICD in this model system
(ITI, Fig 8B). Taken together, these data indicate that PIAS3-induced SUMOylation
regulates the nuclear signaling of ErbB4 ICD.
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6 DISCUSSION

6.1 NEDD4 family ligases as regulators of ErbB4 ubiquitination

Cbl is the major regulator of ubiquitination and degradation of activated RTKSs, such as
EGFR, PDGFRa and B, and hepatocyte growth factor receptor (Levkowitz et al., 1999;
Miyake et al., 1999; Peschard et al., 2001; Goh and Sorkin, 2013). However, ErbB4 does
not interact with Cbl, and ErbB4 has been reported to be endocytosis-impaired (Baulida
etal., 1996; Levkowitz et al., 1996). This study revealed that the ubiquitination of ErbB4
is regulated in an isoform-specific manner by Itch, a NEDD4-family E3 ubiquitin ligase
(D). In contrast to the central role of Cbl in mediating RTK ubiquitination, TrkA receptor,
fibroblast growth factor receptor 1, and more recently ErbB3 have all been reported to be
ubiquitinated by NEDD4-like ligases (Arévalo et al., 2006; Persaud et al., 2011; Huang
et al., 2015). The specificity of Itch-mediated ErbB4 CYT-1 ubiquitination was achieved
by the interaction of CYT-1-specific PPXY motif with the WW-domains of Itch (I, Fig
3). ErbB4-Itch interaction, as well as the ubiquitination and internalization of ErbB4
were stimulated by NRG-1, suggesting ligand-induced endocytosis and lysosomal
degradation similar to that of EGFR (I, Fig 1, 2F, and SI Fig 7). Thus, the function of Itch
is different from the previously identified steady-state ubiquitination and degradation of
ErbB4 by NRDP1 (Diamonti et al., 2002). In contrast to Cbl, the interaction of NEDD4-
like ligases with RTKs is not dependent on the RTK autophosphorylation. However,
ligand-induced RTK activation has been shown to enhance the ubiquitin ligase activity
of NEDD4 by inducing its tyrosine phosphorylation (Persaud et al., 2014).

The type of EGFR ubiquitination has been studied by comparing the signals obtained
with ubiquitin antibodies that recognize both mono- and polyubiquitinated proteins, or
polyubiquitinated proteins only. Based on these analyses, EGFR has been suggested to
be monoubiquitinated (Haglund et al., 2003). Instead of a defined band representing
monoubiquitinated EGFR, the signal detected with ubiquitin antibodies is smeary.
This pattern has been proposed to arise from multimonoubiquitination of EGFR, as the
attachment of multiple ubiquitin monomers, together with receptor phosphorylation and
glycosylation, would result in receptor species of different molecular weights (Haglund
et al., 2003). However, proteomic studies have shown that EGFR is mainly conjugated
with K63-linked polyubiquitin chains (Huang et al., 2006; 2013). Although experimental
conditions may affect the type of ubiquitination detected, multiple monoubiquitination
and K63-linked polyubiquitin chains are both considered as important sorting signals in
the endocytic pathway (Piper et al., 2014).

In this study, the analyses of ErbB4 ubiquitination type were in part based on the
same mono- and polyubiquitin-specific antibodies that have been used to study the
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ubiquitination of EGFR (Haglund et al., 2003) (I, Fig 4B). In alignment with EGFR,
the data suggested mono- or multimonoubiquitination of ErbB4. Additionally, lysine-to-
arginine ubiquitin mutants unable to form K48- or K63-linked polyubiquitin chains were
utilized (I, SI Fig 8). The ubiquitin signal was also detected upon the overexpression of
ubiquitin mutant constructs, suggesting that ErbB4 is not modified with K48- or K63-
linked polyubiquitin chains.

It should be noted that analytical methods may affect the type of ubiquitination detected,
and that the methodology to study ubiquitination has improved since the experiments for
this study were carried out. Ubiquitin is a highly abundant protein, and overexpression of
ubiquitin mutants does not overcome the endogenous ubiquitin pool. Thus, the detected
polyubiquitin chains may also contain K48- and K63-linkages, and the ubiquitin mutant
constructs may function as chain-terminating mutants, rather than as tools to prevent
the formation of a specific polyubiquitin chain. In fact, Meijer et al. reported that the
Itch binding site mediates K63-linked polyubiquitination of ErbB4 CYT-1 (Meijer et
al., 2013). K63-linked polyubiquitination is plausible, as NEDD4 and Itch have been
shown to catalyze the formation these linkages (Kim et al., 2007; Scialpi et al., 2008).
At present, ubiquitin chain linkages can be analyzed with linkage-specific antibodies, or
by using a recently developed Ubiquitin Chain Restriction (UbiCRest) method, which
utilizes the linkage-specificity of DUBs (Hospenthal et al., 2015). Finally, to refine the
experimental setup, ubiquitination of ErbB4 could be studied in ubiquitin pull-down
experiments using denaturing conditions. A denaturing system would confirm the
covalent ubiquitin modification of ErbB4, and formally exclude the possibility of the
detected ubiquitin signal arising from an ErbB4-interacting, ubiquitinated protein.

Notably, the Itch-induced ubiquitination and degradation of ErbB4 CYT-1 has been
confirmed by other researchers. Omerovic et al. showed that Itch interacted with and
ubiquitinated ErbB4 CYT-1 (Omerovic et al., 2007). Moreover, two other NEDD4-family
ligases, NEDD4 and WWP1, have been shown to be functionally similar to Itch in their
ability to interact with, ubiquitinate, and promote the degradation of ErbB4 CYT-1 (Feng
et al., 2009; Li et al., 2009; Zeng et al., 2009). Together, the results of this thesis and the
above-mentioned studies indicate a key role for the NEDD4 family of E3 ubiquitin ligases
as regulators of ErbB4 CYT-1 ubiquitination and stability. The NEDDA4-like ligases may
be functionally redundant, or alternatively regulate the ubiquitination of ErbB4 CYT-1
in a physiologically relevant manner in different tissue contexts. For example, while
both Itch and WWP1 are expressed in breast cancer, including the estrogen receptor-
positive breast cancer subtype where ErbB4 is typically expressed, WWP1 is frequently
overexpressed due to amplification (Chen et al., 2007; 2009; Salah et al., 2014). WWP1
could thus regulate the ubiquitination of ErbB4 CYT-1 in this context.
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6.2 Isoform-specific ubiquitination may induce qualitative and quantitative
changes in ErbB4 signaling

Failure to attenuate ErbB signaling by endocytosis and degradation results in enhanced
signaling. Indeed, defective RTK endocytosis can lead to malignant transformation (Wells
et al., 1990). Different mechanisms may contribute to deficient downregulation and
thus ongogenic ErbB signaling in cancer. EGFR overexpression may prolong signaling
due to the limited capacity of the endocytic machinery (French et al., 1994). ErbB2
overexpression, on the other hand, enhances the recycling of EGFR/ErbB2 heterodimers,
partially due to reduced receptor ubiquitination (Levkowitz et al., 1996; Lenferink et
al., 1998). Additionally, cancer-associated deletion and kinase domain mutants escape
efficient Cbl-mediated ubiquitination and degradation, resulting in prolonged signaling
that contributes to the oncogenic properties of the mutant receptors (Huang et al., 1997;
Han et al., 2006; Grandal et al., 2007; Shtiegman et al., 2007).

The finding that the abundance of ErbB4 cytoplasmic isoforms is differentially regulated
at post-translational level may explain some of the functional differences of ErbB4
isoforms. While CYT-1 isoforms were efficiently downregulated in the presence of active
NEDDA4-like E3 ligases (I, Fig 4C and SI Fig 9), CYT-2 isoforms were degradation-
resistant and could thus remain active. Accordingly, ErbB4 CYT-2 isoform, but not
CYT-1, is capable of promoting ligand-independent cell survival and proliferation in
vitro (Maitta et al., 2006). ErbB4 CYT-2 also produces more ICD, perhaps due to its
increased stability compared to CYT-1 (Maittd et al., 2006). The difference in stability
could thus allow enhanced signaling of CYT-2 type ICD in the nucleus.

Although EGFR is efficiently endocytosed upon ligand stimulus, heterodimerization
with endocytosis-impaired ErbB2 or ErbB3 attenuates EGFR degradation (Lenferink
et al., 1998). Interestingly, endocytosis-resistant ErbB4 CYT-2, but not CYT-1, has
a related function in providing stability to EGFR/ErbB4 heterodimers (Kiuchi et
al., 2014). As ErbB2 and ErbB3 also heterodimerize with ErbB4, isoform-specific
ubiquitination and degradation of ErbB4 may regulate the stability and signaling
output of all ErbB receptors in tissues where they are coexpressed. Moreover, as the
cytoplasmic isoforms of ErbB4 are expressed together in the same tissues, including
malignant tissues, CYT-2 could also provide stability to CYT-1/CYT-2 dimers in
addition to ErbB heterodimers. Such dimers would allow for stronger CY T-1-mediated
signaling, for example through PI3K, while retaining CYT-2 function. Thus, CYT-1/
CYT-2 dimers could represent a more potent ErbB4 signaling unit compared to the
function of either isoform alone.

Finally, ErbB4 CYT-1 isoform is overexpressed relative to CYT-2 in medulloblastoma,
ovarian cancer and schizophrenia (Ferretti et al., 2006; Silberberg et al., 2006; Law et al.,
2007; Paatero et al., 2013). These findings suggest that stoichiometry of ErbB4 isoforms
is relevant in tissue homeostasis and pathology. While increased CYT-1 signaling can be
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achieved through mechanisms that promote CYT-1 expression, insufficient activity of
NEDDA4-like E3 ubiquitin ligases that control CYT-1 levels post-translationally may also
contribute to the malignant role of CYT-1 in these tissues.

6.3 SUMOylation of ErbB4 ICD

SUMOylation is an inducible, reversible, and typically non-proteolytic post-translational
modification that acts as a molecular switch to alter the activity, localization or stability
of its target proteins (Flotho and Melchior, 2013). SUMOylation is a predominantly
nuclear modification, and the majority of SUMO-modified proteins are involved in
nuclear processes (Hendriks and Vertegaal, 2016). However, reversible SUMOylation
cycles also control the activity of many critical signal transduction proteins (Kubota et
al., 2011; de la Cruz-Herrera et al., 2014).

The results of this study demonstrated that the intracellular domain of ErbB4 is
SUMOylated (I1, Fig 1G). Although this conclusion is based on experiments where ErbB4
ICD was ectopically expressed, it is supported by other data presented in this study. First,
endogenous ErbB4 was shown to interact with a SUMO E3 ligase PIAS3, and colocalize
with SUMOIL (11, Fig 1E and 4). Second, the PIAS3-ErbB4-interaction was functionally
relevant, demonstrated by the role of PIAS3 as a regulator of the subcellular localization
of ErbB4 in breast cancer cells (I, Fig 2F and G). Finally, mutation of a single lysine
residue resulted in the loss of SUMO-modified ErbB4 ICD (111, Fig 1).

Like the majority of SUMO-modified proteins, only a minor proportion of ErbB4 ICD
was SUMOylated without overexpressing SUMO. Indeed, many proteins are thought
to be quantitatively SUMOylated only in response to a stimulus, such as cellular stress
or activation of a specific signaling pathway (Flotho and Melchior, 2013). Even upon
specific stimuli SUMOylation is a transient modification due to the activity of SUMO
isopeptidases, and only a small fraction of a target protein is modified at a given time.
This complicates the detection of SUMO modification without overexpression of
SUMO, or SUMO together with a target protein.

SUMOylation status of many proteins changes upon DNA damage, or oxidative or
proteotoxic stress (Saitoh and Hinchey, 2000; Tempé et al., 2008; Golebiowski et al.,
2009; Sahin et al., 2014a; Hendriks et al., 2015). Intriguingly, the soluble ErbB4 ICD,
which is detected at low abundance in normal cell culture conditions, accumulates upon
cellular stress (Knittle et al., unpublished observations). This observation raises the
possibility that RIP-mediated ErbB4 signaling plays a role in cellular stress conditions,
and raises the question of whether SUMOylation regulates ErbB4 ICD function in such
signaling contexts. Identification of a stress stimulus that induces the SUMOylation of
endogenous ErbB4 ICD should be a focus of future studies.
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Although ErbB4 contains SUMOylation consensus motifs, a single non-consensus
lysine residue 714 in the kinase region was shown to serve as the major SUMOylation
site (III, Fig 1). Indeed, not all lysine residues that perfectly fit the consensus motif are
modified (Matic et al., 2010; Hendriks et al., 2014). Other factors, such as non-covalent
interactions of the target protein with SUMO or a SUMO E3 ligase can influence the
lysine selection (Flotho and Melchior, 2013). In the case of ErbB4 ICD, the selection of
SUMOylation site may be directed by PIAS3, which interacted with the ErbB4 kinase
region.

In addition to ErbB4, many other RTKs produce soluble ICDs via RIP (Merilahti et
al., unpublished). Although the possible nuclear functions of these RTK ICDs are yet
to be discovered, SUMOylation could represent a more general mechanism to regulate
RTK ICDs. At present, two other RTKs, IGF-1R and EGFR, have been shown to be
SUMOylated (Sehat et al., 2010; Packham et al., 2015). However, even though IGF-1R
is a RIP substrate releasing a soluble ICD, these reports suggest SUMOylated of the full-
length receptors (McElroy et al., 2007).

6.4 Mechanisms of SUMOQylation-induced nuclear accumulation of ErbB4

Despite the accumulating evidence of nuclear localization and functions of ErbB4 ICD,
the factors determining its subcellular distribution have remained poorly characterized.
Previous studies have characterized a functional NLS, and suggested that nuclear export
contributes to the subcellular localization of ErbB4 (Ni et al., 2001; Williams et al.,
2004; Maitta et al., 2006; Hsu and Hung, 2007). However, in cultured cells that express
full-length cleavable ErbB4 JM-a isoform, only low levels of nuclear ErbB4 epitope
are detected, even when ErbB4 is overexpressed. This study demonstrated that PIAS3-
induced SUMOylation promotes the nuclear accumulation of ErbB4 ICD. Thus, the
results of this study expand the understanding of the molecular mechanisms that regulate
the subcellular localization of ErbB4 ICD.

Both wild-type and SUMOylation deficient ErbB4 ICD were detected in the nucleus (111,
Fig 3). Moreover, PIAS3, a SUMO E3 ligase that stimulated the SUMOylation, promoted
the nuclear accumulation of ErbB4 ICD only when ErbB4 NLS was intact (I11, Fig 3).
These results indicate that SUMOylation is not necessary for the nuclear translocation
per se. Intriguingly, the ErbB4 SUMO modification site resided within a functional
nuclear export signal (III, Fig 1 and 5). Du et al. showed that SUMOylation of Kriippel-
like factor 5 to a lysine adjacent to NES inactivated its nuclear export, and presented a
number of proteins whose nuclear accumulation is promoted by SUMOylation and that
have a NES in close proximity to the modification site (Du et al., 2008). While further
experiments are needed to define the mechanism, the results presented in this thesis
suggest a model in which SUMO conjugation at lysine 714 interferes with the interaction
of ErbB4 NES with nuclear export receptors, resulting in nuclear accumulation.
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6.5 Insights into the role of SUMOylation in ErbB4 signaling

ErbB4 has an established role in mammary gland biology regulating the lobuloalveolar
differentiation during lactation (Jones et al., 1999; Long et al., 2003; Tidcombe et al.,
2003). Previous studies have suggested a differentiation promoting role for the soluble
ICD of CYT-1 type, but a proliferation promoting role for the CYT-2 ICD (Muraoka-
Cook et al., 2006; 2009). Accordingly, the results of this study showed that RIP-mediated
signaling of ErbB4 CYT-2 inhibited the differentiation of mouse mammary epithelial
cells, and instead promoted growth in undifferentiated structures (II, Fig 6F). A similar
ErbB4 RIP-dependent conversion toward a more malignant phenotype was induced in
human breast cancer cells (II, Fig 6B). Significantly, SUMOylation was required for the
differentiation-inhibiting function of ErbB4 ICD, as demonstrated by RNA interference
of PIAS3 and mutagenesis of the modification site (II, Fig 6C and G; 111, Fig 8B). Similar
results produced by the two approaches indicate that although PIAS proteins sometimes
regulate their interaction partners in a manner that is independent of their SUMOylation
(Rytinki et al., 2009), the SUMO modification of ErbB4 is mechanistically involved.
Since the mutation of the modification site did not disrupt the kinase activity or classical
RTK-activated signaling pathways downstream of the full-length ErbB4, or influence its
stability, it is likely that the loss-of-function phenotype upon inhibition of SUMOylation
is due to decreased nuclear ErbB4 signaling.

ErbB4 ICD regulates many transcriptional events in mammary epithelial cells, including
the activation of STAT5A-mediated transcription (Jones et al., 1999; Wali et al.,
2014a). SUMOylation could thus regulate ErbB4 function by altering its activity in
transcriptional processes. Indeed, PIAS3 overexpression repressed the transcriptional
coregulatory activity of ErbB4 ICD (I, Fig 5). The mechanism of altered transcriptional
activity could in turn involve the sequestration of ErbB4 in PML nuclear bodies (I,
Fig 3 and 4). PML bodies contain ErbB4-interacting transcriptional regulators, and may
thus provide a site for formation of transcriptional regulatory complexes (Khan et al.,
2001; Fleischer et al., 2006; Lapi et al., 2008). Like PIAS3 and ErbB4 SUMOylation
site, PML was also required for the ErbB4 ICD-mediated inhibition of differentiation
(II, Fig 6D). Finally, although SUMO E3 ligase activity of PIAS3 was not necessary in
promoting colocalization of ErbB4 with PML (11, Fig 3), the fraction of ErbB4 in PML
bodies may still be SUMOylated, as most proteins in these nuclear bodies are (Bernardi
and Pandolfi, 2007).

In addition to repressive effects on ErbB4 ICD-dependent transcription, SUMOylation
enhanced the autophosphorylation of ErbB4 (111, Fig 6). Intriguingly, SUMOylation has
been shown to stimulate the activity of both tyrosine and serine/threonine kinases and
modulate the phosphorylation status of many proteins (Kadare et al., 2003; Yao et al.,
2011; de la Cruz-Herrera et al., 2014). As the nuclear localization of ErbB4 ICD is kinase
activity-dependent (Muraoka-Cook et al., 2006; Sundvall et al., 2007), SUMOylation
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could contribute to the nuclear accumulation through increased tyrosine phosphorylation.
One can also speculate that SUMOylated ErbB4 ICD could be more active towards
its nuclear phosphorylation substrates. Currently, the molecular mechanism by
which SUMOylation promotes kinase activity of ErbB4 or other kinases is unknown.
Hypothetically, SUMOylation could induce a conformational change resulting in more
efficient activation of a kinase domain, or make the activated kinases poorer substrates
for specific phosphatases.

6.6 SUMOylation may regulate ErbB4 function in breast cancer

The expression of PIAS3 has been shown to be increased in breast cancer (Wang and
Banerjee, 2004; McHale et al., 2008). The relatively highest expression is detected in
the estrogen receptor-positive, lobular subtype (In Silico Trancriptomics database; ist.
medisapiens.com, (Kilpinen et al., 2008)). Intriguingly, the overexpression of PIAS3 has
been reported to promote the proliferation of estrogen receptor-positive breast cancer
cells, but conversely to inhibit the proliferation of estrogen receptor-negative breast
cancer cells (Yang et al., 2016). The overexpression of PIAS3 also induced resistance
to anti-estrogen hormone therapy in estrogen receptor-positive breast cancer cells (Yang
et al., 2016). At the molecular level, PIAS3 promotes ERa expression as well as its
SUMOylation, which activates ERo-mediated transcription (Sentis et al., 2005; Park
et al., 2011). Together, these studies suggest an oncogenic role for PIAS3 in estrogen
receptor-positive breast cancer, a subtype in which ErbB4 is also expressed.

In breast cancer the localization of ErbB4 epitope in different cellular compartments is
associated with different clinical outcomes (Junttila et al., 2005; Ageilan et al., 2007;
Thor et al., 2009). In particular, nuclear ErbB4 staining is associated with poor prognosis,
as compared to the localization of ErbB4 epitope at the cell surface (Junttila et al., 2005).
It is interesting to speculate whether ErbB4 SUMOylation could be induced in PIAS3-
overexpressing, estrogen receptor-positive breast cancers. Indeed, SUMOylation could
represent a molecular mechanism controlling the nuclear accumulation and potentially
oncogenic activity of ErbB4 ICD in breast cancer.

To address this hypothesis, the SUMOylation status of ErbB4 should be studied in
breast cancer tissue samples. Although the analysis of SUMOylation in tissue samples
is complicated compared to cell culture models, SUMOylation of some target proteins
has been detected in mouse tissue using denaturing lysis and immunoprecipitation with
SUMO antibodies (Becker et al., 2013). PLA can also be applied to analyze protein
SUMOylation in tissue sections, allowing the detection of SUMOYylated proteins in situ
(Sahin et al., 2016). The PLA results should be interpreted with caution, however, as
the detection PLA signal does not require covalent SUMO modification, but rather the
proximity of SUMO with the target protein. Lastly, the potential correlation between
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the abundance of PIAS3 and nuclear ErbB4 epitope could be analyzed in breast cancer
tissue sections by immunohistochemistry.

The results of this study demonstrated that ErbB4 ICD inhibits the differentiation of
normal and malignant breast epithelial cells, and that SUMOylation was required for
this function (II, Fig 6; III, Fig 8). While the molecular mechanism remains elusive, it
potentially involves altered transcriptional or kinase activity upon ErbB4 SUMOylation,
or merely the increased abundance of nuclear ErbB4 ICD (Il, Fig 2 and 5; III, Fig 3
and 6). These results give an indication that SUMOylation may promote oncogenic
signaling ErbB4 ICD, but additional research is required to determine the relevance of
SUMOylation on ErbB4 function in the context of breast cancer. Future experimentation
should involve in vitro and in vivo models of breast cancer comparing the activities of wild-
type and SUMOylation-deficient ErbB4. For example, the function of SUMOylation-
deficient ErbB4 could be characterized using a xenograft mouse model of breast cancer,
in which tumor growth is dependent on ErbB4 RIP (Hollmén et al., 2012). The recently
developed clustered regularly interspaced short palindromic repeats-CRISPR associated
(CRISPR-Cas)-system enables genome editing (Wright et al., 2016), and provides a
valuable tool to characterize the role of a modification site without ectopic expression of
a mutated protein. As such, CRISPR-Cas-engineered breast cancer cell lines expressing
SUMOylation-deficient ErbB4 could be useful models for future studies.
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7 CONCLUSIONS

This thesis aimed to characterize novel regulatory mechanisms of ErbB4 signaling, with
a focus on two post-translational modifications: ubiquitination and SUMOylation.

Based on the results of this study (summarized in Figure 12), the following key
conclusions can be made:

1)  Ubiquitination, endocytosis and degradation of ErbB4 are regulated in an isoform-
specific manner through the action of Itch E3 ubiquitin ligase. Targeting of CYT-1,
but not CYT-2 isoforms to degradation may result in quantitative and qualitative
changes in ErbB signaling.

2)  The intracellular domain released by the cleavable ErbB4 isoforms is modified by
SUMO. SUMOylation is induced by PIAS3 SUMO E3 ligase, and regulates the
nuclear localization and differentiation-inhibiting function of the soluble ErbB4
ICD. Thus, SUMOylation is a novel mechanism controlling the signaling of an
ICD of a receptor tyrosine kinase in the nucleus.

Together, these findings offer new insights into the molecular mechanisms that regulate
the stability, subcellular localization, and transcriptional and kinase activities of ErbB4.
The regulation of quantitative and qualitative aspects of ErbB4 signaling may have
implications for the ErbB-regulated biological processes in both healthy tissues and
cancer. Thus, further studies are warranted to explore the role of post-translational
regulation of ErbB4 signaling in these contexts. Finally, the findings of this thesis can
potentially be extended to provide new understanding on the mechanisms that regulate
the functions of receptor tyrosine kinases other than ErbB4.
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Figure 12. A model of post-translational modifications in ErbB4 signaling. A) The interaction
of Itch E3 ubiquitin ligase results in isoform-specific ubiquitination, endocytosis and degradation
of CYT-1 isoforms, while CYT-2 isoforms are resistant to Itch-induced degradation. CYT-
2 isoforms can thus mediate prolonged signaling of ErbB4 homo- and ErbB heterodimers. B)
Regulated intramembrane proteolysis of the ErbB4 JM-a isoforms, mediated by tumor-necrosis
factor o converting enzyme (TACE) and y-secretase, releases a soluble ErbB4 intracellular
domain (ICD) into the cytosol. The ICD translocates into the nucleus and is SUMOylated by
PIAS3 SUMO E3 ligase. SUMOylation promotes the nuclear accumulation and alters the nuclear
signaling of ErbB4 ICD. CYT, cytoplasmic; JM, juxtamembrane; TACE, tumor-necrosis factor
o converting enzyme.



66 Acknowledgements

8 ACKNOWLEDGEMENTS

This study was carried out at the Department of Medical Biochemistry and Genetics, and
in MediCity Research Laboratory, University of Turku. [ wish to acknowledge professors
Klaus Elenius and Sirpa Jalkanen for providing truly excellent research facilities.

I wish to express my gratitude to my supervisors, professor Klaus Elenius and docent
Maria Sundvall. I want to thank Klaus for all the guidance and mentoring I have received
over the years, and for the opportunity to explore science in a positive and creative
atmosphere. I am grateful to Maria for her vast contribution and countless ideas, and for
sharing her passion for science.

I want to warmly acknowledge the members of my thesis committee, professor Lea
Sistonen and assistant professor Noora Kotaja, for their interest to my research and
valuable advice during my doctoral training.

I would like to thank Turku Doctoral Programme of Molecular Medicine and Turku
Doctoral Programme of Biomedical Sciences, and their directors, professors Kati Elima
and Olli Lassila, for providing indispensable financial and educational support, and many
enjoyable social events. Financial support from the Cancer Society of Southwestern
Finland, Finnish Cancer Organizations, Finnish Concordia Fund, Finnish Cultural
Foundation, Finnish Cultural Foundation Varsinais-Suomi Regional Fund, Ida Montin
Foundation, Orion-Farmos Research Foundation, and Turku University Foundation is
also acknowledged.

Dr. Annika Meinander and docent Pipsa Saharinen are warmly acknowledged for carefully
reviewing the thesis manuscript, and for giving insightful and valuable comments.

I would like to thank my co-authors Drs. Julius Anckar, Rami 1. Ageilan, Carlo M.
Croce, Eugenio Gaudio, Kalle Halkilahti, Maria Helkkula, Gerry Melino, Ilkka Paatero,
Jorma J. Palvimo, Zaidoun Salah, Lea Sistonen, and Katri Vaparanta for significantly
contributing to this study.

The present and former members of the Elenius lab, Erika Alanne, Deepankar Chakroborty,
Marika Hakanen, Juho Heliste, Maria Helkkula, Maija Hollmén, Anne Jokilammi, Anna
Khudayarov, Peppi Kirjalainen, Maarit Kortesoja, Kari Kurppa, Johannes Merilahti,
Matias Mienpéd, Elli Narvi, Janne Nordberg, Veera Ojala, Ilkka Paatero, Arto Pulliainen,
Fred Saarinen, Minna Santanen, Mika Savisalo, Jori Torkkila, Maria Tuominen, Denis
Tvorogov, Katri Vaparanta, and Ville Veikkolainen, as well as the members of the Heino
group, are all warmly thanked for making the lab a sociable, relaxed, and collaborative
research environment, where both successes and struggles are shared. I also wish to
thank all my colleagues at the Department of Medical Biochemistry. The friendly and
helpful atmosphere has made it a very pleasant place to work.



Acknowledgements 67

I am grateful to professor Peter ten Dijke for the opportunity to join his lab at the
Department of Molecular Cell Biology in Leiden University Medical Center. The years
in Leiden provided me an exciting introduction to the world of TGF-f signaling, and
greatly contributed to my scientific training. I also wish to acknowledge all my LUMC
colleagues for collaboration and friendship.

Minna Santanen, Raili Salonen, Mika Savisalo, and Maria Tuominen are deeply
acknowledged for their skillful technical assistance. I also want to thank Rakel Mattsson,
Pia Tahvanainen, Hanna Tuominen, Eeva Valve, and Nina Widberg for excellent
secretarial help.

I have been lucky to have many good friends, and I want to warmly thank all of them
for friendship and the joyful moments we have shared. My special thanks go to Angela,
Jemiina, and the two Marias Salmela&Tuominen, who have closely accompanied me
in my academic path. Over the years, we have shared the ups and downs of life in the
lab and outside of it, after-work runs and the great outdoors, and a healthy number of
(sparkling) wine bottles. Your support has been indispensable!

Finally, I wish to express my deepest gratitude to my family. I want to thank my parents
Eeva and Antero for the unconditional love and support that continues to encourage me
in everything I do. Keegan, thank you for your endless love and bringing happiness to
my life. You are an invaluable companion to me, and I would not have made it without
you.

Turku, December 2016

Anna Knittle



68 References

REFERENCES

Anastasi S, Fiorentino L, Fiorini M, Fraioli R, Sala
G, Castellani L, Alema S, Alimandi M, and Segatto
0. (2003). Feedback inhibition by RALT controls
signal output by the ErbB network. Oncogene 22,
4221-4234.

Ageilan RI, Donati V, Gaudio E, Nicoloso MS, Sundvall
M, Korhonen A, Lundin J, Isola J, Sudol M, Joensuu
H, et al. (2007). Association of Wwox with ErbB4 in
breast cancer. Cancer Res. 67, 9330-9336.

Arasada RR, and Carpenter G. (2005). Secretase-
dependent Tyrosine Phosphorylation of Mdm2 by
the ErbB-4 Intracellular Domain Fragment. J. Biol.
Chem. 280, 30783-30787.

Arévalo JC, Waite J, Rajagopal R, Beyna M, Chen Z-Y,
Lee FS, and Chao MV. (2006). Cell Survival through
Trk Neurotrophin Receptors Is Differentially
Regulated by Ubiquitination. Neuron 50, 549-559.

Arteaga CL, and Engelman JA (2014). ERBB
Receptors: From Oncogene Discovery to Basic
Science to Mechanism-Based Cancer Therapeutics.
Cancer Cell 25, 282-303.

Avraham R, and Yarden, Y. (2011). Feedback
regulation of EGFR signalling: decision making by
early and delayed loops. Nat. Rev. Mol. Cell. Biol.
12,104-117.

Bacus SS, Chin D, Yarden Y, Zelnick CR., and Stern
DFE. (1996). Type 1 receptor tyrosine kinases
are differentially phosphorylated in mammary
carcinoma and differentially associated with steroid
receptors. Am. J. Pathol. 748, 549-558.

Bassi C, Ho J, Srikumar T, Dowling RJO, Gorrini
C, Miller SJ, Mak TW, Neel BG, Raught B, and
Stambolic V. (2013). Nuclear PTEN Controls DNA
Repair and Sensitivity to Genotoxic Stress. Science
341,395-399.

Baulida J, Kraus MH, Alimandi M, Di Fiore PP, and
Carpenter G. (1996). All ErbB receptors other than
the epidermal growth factor receptor are endocytosis
impaired. J. Biol. Chem. 271, 5251-5257.

Becker J, Barysch SV, Karaca S, Dittner C, Hsiao
HH, Diaz MB, Herzig S, Urlaub H, and Melchior
F. (2013). Detecting endogenous SUMO targets in
mammalian cells and tissues. Nat. Struct. Mol. Biol.
4,525-531.

Berlin I, Schwartz H, and Nash PD (2010). Regulation
of Epidermal Growth Factor Receptor Ubiquitination
and Trafficking by the USP8:STAM Complex. J.
Biol. Chem. 285, 34909-34921.

Bernardi R, and Pandolfi PP (2007). Structure,
dynamics and functions of promyelocytic leukaemia
nuclear bodies. Nat. Rev. Mol. Cell. Biol. 8, 1006—
1016.

Bersell K, Arab S, Haring B, and Kiihn B.
(2009). Neuregulinl/ErbB4 Signaling Induces
Cardiomyocyte Proliferation and Repair of Heart
Injury. Cell 138, 257-270.

Biéche I, Onody P, Tozlu S, Driouch K, Vidaud M,
and Lidereau R. (2003). Prognostic value of ERBB
family mRNA expression in breast carcinomas. Int.
J. Cancer 106, 758-765.

Blobel CP, Carpenter G, and Freeman M. (2009). The
role of protease activity in ErbB biology. Exp. Cell
Res. 315, 671-682.

Blume-Jensen P, and Hunter T. (2001). Oncogenic
kinase signalling. Nature 471, 355-365.

Bocharov EV, Mineev KS, Volynsky PE, Ermolyuk
YS, Tkach EN, Sobol AG, Chupin VV, Kirpichnikov
MP, Efremov RG, and Arseniev A.S. (2008). Spatial
structure of the dimeric transmembrane domain
of the growth factor receptor ErbB2 presumably
corresponding to the receptor active state. J. Biol.
Chem. 283, 6950—-6956.

Bouyain S, Longo PA, Li S, Ferguson KM, and Leahy
DJ. (2005). The extracellular region of ErbB4 adopts
a tethered conformation in the absence of ligand.
Proc. Natl. Acad. Sci. U.S.A. 102, 15024-15029.

Brewer MR, Choi SH, Alvarado D, Moravcevic K,
Pozzi A, Lemmon MA, and Carpenter G. (2009).
The Juxtamembrane Region of the EGF Receptor
Functions as an Activation Domain. Mol. Cell 34,
641-651.

Burgess AW, Cho H-S, Eigenbrot C, Ferguson KM,
Garrett TP, Leahy DJ, Lemmon MA, Sliwkowski
MX, Ward CW, and Yokoyama S. (2003). An open-
and-shut case? Recent insights into the activation of
EGF/ErbB receptors. Mol. Cell 12, 541-552.

Carraway KL III, Sliwkowski MX, Akita R, Platko
JV, Guy PM, Nuijens A, Diamonti AJ, Vandlen, RL,
Cantley LC, and Cerione RA. (1994). The erbB3
gene product is a receptor for heregulin. J. Biol.
Chem. 269, 14303-14306.

Carraway KL III, Weber JL, Unger MJ, Ledesma J, Yu
N, Gassmann M, and Lai C. (1997). Neuregulin-2,
a new ligand of ErbB3/ErbB4-receptor tyrosine
kinases. Nature 387, 512-516.

Chang H, Riese DJ II, Gilbert W, Stern DF, and
McMahan UJ. (1997). Ligands for ErbB-family
receptors encoded by a neuregulin-like gene. Nature
387, 509-512.

Chen C, Zhou Z, Ross JS, Zhou W, and Dong J-T.
(2007). The amplified WWP1 gene is a potential
molecular target in breast cancer. Int. J. Cancer /21,
80-87.



References 69

Chen C, Zhou Z, Sheehan CE, Slodkowska E,
Sheehan, CB, Boguniewicz A, and Ross JS. (2009).
Overexpression of WWP1 is associated with the
estrogen receptor and insulin-like growth factor
receptor 1 in breast carcinoma. Int. J. Cancer /24,
2829-2836.

Chen M-K, and Hung M-C. (2015). Proteolytic
cleavage, trafficking, and functions of nuclear
receptor tyrosine kinases. FEBS Journal 282, 3693—
3721.

Cho HS, Mason K, Ramyar KX, Stanley AM, Gabelli
SB, Denney DW Jr, and Leahy DJ. (2003). Structure
of the extracellular region of HER2 alone and in
complex with the Herceptin Fab. Nature 4217, 756—
760.

Cho H-S, and Leahy DJ. (2002). Structure of the
extracellular region of HER3 reveals an interdomain
tether. Science 297, 1330-1333.

Ciechanover A. (2015). The unravelling of the ubiquitin
system. Nat. Struct. Mol. Biol. /6, 322-324.

Citri A, and Yarden Y. (2006). EGF—ERBB signalling:
towards the systems level. Nat. Rev. Mol. Cell. Biol.
7, 505-516.

Coussens L, Yang-Feng TL, Liao YC, Chen E,
Gray A, McGrath J, Seeburg PH, Libermann TA,
Schlessinger J, and Francke U. (1985). Tyrosine
kinase receptor with extensive homology to EGF
receptor shares chromosomal location with neu
oncogene. Science 230, 1132—-1139.

de la Cruz-Herrera CF, Campagna M, Lang V, del
Carmen Gonzalez-Santamaria J, Marcos-Villar
L, Rodriguez MS, Vidal A, Collado M, and Rivas
C (2014). SUMOylation regulates AKT1 activity.
Oncogene 34, 1442-1450.

Deshaies RJ, and Joazeiro CAP. (2009). RING Domain
E3 Ubiquitin Ligases. Annu. Rev. Biochem. 78,
399-434.

Diamonti AJ, Guy PM, Ivanof C, Wong K, Sweeney
C, and Carraway KL (2002). An RBCC protein
implicated in maintenance of steady-state neuregulin
receptor levels. Proc. Natl. Acad. Sci. U.S.A. 99,
2866-2871.

Downward J, Yarden Y, Mayes E, Scrace G, Totty N,
Stockwell P, Ullrich A, Schlessinger J, and Waterfield
MD. (1984). Close similarity of epidermal growth
factor receptor and v-erb-B oncogene protein
sequences. Nature 307, 521-527.

Du JX, Bialkowska AB, McConnell BB, and Yang VW.
(2008). SUMOylation regulates nuclear localization
of Kriippel-like factor 5. J. Biol. Chem. 283, 31991—
32002.

Elenius K, Paul S, Allison G, Sun J, and Klagsbrun M.
(1997a). Activation of HER4 by heparin-binding
EGF-like growth factor stimulates chemotaxis but
not proliferation. EMBO J. 16, 1268-1278.

Elenius K, Corfas G, Paul S, Choi CJ, Rio C,
Plowman GD, and Klagsbrun M. (1997b). A novel
juxtamembrane domain isoform of HER4/ErbB4.
Isoform-specific tissue distribution and differential
processing in response to phorbol ester. J. Biol.
Chem. 272, 26761-26768.

Elenius K, Choi CJ, Paul S, Santiestevan E, Nishi
E, and Klagsbrun M. (1999). Characterization of
a naturally occurring ErbB4 isoform that does not
bind or activate phosphatidyl inositol 3-kinase.
Oncogene /8, 2607-2615.

Erickson S, O’Shea K, and Ghaboosi N. (1997).
ErbB3 is required for normal cerebellar and cardiac
development: a comparison with ErbB2-and
heregulin-deficient mice. Development 724, 4999—
5011.

Feng SM, Muraoka-Cook RS, Hunter D, Sandahl MA,
Caskey LS, Miyazawa K, Atfi A, and Earp HS.
(2009). The E3 Ubiquitin Ligase WWP1 Selectively
Targets HER4 and Its Proteolytically Derived
Signaling Isoforms for Degradation. Mol. Cell. Biol.
29, 892-906.

Ferretti E, Di Marcotullio L, Gessi M, Mattei T,
Greco A, Po A, De Smaele E, Giangaspero F,
Riccardi R, Di Rocco C, et al. (2006). Alternative
splicing of the ErbB-4 cytoplasmic domain and its
regulation by hedgehog signaling identify distinct
medulloblastoma subsets. Oncogene 25, 7267-7273.

Fleischer S, Wiemann S, Will H, and Hofmann TG.
(2006). PML-associated repressor of transcription
(PAROT), a novel KRAB-zinc finger repressor, is
regulated through association with PML nuclear
bodies. Exp. Cell Res. 372, 901-912.

Flotho A, and Melchior F. (2013). Sumoylation: A
Regulatory Protein Modification in Health and
Disease. Annu. Rev. Biochem. 82, 357-385.

French AR, Sudlow GP, Wiley HS, and Lauffenburger
DA. (1994). Postendocytic trafficking of epidermal
growth factor-receptor complexes is mediated
through saturable and specific endosomal
interactions. J. Biol. Chem. 269, 15749-15755.

Fujiwara S, Hung M, Yamamoto-Ibusuk C-M,
Yamamoto Y, Yamamoto S, Tomiguchi M, Takeshita
T, Hayashi M, Sueta A, and Iwase H. (2014). The
localization of HER4 intracellular domain and
expression of its alternately-spliced isoforms have
prognostic significance in ER+ HER2- breast
cancer. Oncotarget 5, 3919-3930.

Galcheva-Gargova Z, Theroux SJ, and Davis RJ.
(1995). The epidermal growth factor receptor is
covalently linked to ubiquitin. Oncogene 17, 2649—
2655.

Galindo CL, Ryzhov S, and Sawyer DB. (2013).
Neuregulin as a Heart Failure Therapy and Mediator
of Reverse Remodeling. Curr Heart Fail Rep /7,
40-49.



70 References

Gao R, Zhang J, Cheng L, Wu X, Dong W, Yang X,
Li T, Liu X, Xu Y, Li X, et al. (2010). A Phase II,
randomized, double-blind, multicenter, based
on standard therapy, placebo-controlled study of
the efficacy and safety of recombinant human
neuregulin-1 in patients with chronic heart failure. J.
Am. Coll. Cardiol. 55, 1907-1914.

Garcia-Dominguez M, and Reyes JC. (2009). SUMO
association with repressor complexes, emerging
routes for transcriptional control. Biochim. Biophys.
Acta 1789, 451-459.

Garcia-Rivello H, Taranda J, Said M, Cabeza-Meckert
P, Vila-Petroff M, Scaglione J, Ghio S, ChenJ, Lai C,
Laguens RP, et al. (2005). Dilated cardiomyopathy in
Erb-b4-deficient ventricular muscle. Am. J. Physiol.
Heart Circ. Physiol. 289, H1153-H1160.

Garrett TPJ, McKern NM, Lou M, Elleman TC, Adams
TE, Lovrecz GO, Kofler M, Jorissen RN, Nice EC,
Burgess AW, et al. (2003). The crystal structure of
a truncated ErbB2 ectodomain reveals an active
conformation, poised to interact with other ErbB
receptors. Mol. Cell 17, 495-505.

Garrett TPJ, McKern NM, Lou M, Elleman TC, Adams
TE, Lovrecz GO, Zhu H-J, Walker F, Frenkel MJ,
Hoyne PA, et al. (2002). Crystal structure of
a truncated epidermal growth factor receptor
extracellular domain bound to transforming growth
factor alpha. Cell 710, 763-773.

Gassmann M, Casagranda F, Orioli D, Simon H, Lai
C, Klein R, and Lemke G. (1995). Aberrant neural
and cardiac development in mice lacking the ErbB4
neuregulin receptor. Nature 378, 390-394.

Gilbertson RJ, Perry RH, Kelly PJ, Pearson AD,
and Lunec J. (1997). Prognostic significance
of HER2 and HER4 coexpression in childhood
medulloblastoma. Cancer Res. 57, 3272-3280.

Gilbertson RJ, Bentley L, Hernan R, Junttila TT,
Frank AJ, Haapasalo H, Connelly M, Wetmore C,
Curran T, Elenius K, et al. (2002). ERBB receptor
signaling promotes ependymoma cell proliferation
and represents a potential novel therapeutic target
for this disease. Clin. Cancer Res. 8, 3054-3064.

Gilmore-Hebert M, Ramabhadran R, and Stern DF.
(2010). Interactions of ErbB4 and Kapl Connect
the Growth Factor and DNA Damage Response
Pathways. Mol. Cancer Res. &, 1388—1398.

Giri DK, Ali-Seyed M, Li LY, Lee DF, Ling P,
Bartholomeusz G, Wang SC, and Hung MC. (2005).
Endosomal Transport of ErbB-2: Mechanism for
Nuclear Entry of the Cell Surface Receptor. Mol.
Cell. Biol. 25, 11005-11018.

Goh LK, and Sorkin A. (2013). Endocytosis of
Receptor Tyrosine Kinases. Cold Spring Harb.
Perspect. Biol. 5, a017459.

Golebiowski F, Matic I, Tatham MH, Cole C, Yin
Y, Nakamura A, Cox J, Barton GJ, Mann M, and

Hay RT. (2009). System-wide changes to SUMO
modifications in response to heat shock. Sci. Signal.
2, ra24.

Gong L, Millas S, Maul GG, and Yeh ET. (2000).
Differential regulation of sentrinized proteins by a
novel sentrin-specific protease. J. Biol. Chem. 275,
3355-3359.

Gong L, and Yeh ETH. (2006). Characterization of a
family of nucleolar SUMO-specific proteases with
preference for SUMO-2 or SUMO-3. J. Biol. Chem.
281, 15869-15877.

Grandal MV, Zandi R, Pedersen MW, Willumsen
BM, van Deurs B, and Poulsen HS. (2007).
EGFRVIII escapes down-regulation due to
impaired internalization and sorting to lysosomes.
Carcinogenesis 28, 1408-1417.

Gur G, Rubin C, Katz M, Amit I, Citri A, Nilsson J,
Amariglio N, Henriksson R, Rechavi G, Hedman
H, et al. (2004). LRIGI restricts growth factor
signaling by enhancing receptor ubiquitylation and
degradation. EMBO J. 23, 3270-3281.

Guy PM, Platko JV, Cantley LC, Cerione RA, and
Carraway KL III. (1994). Insect cell-expressed
p180erbB3 possesses an impaired tyrosine kinase
activity. Proc. Natl. Acad. Sci. U.S.A. 91, 8132—
8136.

Haglund K, Sigismund S, Polo S, Szymkiewicz
I, Di Fiore PP, and Dikic I. (2003). Multiple
monoubiquitination of RTKs is sufficient for their
endocytosis and degradation. Nat. Cell Biol. 5,
461-466.

Haj FG, Markova B, Klaman LD, Bohmer FD, and
Neel BG. (2003). Regulation of receptor tyrosine
kinase signaling by protein tyrosine phosphatase-
1B. J. Biol. Chem. 278, 739-744.

Han W, Zhang T, Yu H, Foulke JG, and Tang CK.
(2006). Hypophosphorylation of residue Y1045
leads to defective downregulation of EGFRVIII.
Cancer Biol. Ther. 5, 1361-1368.

Hanahan D, and Weinberg RA. (2000). The Hallmarks
of Cancer. Cell 100, 57-70.

Hanahan D, and Weinberg RA. (2011). Hallmarks of
Cancer: The Next Generation. Cell /44, 646-674.

Hang J, and Dasso M. (2002). Association of the
Human SUMO-1 Protease SENP2 with the Nuclear
Pore. J. Biol. Chem. 277, 19961-19966.

Harari D, Tzahar E, Romano J, Shelly M, Pierce JH,
Andrews GC, and Yarden Y. (1999). Neuregulin-4:
a novel growth factor that acts through the ErbB-4
receptor tyrosine kinase. Oncogene /8, 2681-2689.

Hendriks IA, and Vertegaal ACO. (2016). A
comprehensive compilation of SUMO proteomics.
Nat. Rev. Mol. Cell Biol. /7, 581-595.



References 71

Hendriks 1A, D’Souza RCJ, Yang B, Vries MV-D,
Mann M, and Vertegaal, ACO. (2014). Uncovering
global SUMOylation signaling networks in a site-
specific manner. Nat. Struct. Mol. Biol. 21, 927-936.

Hendriks IA, Treffers LW, Vries MV-D, Olsen JV,
and Vertegaal ACO. (2015). SUMO-2 Orchestrates
Chromatin Modifiers in Response to DNA Damage.
Cell Rep. 10, 1778-1791.

Hershko A, and Ciechanover A. (1998). The Ubiquitin
System. Annu. Rev. Biochem. 67, 425-479.

Hietakangas V, Anckar J, Blomster HA, Fujimoto
M, Palvimo JJ, Nakai A, and Sistonen L. (2006).
PDSM, a motif for phosphorylation-dependent
SUMO modification. Proc. Natl. Acad. Sci. U.S.A.
103, 45-50.

Hochstrasser M. (2009). Origin and function of
ubiquitin-like proteins. Nature 458, 422—429.

Hollmén M, and Elenius K. (2010). Potential of ErbB4
antibodies for cancer therapy. Future Oncol. 6, 37—
53.

Hollmén M, Liu P, Kurppa K, Wildiers H, Reinvall
I, Vandorpe T, Smeets A, Deraedt K, Vahlberg T,
Joensuu H, et al. (2012). Proteolytic processing of
ErbB4 in breast cancer. PLoS ONE 7, ¢39413.

Hospenthal MK, Mevissen TET, and Komander D.
(2015). Deubiquitinase-based analysis of ubiquitin
chain architecture using Ubiquitin Chain Restriction
(UbiCRest). Nat. Protoc. /0, 349-361.

Hsu S-C, and Hung M-C. (2007). Characterization of
a Novel Tripartite Nuclear Localization Sequence in
the EGFR Family. J. Biol. Chem. 282, 10432-10440.

Huang F. Goh LK, and Sorkin A. (2007). EGF receptor
ubiquitination is not necessary for its internalization.
Proc. Natl. Acad. Sci. U.S.A. 104, 16904-16909.

Huang F, Kirkpatrick D, Jiang X, Gygi S, and
Sorkin A. (2006). Differential Regulation of EGF
Receptor Internalization and Degradation by
Multiubiquitination within the Kinase Domain. Mol.
Cell 21, 737-748.

Huang F, Zeng X, Kim W, Balasubramani M, Fortian
A, Gygi SP, Yates NA, and Sorkin A. (2013). Lysine
63-linked polyubiquitination is required for EGF
receptor degradation. Proc. Natl. Acad. Sci. U.S.A.
110, 15722-15727.

Huang HS, Nagane M, Klingbeil CK, Lin H, Nishikawa
R, Ji XD, Huang CM, Gill GN, Wiley HS, and
Cavenee WK. (1997). The enhanced tumorigenic
activity of a mutant epidermal growth factor receptor
common in human cancers is mediated by threshold
levels of constitutive tyrosine phosphorylation and
unattenuated signaling. J. Biol. Chem. 272, 2927—
2935.

Huang TT, Wuerzberger-Davis SM, Wu ZH, and
Miyamoto S. (2003). Sequential modification of
NEMO/IKKy by SUMO-1 and ubiquitin mediates

NF-kB activation by genotoxic stress. Cell 715,
565-576.

Huang Z, Choi B-K, Mujoo K, Fan X, Fa M, Mukherjee
S, Owiti N, Zhang N, and An Z. (2015). The E3
ubiquitin ligase NEDD4 negatively regulates HER3/
ErbB3 level and signaling. Oncogene 34, 1105—
1115.

Husnjak K, and Dikic 1. (2012). Ubiquitin-Binding
Proteins: Decoders of Ubiquitin-Mediated Cellular
Functions. Annu. Rev. Biochem. 87, 291-322.

Jabbour A, Hayward CS, Keogh AM, Kotlyar E,
McCrohon JA, England JF, Amor R, Liu X, Li XY,
Zhou MD, et al. (2011). Parenteral administration of
recombinant human neuregulin-1 to patients with
stable chronic heart failure produces favourable
acute and chronic haemodynamic responses. Eur. J.
Heart Fail. /3, 83-92.

Jentsch S, and Psakhye 1. (2013). Control of nuclear
activities by substrate-selective and protein-group
SUMOylation. Annu. Rev. Genet. 47, 167-186.

Jiang X, Huang F, Marusyk A, and Sorkin A. (2003).
Grb2 regulates internalization of EGF receptors
through clathrin-coated pits. Mol. Biol. Cell 4,
858-870.

Jones FE, Welte T, Fu X-Y, and Stern DF. (1999).
ErbB4 signaling in the mammary gland is required
for lobuloalveolar development and Stat5 activation
during lactation. J. Cell. Biol. 147, 77-87.

Junttila TT, Sundvall M, Lundin M, Lundin J, Tanner
M, Hirkonen P, Joensuu H, Isola J, and Elenius
K. (2005). Cleavable ErbB4 isoform in estrogen
receptor-regulated growth of breast cancer cells.
Cancer Res. 65, 1384-1393.

Jura N, Endres NF, Engel K, Deindl S, Das R, Lamers
MH, Wemmer DE, Zhang X, and Kuriyan J. (2009).
Mechanism for Activation of the EGF Receptor
Catalytic Domain by the Juxtamembrane Segment.
Cell 137, 1293-1307.

Kadare G, Toutant M, Formstecher E, Corvol J-C,
Carnaud M, Boutterin M-C, and Girault J-A. (2003).
PIAS1-mediated Sumoylation of Focal Adhesion
Kinase Activates Its Autophosphorylation. J. Biol.
Chem. 287, 47434-47400.

Kagey MH, Melhuish TA, and Wotton D. (2003). The
polycomb protein Pc2 is a SUMO E3. Cell 113,
127-137.

Kahyo T, Nishida T, and Yasuda H. (2001). Involvement
of PIASI in the sumoylation of tumor suppressor
p53. Mol. Cell 8, 713-718.

Kainulainen V, Sundvall M, M&itta JA, Santiestevan E,
Klagsbrun M, and Elenius K. (2000). A natural ErbB4
isoform that does not activate phosphoinositide
3-kinase mediates proliferation but not survival or
chemotaxis. J. Biol. Chem. 275, 8641-8649.



72 References

Kankaanpaa P, Paavolainen L, Tiitta S, Karjalainen M,
Péivérinne J, Nieminen J, Marjomaki V, Heino J and
White DJ. (2012). BiolmageXD: an open, general-
purpose and high-throughput image-processing
platform. Nat. Methods 9, 683—689.

Kario E, Marmor MD, Adamsky K, Citri A, Amit I,
Amariglio N, Rechavi G, and Yarden Y. (2005).
Suppressors of Cytokine Signaling 4 and 5 Regulate
Epidermal Growth Factor Receptor Signaling. J.
Biol. Chem. 280, 7038-7048.

Kew T, Bell J, Pinder S, Denley H, Srinivasan R,
Gullick W, Nicholson R, Blamey R, and Ellis I.
(2000). c-erbB-4 protein expression in human breast
cancer. Br. J. Cancer 82, 1163-1170.

Khan MM, Nomura T, Kim H, Kaul SC, Wadhwa R,
Shinagawa T, Ichikawa-Iwata E, Zhong S, Pandolfi
PP, et al. (2001). Role of PML and PML-RARa in
Mad-mediated transcriptional repression. Mol. Cell
7,1233-1243.

Kilpinen S, Autio R, Ojala K, Iljin K, Bucher E, Sara
H, Pisto T, Saarela M, Skotheim RI, Bjéorkman M,
et al. (2008). Systematic bioinformatic analysis of
expression levels of 17,330 human genes across
9,783 samples from 175 types of healthy and
pathological tissues. Genome Biol. 9, R139.

Kim HT, Kim KP, Lledias F, Kisselev AF, Scaglione
KM, Skowyra D, Gygi SP, and Goldberg AL. (2007).
Certain pairs of ubiquitin-conjugating enzymes
(E2s) and ubiquitin-protein ligases (E3s) synthesize
nondegradable forked ubiquitin chains containing
all possible isopeptide linkages. J. Biol. Chem. 282,
17375-17386.

Kim HC, and Huibregtse JM. (2009). Polyubiquitination
by HECT E3s and the determinants of chain type
specificity. Mol. Cell. Biol. 29, 3307-3318.

Kim KI, Baek SH, Jeon YJ, Nishimori S, Suzuki
T, Uchida S, Shimbara N, Saitoh H, Tanaka K,
and Chung CH. (2000). A new SUMO-1-specific
protease, SUSPI, that is highly expressed in
reproductive organs. J. Biol. Chem. 275, 14102—
14106.

Kiuchi T, Ortiz-Zapater E, Monypenny J, Matthews
DR, Nguyen LK, Barbeau J, Coban O, Lawler
K, Burford B, Rolfe DJ, et al. (2014). The ErbB4
CYT?2 variant protects EGFR from ligand-induced
degradation to enhance cancer cell motility. Sci.
Signal. 7, ra78.

Knowlden JM, Gee JM, Seery LT, Farrow L,
Gullick WJ, Ellis 10, Blamey RW, Robertson JF,
and Nicholson RI. (1998). c-erbB3 and c-erbB4
expression is a feature of the endocrine responsive
phenotype in clinical breast cancer. Oncogene /7,
1949-1957.

Komander D, and Rape M. (2012). The Ubiquitin
Code. Annu. Rev. Biochem. 87, 203-229.

Komuro A, Nagai M, Navin NE, and Sudol M. (2003).
WW Domain-containing Protein YAP Associates
with ErbB-4 and Acts as a Co-transcriptional
Activator for the Carboxyl-terminal Fragment of
ErbB-4 That Translocates to the Nucleus. J. Biol.
Chem. 278, 33334-33341.

Kotaja N, Karvonen U, Janne OA, and Palvimo JJ.
(2002). PIAS proteins modulate transcription factors
by functioning as SUMO-1 ligases. Mol. Cell. Biol.
22, 5222-5234.

Kubota Y, O’Grady P, Saito H, and Takekawa
M. (2011). Oncogenic Ras abrogates MEK
SUMOylation that suppresses the ERK pathway and
cell transformation. Nat. Cell Biol. /3, 282-291.

Kurppa KJ, Denessiouk K, Johnson MS, and Elenius
K. (2016). Activating ERBB4 mutations in non-
small cell lung cancer. Oncogene 35, 1283-1291.

Laederich MB, Funes-Duran M, Yen L, Ingalla E,
Wu X, Carraway KL III, and Sweeney C. (2004).
The leucine-rich repeat protein LRIGI is a negative
regulator of ErbB family receptor tyrosine kinases.
J. Biol. Chem. 279, 47050-47056.

Lapi E, Di Agostino S, Donzelli S, Gal H, Domany E,
Rechavi G, Pandolfi PP, Givol D, Strano S, Lu X, et
al. (2008). PML, YAP, and p73 Are Components of
a Proapoptotic Autoregulatory Feedback Loop. Mol.
Cell 32, 803-814.

Law AJ, Kleinman JE, Weinberger DR, and Weickert
CS. (2007). Disease-associated intronic variants in
the ErbB4 gene are related to altered ErbB4 splice-
variant expression in the brain in schizophrenia.
Hum. Mol. Genet. 16, 129-141.

Lee H-J, Jung K-M, Huang YZ, Bennett LB, Lee JS,
Mei L, and Kim T-W. (2002). Presenilin-dependent
y-Secretase-like Intramembrane Cleavage of ErbB4.
J. Biol. Chem. 277, 6318-6323.

Lee KF, Simon H, Chen H, Bates B, Hung MC, and
Hauser C. (1995). Requirement for neuregulin
receptor erbB2 in neural and cardiac development.
Nature 378, 394-398.

Lemmon MA, Schlessinger J, and Ferguson KM.
(2014). The EGFR Family: Not So Prototypical
Receptor Tyrosine Kinases. Cold Spring Harb.
Perspect. Biol. 6, 2020768.

Lemmon MA, and Schlessinger, J. (2010). Cell
Signaling by Receptor Tyrosine Kinases. Cell /41,
1117-1134.

Lenferink AE, Pinkas-Kramarski R, van de Poll ML,
van Vugt MJ, Klapper LN, Tzahar E, Waterman
H, Sela M, van Zoelen EJ, and Yarden Y. (1998).
Differential endocytic routing of homo- and hetero-
dimeric ErbB tyrosine kinases confers signaling
superiority to receptor heterodimers. EMBO J. /7,
3385-3397.



References 73

Levkowitz G, Klapper LN, Tzahar E, Freywald A,
Sela M. and Yarden Y. (1996). Coupling of the c-Cbl
protooncogene product to ErbB-1/EGF-receptor but
not to other ErbB proteins. Oncogene 12, 1117-
1125.

Levkowitz G, Waterman H, Ettenberg SA, Katz
M, Tsygankov AY, Alroy I, Lavi S, Iwai K, Reiss
Y, Ciechanover A, et al. (1999). Ubiquitin ligase
activity and tyrosine phosphorylation underlie
suppression of growth factor signaling by c-Cbl/Sli-
1. Mol. Cell 4, 1029-1040.

Li R, Wei J, Jiang C, Liu D, Deng L, Zhang K, and
Wang P. (2013). Akt SUMOylation Regulates Cell
Proliferation and Tumorigenesis. Cancer Res. 73,
5742-5753.

LiY, Zhou Z, Alimandi M, and Chen C. (2009). WW
domain containing E3 ubiquitin protein ligase 1
targets the full-length ErbB4 for ubiquitin-mediated
degradation in breast cancer. Oncogene 28, 2948—
2958.

Liao H-J, and Carpenter G. (2007). Role of the Sec61
translocon in EGF receptor trafficking to the nucleus
and gene expression. Mol. Biol. Cell /8, 1064-1072.

Lima CD, and Reverter D. (2008). Structure of the
human SENP7 catalytic domain and poly-SUMO
deconjugation activities for SENP6 and SENP7. J.
Biol. Chem. 283, 32045-32055.

Lin D-Y, Huang Y-S, Jeng J-C, Kuo H-Y, Chang C-C,
Chao T-T, Ho C-C, Chen Y-C, Lin T-P, and Fang H-I
(2006). Role of SUMO-Interacting Motif in Daxx
SUMO Modification, Subnuclear Localization, and
Repression of Sumoylated Transcription Factors.
Mol. Cell 24, 341-354.

Lin S-Y, Makino K, Xia W, Matin A, Wen Y, Kwong
KY, Bourguignon L, and Hung M-C. (2001). Nuclear
localization of EGF receptor and its potential new
role as a transcription factor. Nat. Cell Biol. 3, 802—
808.

Linggi B, and Carpenter G. (2006). ErbB-4 s80
intracellular domain abrogates ETO2-dependent
transcriptional repression. J. Biol. Chem. 281,
25373-25380.

Linggi B, Cheng QC, Rao AR, and Carpenter G.
(2006). The ErbB-4 s80 intracellular domain is a
constitutively active tyrosine kinase. Oncogene 25,
160-163.

Liu Z, Zanata SM, Kim J, Peterson MA, Di Vizio D,
Chirieac LR, Pyne S, Agostini M, Freeman MR,
and Loda M. (2012). The ubiquitin-specific protease
USP2a prevents endocytosis- mediated EGFR
degradation. Oncogene 32, 1660—1669.

Lo H-W, Ali-Seyed M, Wu Y, Bartholomeusz G, Hsu
S-C, and Hung M-C. (2006). Nuclear-cytoplasmic
transport of EGFR involves receptor endocytosis,
importin 1 and CRM1. J. Cell. Biochem. 98, 1570—
1583.

Lodge AJ, Anderson JJ, Gullick WJ, Haugk B, Leonard
RCF, and Angus B. (2003). Type 1 growth factor
receptor expression in node positive breast cancer:
adverse prognostic significance of c-erbB-4. J. Clin.
Pathol. 56, 300-304.

Long W, Wagner K-U, Lloyd KCK, Binart N,
Shillingford JM, Hennighausen L, and Jones FE.
(2003). Impaired differentiation and lactational
failure of Erbb4-deficient mammary glands
identify ERBB4 as an obligate mediator of STATS.
Development /30, 5257-5268.

Luo J, Manning BD, and Cantley LC. (2003). Targeting
the PI3K-Akt pathway in human cancer: rationale
and promise. Cancer Cell 4, 257-262.

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S,
Okimoto RA, Brannigan BW, Harris PL, Haserlat
SM, Supko JG, Haluska FG, et al. (2004). Activating
mutations in the epidermal growth factor receptor
underlying responsiveness of non-small-cell lung
cancer to gefitinib. N. Engl. J. Med. 350,2129-2139.

Machleidt A, Buchholz S, Diermeier-Daucher S,
Zeman F, Ortmann O, and Brockhoff G. (2013).
The prognostic value of Her4 receptor isoform
expression in triple-negative and Her2 positive
breast cancer patients. BMC Cancer /3, 437.

Mahajan R, Delphin C, Guan T, Gerace L, and Melchior
F. (1997). A small ubiquitin-related polypeptide
involved in targeting RanGAP1 to nuclear pore
complex protein RanBP2. Cell 88, 97-107.

Margolis B, Li N, Koch A, Mohammadi M, Hurwit,
DR, Zilberstein A, Ullrich A, Pawson T, and
Schlessinger J. (1990). The tyrosine phosphorylated
carboxyterminus of the EGF receptor is a binding
site for GAP and PLC-gamma. EMBO J. 9, 4375
4380.

Marti U, Burwen SJ, Wells A, Barker ME, Huling
S, Feren AM, and Jones AL. (1991). Localization
of epidermal growth factor receptor in hepatocyte
nuclei. Hepatology /3, 15-20.

Matic I, Schimmel J, Hendriks IA, van Santen MA,
van de Rijke F, van Dam H, Gnad F, Mann M, and
Vertegaal ACO. (2010). Site-Specific Identification
of SUMO-2 Targets in Cells Reveals an Inverted
SUMOylation Motif and a Hydrophobic Cluster
SUMOylation Motif. Mol. Cell 39, 641-652.

Matunis MJ, Coutavas E, and Blobel G. (1996). A
novel ubiquitin-like modification modulates the
partitioning of the Ran-GTPase-activating protein
RanGAP1 between the cytosol and the nuclear pore
complex. J. Cell. Biol. 135, 1457-1470.

Maiittd JA, Sundvall M, Junttila TT, Peri L, Laine
VJO, Isola J, Egeblad M, and Elenius K. (2006).
Proteolytic cleavage and phosphorylation of a
tumor-associated ErbB4 isoform promote ligand-
independent survival and cancer cell growth. Mol.
Biol. Cell 17, 67-79.



74 References

McCullough J, Clague MJ, and Urbé S. (2004). AMSH
is an endosome-associated ubiquitin isopeptidase. J.
Cell. Biol. 166, 487-492.

McElroy B, Powell JC, and McCarthy JV. (2007). The
insulin-like growth factor 1 (IGF-1) receptor is a
substrate for y-secretase-mediated intramembrane
proteolysis. Biochem. Bioph. Res. Co. 358, 1136—
1141.

McHale K, Tomaszewski JE, Puthiyaveettil R, LiVolsi
VA, and Clevenger CV. (2008). Altered expression
of prolactin receptor-associated signaling proteins in
human breast carcinoma. Mod. Pathol. 21, 565-571.

Meijer IMJ, van Rotterdam W, van Zoelen EJJ, and van
Leeuwen JEM. (2013). Cell. Signal. 25, 470—478.

Mellman I, and Yarden Y. (2013). Endocytosis
and cancer. Cold Spring Harb. Perspect. Biol. 5,
a016949.

Memon AA, Sorensen BS, Melgard P, Fokdal L,
Thykjaer T, and Nexo E. (2004). Expression of
HER3, HER4 and their ligand heregulin-4 is
associated with better survival in bladder cancer
patients. Br. J. Cancer 91, 2034-2041.

Merbl Y, Refour P, Patel H, Springer M, and
Kirschner MW. (2013). Profiling of Ubiquitin-like
Modifications Reveals Features of Mitotic Control.
Cell 152, 1160-1172.

Miettinen PJ, Berger JE, Meneses J, Phung Y, Pedersen
RA, Werb Z, and Derynck R. (1995). Epithelial
immaturity and multiorgan failure in mice lacking
epidermal growth factor receptor. Nature 376, 337—
341.

Miyake S, Mullane-Robinson KP, Lill NL, Douillard
P, and Band H. (1999). Cbl-mediated negative
regulation of platelet-derived growth factor receptor-
dependent cell proliferation. A critical role for Cbl
tyrosine kinase-binding domain. J. Biol. Chem. 274,
16619-16628.

Mizuno E, Iura T, Mukai A, Yoshimori T, Kitamura N,
and Komada M. (2005). Regulation of epidermal
growth factor receptor down-regulation by UBPY-
mediated deubiquitination at endosomes. Mol. Biol.
Cell 16, 5163-5174.

Modjtahedi H, Cho BC, Michel MC, and Solca F.
(2014). A comprehensive review of the preclinical
efficacy profile of the ErbB family blocker afatinib
in cancer. Naunyn-Schmiedeberg’s Arch. Pharmacol.
387,505-521.

Mohideen F, Capili AD, Bilimoria PM, Yamada T,
Bonni A, and Lima CD. (2009). A molecular basis
for phosphorylation-dependent SUMO conjugation
by the E2 UBC9. Nat. Struct. Mol. Biol. 76, 945—
952.

Monast CS, Furcht CM, and Lazzara MJ. (2012).
Computational Analysis of the Regulation of EGFR

by Protein Tyrosine Phosphatases. Biophys. J. 102,
2012-2021.

Mori S, Heldin CH, and Claesson-Welsh L. (1992).
Ligand-induced polyubiquitination of the platelet-
derived growth factor beta-receptor. J. Biol. Chem.
267, 6429-6434.

Mosesson Y, Shtiegman K, Katz M, Zwang Y, Vereb
G, Szollosi J, and Yarden Y. (2003). Endocytosis
of receptor tyrosine kinases is driven by
monoubiquitylation, not polyubiquitylation. J. Biol.
Chem. 278, 21323-21326.

Muraoka-Cook RS, Sandahl MA, Strunk KE, Miraglia
LC, Husted C, Hunter DM, Elenius K, Chodosh
LA, and Earp HS. (2009). ErbB4 Splice Variants
Cytl and Cyt2 Differ by 16 Amino Acids and Exert
Opposing Effects on the Mammary Epithelium In
Vivo. Mol. Cell. Biol. 29, 4935-4948.

Muraoka-Cook RS, Sandahl M, Husted C, Hunter D,
Miraglia L, Feng S-M, Elenius K, and Earp HS.
(2006). The intracellular domain of ErbB4 induces
differentiation of mammary epithelial cells. Mol.
Biol. Cell /7, 4118-4129.

Nacerddine K, Lehembre F, Bhaumik M, Artus J,
Cohen-Tannoudji M, Babinet C, Pandolfi PP, and
Dejean A. (2005). The SUMO Pathway Is Essential
for Nuclear Integrity and Chromosome Segregation
in Mice. Dev. Cell 9, 769-779.

Naillat F, Veikkolainen V, Miinalainen I, Sipild P,
Poutanen M, Elenius K, and Vainio SJ. (2014).
ErbB4, a Receptor Tyrosine Kinase, Coordinates
Organization of the Seminiferous Tubules in the
Developing Testis. Mol. Endocrinol. 28, 1534-1546.

Naresh A, Long W, Vidal GA, Wimley WC, Marrero
L, Sartor CI, Tovey S, Cooke TG, Bartlett JMS, and
Jones FE. (2006). The ERBB4/HER4 intracellular
domain 4ICD is a BH3-only protein promoting
apoptosis of breast cancer cells. Cancer Res. 66,
6412-6420.

Navon A, and Ciechanover A. (2009). The 26 S
Proteasome: From Basic Mechanisms to Drug
Targeting. J. Biol. Chem. 284, 33713-33718.

Ni C-Y, Murphy MP, Golde TE, and Carpenter G.
(2001). y-Secretase cleavage and nuclear localization
of ErbB-4 receptor tyrosine kinase. Science 294,
2179-2181.

Nicodemus KK, Luna A, Vakkalanka R, Goldberg T,
Egan M, Straub RE, and Weinberger DR. (2006).
Further evidence for association between ErbB4
and schizophrenia and influence on cognitive
intermediate phenotypes in healthy controls. Mol
Psychiatry 77, 1062—1065.

Nishida T, Kaneko F, Kitagawa M, and Yasuda H.
(2001). Characterization of a novel mammalian
SUMO-1/Smt3-specific isopeptidase, a homologue
of rat axam, which is an axin-binding protein



References 75

promoting beta-catenin degradation. J. Biol. Chem.
276, 39060-39066.

Nishida T, Tanaka H, and Yasuda H. (2000). A
novel mammalian Smt3-specific isopeptidase 1
(SMT3IP1) localized in the nucleolus at interphase.
Eur. J. Biochem. 267, 6423-6427.

Norton N, Moskvina V, Morris DW, Bray NJ, Zammit
S, Williams NM, Williams HJ, Preece AC, Dwyer
S, Wilkinson JC, et al. (2006). Evidence that
interaction between neuregulin 1 and its receptor
erbB4 increases susceptibility to schizophrenia. Am.
J. Med. Genet. /41B, 96-101.

Offterdinger M, Schofer C, Weipoltshammer K, and
Grunt TW. (2002). c-erbB-3: a nuclear protein in
mammary epithelial cells. J. Cell. Biol. 157, 929—
939.

Ogiso H, Ishitani R, Nureki O, Fukai S, Yamanaka
M, Kim J-H, Saito K, Sakamoto A, Inoue M,
and Shirouzu M. (2002). Crystal structure of the
complex of human epidermal growth factor and
receptor extracellular domains. Cell 110, 775-787.

Olayioye MA, Beuvink I. Horsch K, Daly JM, and
Hynes NE. (1999). ErbB receptor-induced activation
of stat transcription factors is mediated by Src
tyrosine kinases. J. Biol. Chem. 274, 17209-17218.

Olayioye MA, Graus-Porta D, Beerli RR, Rohrer J,
Gay B, and Hynes NE. (1998). ErbB-1 and ErbB-
2 acquire distinct signaling properties dependent
upon their dimerization partner. Mol. Cell. Biol. /8,
5042-5051.

Omerovic J, Santangelo L, Puggioni EMR, Marrocco J,
Dall’ Armi C, Palumbo C, Belleudi F, Di Marcotullio
L, Frati L, Torrisi MR, et al. (2007). The E3 ligase
Aip4/Itch ubiquitinates and targets ErbB-4 for
degradation. Faseb J. 21, 2849-2862.

Omerovic J, Puggioni EMR, Napoletano S, Visco
V, Fraioli R, Frati L, Gulino A, and Alimandi M.
(2004). Ligand-regulated association of ErbB-4
to the transcriptional co-activator YAP65 controls
transcription at the nuclear level. Exp. Cell Res. 294,
469-479.

Oved S, Mosesson Y, Zwang Y, Santonico E, Shtiegman
K, Marmor MD, Kochupurakkal BS, Katz M, Lavi
S, Cesareni G, et al. (2006). Conjugation to Nedd8
instigates ubiquitylation and down-regulation of
activated receptor tyrosine kinases. J. Biol. Chem.
281,21640-21651.

Paatero I, Jokilammi A, Heikkinen PT, Iljin K,
Kallioniemi OP, Jones FE, Jaakkola PM, and
Elenius K. (2012). Interaction with ErbB4 Promotes
Hypoxia-inducible Factor-1alpha Signaling. J. Biol.
Chem. 287, 9659-9671.

Paatero I, Lassus H, Junttila TT, Kaskinen M, Biitzow
R, and Elenius K. (2013). CYT-1 isoform of ErbB4
is an independent prognostic factor in serous ovarian

cancer and selectively promotes ovarian cancer cell
growth in vitro. Gynecol. Oncol. /29, 179-187.

Packham S, Lin Y, Zhao Z, Warsito D, Rutishauser
D, and Larsson O. (2015). The Nucleus-Localized
Epidermal Growth Factor Receptor Is SUMOylated.
Biochemistry 54, 5157-5166.

Paez JG, Janne PA, Lee JC, Tracy S, Greulich H,
Gabriel S, Herman P, Kaye FJ, Lindeman N, Boggon
TJ, et al. (2004). EGFR Mutations in Lung Cancer:
Correlation with Clinical Response to Gefitinib
Therapy. Science 304, 1497-1500.

Palancade B, and Doye V. (2008). Sumoylating
and desumoylating enzymes at nuclear pores:
underpinning their unexpected duties? Trends Cell
Biol. /8, 174-183.

Pao W, Miller V, Zakowski M, Doherty J, Politi K,
Sarkaria I, Singh B, Heelan R, Rusch V, Fulton
L, et al. (2004). EGF receptor gene mutations are
common in lung cancers from “never smokers” and
are associated with sensitivity of tumors to gefitinib
and erlotinib. Proc. Natl. Acad. Sci. U.S.A. 101,
13306-13311.

Pareja F, Ferraro DA, Rubin C, Cohen-Dvashi H, Zhang
F, Aulmann S, Ben-Chetrit N, Pines G., Navon R,
Crosetto N, et al. (2011). Deubiquitination of EGFR
by Cezanne-1 contributes to cancer progression.
Oncogene 3/, 4599—-4608.

Park Y-Y, Kim K, Kim S-B, Hennessy BT, Kim SM,
Park ES, Lim JY, Li J, Lu Y, Gonzalez-Angulo AM,
et al. (2011). Reconstruction of nuclear receptor
network reveals that NR2E3 is a novel upstream
regulator of ESR1 in breast cancer. EMBO Mol.
Med. 4, 52-67.

Pawlowski V, Révillion F, Hebbar M, Hornez L, and
Peyrat JP. (2000). Prognostic value of the type I
growth factor receptors in a large series of human
primary breast cancers quantified with a real-time
reverse transcription-polymerase chain reaction
assay. Clin. Cancer Res. 6, 4217-4225.

Peles E, Levy RB, Or E, Ullrich A, and Yarden Y.
(1991). Oncogenic forms of the neu/HER2 tyrosine
kinase are permanently coupled to phospholipase C
gamma. EMBO J. 10, 2077-2086.

Peng J, Schwartz D, Elias JE, Thoreen CC, Cheng D,
Marsischky G, Roelofs J, Finley D, and Gygi SP.
(2003). A proteomics approach to understanding
protein ubiquitination. Nat. Biotechnol. 27, 921-
926.

Persaud A, Alberts P, Hayes M, Guettler S, Clarke I,
Sicheri F, Dirks P, Ciruna B, and Rotin D. (2011).
Nedd4-1 binds and ubiquitylates activated FGFR1
to control its endocytosis and function. EMBO J. 30,
3259-3273.

Persaud A, Alberts P, Mari S, Tong J, Murchie R,
Maspero E, Safi F, Moran MF, Polo S, and Rotin
D. (2014). Tyrosine phosphorylation of NEDD4



76 References

activates its ubiquitin ligase activity. Sci. Signal. 7,
ra95.

Peschard P, Fournier TM, Lamorte L, Naujokas
MA, Band H, Langdon WY, and Park M. (2001).
Mutation of the ¢-Cbl TKB domain binding site on
the Met receptor tyrosine kinase converts it into a
transforming protein. Mol. Cell 8, 995-1004.

Petersen OW, Ronnov-Jessen L, Howlett AR, and
Bissell MJ. (1992). Interaction with basement
membrane serves to rapidly distinguish growth
and differentiation pattern of normal and malignant
human breast epithelial cells. Proc. Natl. Acad. Sci.
U.S.A. 89, 9064-9068.

Pichler A, Gast A, Seeler J-S, Dejean A, and Melchior
F. (2002). The nucleoporin RanBP2 has SUMO1 E3
ligase activity. Cell 108, 109-120.

Pichler A, Knipscheer P, Saitoh H, Sixma TK, and
Melchior F. (2004). The RanBP2 SUMO E3 ligase
is neither HECT- nor RING-type. Nat. Struct. Mol.
Biol. 71, 984-991.

Piper RC, Dikic I, and Lukacs GL. (2014). Ubiquitin-
Dependent Sorting in Endocytosis. Cold Spring
Harb. Perspect. Biol. 6, a016808.

Plowman GD, Culouscou JM, Whitney GS, Green JM,
Carlton GW, Foy L, Neubauer MG, and Shoyab
M. (1993a). Ligand-specific activation of HER4/
p180erbB4, a fourth member of the epidermal
growth factor receptor family. Proc. Natl. Acad. Sci.
U.S.A. 90, 1746-1750.

Plowman GD, Green JM, Culouscou JM, Carlton GW,
Rothwell VM, and Buckley S. (1993b). Heregulin
induces tyrosine phosphorylation of HER4/
p180erbB4. Nature 366, 473-475.

Plowman GD, Whitney GS, Neubauer MG, Green JM,
McDonald VL, Todaro GJ, and Shoyab M. (1990).
Molecular cloning and expression of an additional
epidermal growth factor receptor-related gene. Proc.
Natl. Acad. Sci. U.S.A. 87, 4905-4909.

Prickett TD, Agrawal NS, Wei X, Yates KE, Lin JC,
Wunderlich JR, Cronin JC, Cruz P, Rosenberg SA,
and Samuels Y. (2009). Analysis of the tyrosine
kinome in melanoma reveals recurrent mutations in
ERBB4. Nat. Genet. 41, 1127-1132.

Qiu C, Tarrant MK, Choi SH, Sathyamurthy A, Bose
R, Banjade S, Pal A, Bornmann WG, Lemmon MA,
Cole PA, et al. (2008). Mechanism of Activation and
Inhibition of the HER4/ErbB4 Kinase. Structure /6,
460-467.

Qiu X-B, and Goldberg AL. (2002). Nrdp1/FLRF is
a ubiquitin ligase promoting ubiquitination and
degradation of the epidermal growth factor receptor
family member, ErbB3. Proc. Natl. Acad. Sci.
U.S.A. 99, 14843-14848.

Quesnelle KM, Boehm AL, and Grandis JR. (2007).
STAT-mediated EGFR signaling in cancer. J. Cell.
Biochem. 702, 311-319.

Reif R, Adawy A, Vartak N, Schroder J, Giinther G,
Ghallab A, Schmidt M, Schormann W, and Hengstler
JG. (2016). Activated ErbB3 Translocates to the
Nucleus via Clathrin-independent Endocytosis,
Which Is Associated with Proliferating Cells. J.
Biol. Chem. 291, 3837-3847.

Rhee SG. (2001). Regulation of phosphoinositide-
specific phospholipase C. Annu. Rev. Biochem. 70,
281-312.

Riese DJ, Bermingham Y, van Raaij TM, Buckley S,
Plowman GD, and Stern DF. (1996a). Betacellulin
activates the epidermal growth factor receptor and
erbB-4, and induces cellular response patterns
distinct from those stimulated by epidermal growth
factor or neuregulin-beta. Oncogene /2, 345-353.

Riese DJ, Kim ED, Elenius K, Buckley S, Klagsbrun M,
Plowman GD, and Stern DF. (1996b). The epidermal
growth factor receptor couples transforming growth
factor-alpha, heparin-binding epidermal growth
factor-like factor, and amphiregulin to Neu, ErbB-3,
and ErbB-4. J. Biol. Chem. 271, 20047-20052.

Riese DJ, Komurasaki T, Plowman GD, and Stern DF.
(1998). Activation of ErbB4 by the bifunctional
epidermal growth factor family hormone epiregulin
is regulated by ErbB2. J. Biol. Chem. 273, 11288—
11294.

Riethmacher D,  Sonnenberg-Riethmacher E,
Brinkmann V, Yamaai T, Lewin GR, and Birchmeier
C. (1997). Severe neuropathies in mice with targeted
mutations in the ErbB3 receptor. Nature 389, 725—
730.

Rio C, Buxbaum JD, Peschon JJ, and Corfas G.
(2000). Tumor necrosis factor-o-converting enzyme
is required for cleavage of erbB4/HER4. J. Biol.
Chem. 275, 10379-10387.

Roberts PJ, and Der CJ. (2007). Targeting the Raf-
MEK-ERK mitogen-activated protein  kinase
cascade for the treatment of cancer. Oncogene 26,
3291-3310.

Rodriguez MS, Dargemont C, and Hay RT. (2001).
SUMO-1 conjugation in vivo requires both a
consensus modification motif and nuclear targeting.
J. Biol. Chem. 276, 12654—12659.

Rodriguez-Viciana P, Warne PH, Dhand R,
Vanhaesebroeck B, Gout I, Fry MJ, Waterfield MD,
and Downward J. (1994). Phosphatidylinositol-
3-OH kinase as a direct target of Ras. Nature 370,
527-532.

Ross S, Best JL, Zon LI, and Gill G. (2002). SUMO-1
modification represses Sp3 transcriptional activation
and modulates its subnuclear localization. Mol. Cell
10, 831-842.



References 77

Rotin D, and Kumar S. (2009). Physiological functions
of the HECT family of ubiquitin ligases. Nat. Rev.
Mol. Cell. Biol. 70, 398-409.

Rytinki MM, Kaikkonen S, Pehkonen P, Jadskeldinen
T, and Palvimo JJ. (2009). PIAS proteins: pleiotropic
interactors associated with SUMO. Cell. Mol. Life
Sci. 66, 3029-3041.

Sachdev S, Bruhn L, Sieber H, Pichler A, Melchior F,
and Grosschedl R. (2001). PIASy, a nuclear matrix-
associated SUMO E3 ligase, represses LEF1 activity
by sequestration into nuclear bodies. Genes Dev. 15,
3088-3103.

Sahin U, Ferhi O, Jeanne M, Benhenda S, Berthier C,
Jollivet F, Niwa-Kawakita M, Faklaris O, Setterblad
N, de Thé H, et al. (2014a). Oxidative stress-
induced assembly of PML nuclear bodies controls
sumoylation of partner proteins. J. Cell Biol. 204,
931-945.

Sahin U, de Thé H, and Lallemand-Breitenbach
V. (2014b). PML nuclear bodies: Assembly and
oxidative stress-sensitive sumoylation. Nucleus 35,
499-507.

Sahin U, Jollivet F, Berthier C, de Thé H, and
Lallemand-Breitenbach V. (2016). Detection of
Protein SUMOylation In Situ by Proximity Ligation
Assays. Methods Mol. Biol. 7475, 139-150.

Saitoh H, and Hinchey J. (2000). Functional
heterogeneity of small ubiquitin-related protein
modifiers SUMO-1 versus SUMO-2/3. J. Biol.
Chem. 275, 6252—6258.

Saitoh N, Uchimura Y, Tachibana T, Sugahara S, Saitoh
H, and Nakao M. (2006). In situ SUMOylation
analysis reveals a modulatory role of RanBP2 in the
nuclear rim and PML bodies. Exp. Cell Res. 312,
1418-1430.

Salah Z, Itzhaki E, and Ageilan RI. (2014). The ubiquitin
E3 ligase ITCH enhances breast tumor progression
by inhibiting the Hippo tumor suppressor pathway.
Oncotarget 5, 10886—10900.

Sampson DA, Wang M, and Matunis MJ. (2001).
The Small Ubiquitin-like Modifier-1 (SUMO-1)
Consensus Sequence Mediates Ubc9 Binding and Is
Essential for SUMO-1 Modification. J. Biol. Chem.
276,21664-21669.

Santiago A, Li D, Zhao LY, Godsey A, and Liao D.
(2013). p53 SUMOylation promotes its nuclear
export by facilitating its release from the nuclear
export receptor CRM1. Mol. Biol. Cell 24, 2739—
2752.

Sardi SP, Murtie J, Koirala S, Patten BA, and Corfas
G. (2006). Presenilin-Dependent ErbB4 Nuclear
Signaling Regulates the Timing of Astrogenesis in
the Developing Brain. Cell 127, 185-197.

Schechter AL, Stern DF, Vaidyanathan L, Decker SJ,
Drebin JA, Greene MI, and Weinberg RA. (1984).

The neu oncogene: an erb-B-related gene encoding
a 185,000-Mr tumour antigen. Nature 312, 513-516.

Schindler CW. (2002). JAK-STAT signaling in human
disease. J. Clin. Invest. 109, 1133-1137.

Schulz S, Chachami G, Kozaczkiewicz L, Winter U,
Stankovic-Valentin N, Haas P, Hofmann K, Urlaub
H, Ovaa H, Wittbrodt J. et al. (2012). Ubiquitin-
specific protease-like 1 (USPL1) is a SUMO
isopeptidase with essential, non-catalytic functions.
EMBO Rep 10, 930-938.

Schulze WX, Deng L, and Mann M. (2005).
Phosphotyrosine interactome of the ErbB-receptor
kinase family. Mol. Syst. Biol. /, E1I-E13.

Scialpi F, Malatesta M, Peschiaroli A, Rossi M,
Melino G, and Bernassola F. (2008). Itch self-
polyubiquitylation — occurs  through lysine-63
linkages. Biochem. Pharmacol. 76, 1515-1521.

Sehat B, Tofigh A, Lin Y, Trocme E, Liljedahl U,
Lagergren J, and Larsson O. (2010). SUMOylation
Mediates the Nuclear Translocation and Signaling of
the IGF-1 Receptor. Sci. Signal. 3, ral0.

Sentis S, Le Romancer M, Bianchin C, Rostan
M-C, and Corbo L. (2005). Sumoylation of the
estrogen receptor alpha hinge region regulates its
transcriptional activity. Mol. Endocrinol. /9, 2671—
2684.

Shaul YD, and Seger R. (2007). The MEK/ERK
cascade: From signaling specificity to diverse
functions. Biochim. Biophys. Acta 1773, 1213—
1226.

Shi F, Telesco SE, Liu Y, Radhakrishnan R, and
Lemmon MA. (2010). ErbB3/HER3 intracellular
domain is competent to bind ATP and catalyze
autophosphorylation. Proc. Natl. Acad. Sci. U.S.A.
107,7692-7697.

Shin EJ, Shin HM, Nam E, Kim WS, Kim J-H, Oh B-H,
and Yun Y. (2012). DeSUMOylating isopeptidase: a
second class of SUMO protease. EMBO Rep 13,
339-346.

Shtiegman K, Kochupurakkal BS, Zwang Y, Pines G,
Starr A, Vexler A, Citri A, Katz M, Lavi S, Ben-
Basat Y, et al. (2007). Defective ubiquitinylation
of EGFR mutants of lung cancer confers prolonged
signaling. Oncogene 26, 6968—6978.

Sibilia M, Steinbach JP, Stingl L, Aguzzi A, and
Wagner EF. (1998). A strain-independent postnatal
neurodegeneration in mice lacking the EGF receptor.
Embo J. 17, 719-731.

Sigismund S, Woelk T, Puri C, Maspero E, Tacchetti
C, Transidico P, Di Fiore PP, and Polo S. (2005).
Clathrin-independent endocytosis of ubiquitinated
cargos. Proc. Natl. Acad. Sci. U.S.A. 102, 2760-
2765.

Silberberg G, Darvasi A, Pinkas-Kramarski R, and
Navon R. (2006). The involvement of ErbB4 with



78 References

schizophrenia: Association and expression studies.
Am. J. Med. Genet. /141B, 142—-148.

Singh AB, and Harris RC. (2005). Autocrine, paracrine
and juxtacrine signaling by EGFR ligands. Cell.
Signal. 77, 1183-1193.

Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich
A, and McGuire WL. (1987). Human breast cancer:
correlation of relapse and survival with amplification
of the HER-2/neu oncogene. Science 235, 177—182.

Smith CJ, Berry DM, and McGlade CJ. (2013). The
E3 ubiquitin ligases RNF126 and Rabring7 regulate
endosomal sorting of the epidermal growth factor
receptor. J. Cell Sci. 126, 1366—-1380.

Solca F, Dahl G, Zoephel A, Bader G, Sanderson M,
Klein C, Kraemer O, Himmelsbach F, Haaksma E,
and Adolf GR. (2012). Target binding properties
and cellular activity of afatinib (BIBW 2992), an
irreversible ErbB family blocker. J. Pharm. Exp.
Ther. 343, 342-350.

Séderberg O, Leuchowius K-J, Gullberg M, Jarvius M,
Weibrecht I, Larsson L-G, and Landegren U. (2008).
Characterizing proteins and their interactions in
cells and tissues using the in situ proximity ligation
assay. Methods 45, 227-232.

Srinivasan R, Poulsom R, Hurst HC, and Gullick WJ.
(1998). Expression of the c-erbB-4/HER4 protein
and mRNA in normal human fetal and adult tissues
and in a survey of nine solid tumour types. J. Pathol.
185,236-245.

Srinivasan R, Gillett CE, Barnes DM, and Gullick W1J.
(2000). Nuclear expression of the c-erbB-4/HER-4
growth factor receptor in invasive breast cancers.
Cancer Res. 60, 1483—-1487.

Stefansson H, Sigurdsson E, Steinthorsdottir
V, Bjornsdottir S, Sigmundsson T, Ghosh S,
Brynjolfsson J, Gunnarsdottir S, Ivarsson O, Chou
TT, et al. (2002). Neuregulin 1 and susceptibility to
schizophrenia. Am. J. Hum. Genet. 71, 877-892.

Steffensen KD, Waldstrem M, Andersen RF, Olsen DA,
Jeppesen U, Knudsen HJ, Brandslund I, and Jakobsen
A. (2008). Protein levels and gene expressions of the
epidermal growth factor receptors, HER1, HER2,
HER3 and HER4 in benign and malignant ovarian
tumors. Int. J. Oncol. 33, 195-204.

Strachan L, Murison JG, Prestidge RL, Sleeman MA,
Watson JD, and Kumble KD. (2001). Cloning and
biological activity of epigen, a novel member of the
epidermal growth factor superfamily. J. Biol. Chem.
276, 18265-18271.

Strunk KE, Husted C, Miraglia LC, Sandahl M,
Rearick WA, Hunter DM, Earp HS, and Muraoka-
Cook RS. (2007). HER4 D-Box Sequences Regulate
Mitotic Progression and Degradation of the Nuclear
HER4 Cleavage Product sSOHER4. Cancer Res. 67,
6582-6590.

Sugawa N, Ekstrand AJ, James CD, and Collins VP.
(1990). Identical splicing of aberrant epidermal
growth factor receptor transcripts from amplified
rearranged genes in human glioblastomas. Proc.
Natl. Acad. Sci. U.S.A. 87, 8602-8606.

Sundvall M, Peri L, Maitta JA, Tvorogov D, Paatero I,
Savisalo M, Silvennoinen O, Yarden Y, and Elenius
K. (2007). Differential nuclear localization and
kinase activity of alternative ErbB4 intracellular
domains. Oncogene 26, 6905-6914.

Sundvall M, Iljin K, Kilpinen S, Sara H, Kallioniemi
O-P, and Elenius K. (2008). Role of ErbB4 in Breast
Cancer. ] Mammary Gland Biol. Neoplasia /3,
259-268.

Sundvall M, Veikkolainen V, Kurppa K, Salah Z,
Tvorogov D, van Zoelen EJ, Ageilan R, and Elenius
K. (2010). Cell death or survival promoted by
alternative isoforms of ErbB4. Mol. Biol. Cell 2/,
4275-4286.

Sweeney C. Lai C, Riese DJ, Diamonti AJ, Cantley LC,
and Carraway KL III. (2000). Ligand discrimination
in signaling through an ErbB4 receptor homodimer.
J. Biol. Chem. 275, 19803-19807.

Takahashi Y, FukudaY, Yoshimura J, Toyoda A, Kurppa
K, Moritoyo H, Belzil VV, Dion PA, Higasa K, Doi
K, et al. (2013). ERBB4 Mutations that Disrupt the
Neuregulin-ErbB4 Pathway Cause Amyotrophic
Lateral Sclerosis Type 19. Am. J. Hum. Genet. 93,
900-905.

Tatham MH, Jaffray E, Vaughan OA, Desterro JM,
Botting CH, Naismith JH, and Hay RT. (2001).
Polymeric chains of SUMO-2 and SUMO-3 are
conjugated to protein substrates by SAE1/SAE2 and
Ubc9. J. Biol. Chem. 276, 35368-35374.

Teixeira LK, and Reed SI. (2013). Ubiquitin Ligases
and Cell Cycle Control. Annu. Rev. Biochem. 82,
387-414.

Tempé D, Piechaczyk M, and Bossis G. (2008). SUMO
under stress. Biochem. Soc. Trans. 36, 874-878.

Thor AD, Edgerton SM, and Jones FE. (2009).
Subcellular Localization of the HER4 Intracellular
Domain, 4ICD, Identifies Distinct Prognostic
Outcomes for Breast Cancer Patients. Am. J. Pathol.
175, 1802-1809.

Threadgill DW, Dlugosz AA, Hansen LA, Tennenbaum
T, Lichti U, Yee D, LaMantia C, Mourton T, Herrup
K, and Harris RC. (1995). Targeted disruption of
mouse EGF receptor: effect of genetic background
on mutant phenotype. Science 269, 230-234.

Tidcombe H, Jackson-Fisher A, Mathers K, Stern DF,
Gassmann M, and Golding JP. (2003). Neural and
mammary gland defects in ErbB4 knockout mice
genetically rescued from embryonic lethality. Proc.
Natl. Acad. Sci. U.S.A. 100, 8281-8286.



References 79

Tonks NK. (2006). Protein tyrosine phosphatases:
from genes, to function, to disease. Nat. Rev. Mol.
Cell. Biol. 7, 833-846.

Tvorogov D, Sundvall M, Kurppa K, Hollmén M, Repo
S, Johnson MS, and Elenius K. (2009). Somatic
mutations of ErbB4: selective loss-of-function
phenotype affecting signal transduction pathways in
cancer. J. Biol. Chem. 284, 5582-5591.

Ullrich A, Coussens L, Hayflick JS, Dull TJ, Gray
A, Tam AW, Lee J, Yarden Y, Libermann TA, and
Schlessinger J. (1984). Human epidermal growth
factor receptor cDNA sequence and aberrant
expression of the amplified gene in A431 epidermoid
carcinoma cells. Nature 309, 418-425.

Vecchi M, Baulida J, and Carpenter G. (1996).
Selective cleavage of the heregulin receptor ErbB-4
by protein kinase C activation. J. Biol. Chem. 271,
18989-18995.

Veikkolainen V, Naillat F, Railo A, Chi L, Manninen
A, Hohenstein P, Hastie N, Vainio S, and Elenius K.
(2012). ErbB4 Modulates Tubular Cell Polarity and
Lumen Diameter during Kidney Development. J.
Am. Soc. Nephrol. 23, 112-122.

Veikkolainen V, Vaparanta K, Halkilahti K, Iljin K,
Sundvall M, and Elenius K. (2011). Function of
ERBB4 is determined by alternative splicing. Cell
Cycle 10, 2647-2657.

Vertegaal ACO, Andersen JS, Ogg SC, Hay RT,
Mann M, and Lamond Al. (2006). Distinct and
Overlapping Sets of SUMO-1 and SUMO-2 Target
Proteins Revealed by Quantitative Proteomics. Mol.
Cell Proteomics 35, 2298-2310.

Walczak H, Iwai K, and Dikic I. (2012). Generation
and physiological roles of linear ubiquitin chains.
BMC Biol. 70, 23.

Wali VB, Haskins JW, Gilmore-Hebert M, Platt JT, Liu
Z, and Stern DF. (2014a). Convergent and Divergent
Cellular Responses by ErbB4 Isoforms in Mammary
Epithelial Cells. Mol. Cancer Res. /2, 1140-1155.

Wali VB, Gilmore-Hebert M, Mamillapalli R, Haskins
JW, Kurppa KJ, Elenius K., Booth CJ, and Stern DF.
(2014b). Overexpression of ERBB4 JM-a CYT-1 and
CYT-2 isoforms in transgenic mice reveals isoform-
specific roles in mammary gland development and
carcinogenesis. Breast Cancer Res. 16, 2647—15.

Wang L, and Banerjee S. (2004). Differential PIAS3
expression in human malignancy. Oncol. Rep. /1,
1319-1324.

Wang S-C, Lien H-C, Xia W, Chen IF, Lo H-W, Wang
Z, Ali-Seyed M, Lee D-F, Bartholomeusz G, Ou-
Yang F, et al. (2004). Binding at and transactivation
of the COX-2 promoter by nuclear tyrosine kinase
receptor ErbB-2. Cancer Cell 6, 251-261.

Wang S-C, Nakajima Y, Yu Y-L, Xia W, Chen C-T, Yang
C-C, McIntush EW, Li L-Y, Hawke DH, Kobayashi

R, et al. (2006). Tyrosine phosphorylation controls
PCNA function through protein stability. Nat. Cell
Biol. 8, 1359-1368.

Wang YN, Lee HH, Lee HJ, Du Y, Yamaguchi H, and
Hung M-C. (2012). Membrane-bound Trafficking
Regulates Nuclear Transport of Integral Epidermal
Growth Factor Receptor (EGFR) and ErbB-2. J.
Biol. Chem. 287, 16869—16879.

Wang Y-N, Wang H, Yamaguchi H, Lee H-J, Lee H-H,
and Hung M-C. (2010a). COPI-mediated retrograde
trafficking from the Golgi to the ER regulates EGFR
nuclear transport. Biochem. Bioph. Res. Co. 399,
498-504.

Wang Y-N, Yamaguchi H, Huo L, Du Y, Lee H-J, Lee
H-H, Wang H, Hsu J-M, and Hung M-C. (2010b).
The translocon Sec61p localized in the inner nuclear
membrane transports membrane-embedded EGF
receptor to the nucleus. J. Biol. Chem. 285, 38720-
38729.

Weger S, Hammer E, and Heilbronn R. (2005). Topors
acts as a SUMO-1 E3 ligase for p53 in vitro and in
vivo. FEBS Letters 579, 5007-5012.

Wells A, Welsh JB, Lazar CS, Wiley HS, Gill GN,
and Rosenfeld MG. (1990). Ligand-induced
transformation by a noninternalizing epidermal
growth factor receptor. Science 247, 962-964.

Wenzel DM, and Klevit RE. (2012). Following
Ariadne’s thread: a new perspective on RBR
ubiquitin ligases. BMC Biol. 10, 24.

Werner A, Flotho A, and Melchior F. (2012). The
RanBP2/RanGAP1*SUMO1/Ubc9 Complex Is a
Multisubunit SUMO E3 Ligase. Mol. Cell 46, 287—
298.

Wheeler DL, and Yarden Y. (2015). Receptor Tyrosine
Kinases: Family and Subfamilies.

Williams CC, Allison JG, Vidal GA, Burow ME,
Beckman BS, Marrero L, and Jones FE. (2004). The
ERBB4/HER4 receptor tyrosine kinase regulates
gene expression by functioning as a STATSA nuclear
chaperone. J. Cell. Biol. 167, 469—478.

Williamson A, Werner A, and Rape M. (2013). The
Colossus of Ubiquitylation: Decrypting a Cellular
Code. Mol. Cell 49, 591-600.

Witton CJ, Reeves JR, Going JJ, Cooke TG, and
Bartlett JM. (2003). Expression of the HER1-4
family of receptor tyrosine kinases in breast cancer.
J. Pathol. 200, 290-297.

Woldeyesus MT, Britsch S, Riethmacher D. Xu L,
Sonnenberg-Riethmacher E, Abou-Rebyeh F,
Harvey R, Caroni P, and Birchmeier C. (1999).
Peripheral nervous system defects in erbB2 mutants
following genetic rescue of heart development.
Genes Dev. 13, 2538-2548.

Wood L, Irvin B, Nucifora G, Luce KS, and Hiebert SW.
(2003). Small ubiquitin-like modifier conjugation



80 References

regulates nuclear export of TEL, a putative tumor
suppressor. Proc. Natl. Acad. Sci. U.S.A. 100, 3257—
3262.

Wright AV, Nuiiez JK, and Doudna JA. (2016). Biology
and Applications of CRISPR Systems: Harnessing
Nature’s Toolbox for Genome Engineering. Cell
164,29-44.

Xie Y, and Hung M-C. (1994). Nuclear localization
of p185neu tyrosine kinase and its association with
transcriptional transactivation. Biochem. Bioph.
Res. Co. 203, 1589-1598.

Xu P, Duong DM, Seyfried NT, Cheng D, Xie Y,
Robert J, Rush J, Hochstrasser M, Finley D, and
Peng J. (2009). Quantitative Proteomics Reveals
the Function of Unconventional Ubiquitin Chains in

Proteasomal Degradation. Cell /37, 133-145.

Xu W, Marcu M, Yuan X, Mimnaugh E, Patterson
C, and Neckers L. (2002). Chaperone-dependent
E3 ubiquitin ligase CHIP mediates a degradative
pathway for c-ErbB2/Neu. Proc. Natl. Acad. Sci.
U.S.A. 99, 12847-12852.

Yang S-F, Hou M-F, Chen F-M, Ou-Yang F, Wu Y-C,
Chai C-Y, and Yeh Y-T. (2016). Prognostic value of
protein inhibitor of activated STAT3 in breast cancer
patients receiving hormone therapy. BMC Cancer
16:20, 1-17.

Yang YR, Follo MY, Cocco L, and Suh PG. (2013).
The physiological roles of primary phospholipase C.
Adv. Biol. Regul. 53, 232-241.

Yao Q, Li H, Liu B-Q, Huang X-Y, and Guo L. (2011).
SUMOylation-regulated protein phosphorylation,
evidence from quantitative phosphoproteomics
analyses. J. Biol. Chem. 286, 27342-27349.

Ye Y, and Rape M. (2009). Building ubiquitin chains:
E2 enzymes at work. Nat. Rev. Mol. Cell. Biol. 10,
755-764.

Zeng F, Xu J, and Harris RC. (2009). Nedd4 mediates
ErbB4 JM-a/CYT-1 ICD ubiquitination and
degradation in MDCK 1I cells. Faseb J. 23, 1935—
1945.

Zeng F, Zhang M-Z, Singh AB, Zent R, and Harris RC.
(2007). ErbB4 isoforms selectively regulate growth

factor induced Madin-Darby canine kidney cell
tubulogenesis. Mol. Biol. Cell /8, 4446—4456.

Zerial M, and McBride H. (2001). Rab proteins as
membrane organizers. Nat. Rev. Mol. Cell Biol. 2,
107-119.

Zhang D, Sliwkowski MX, Mark M, Frantz G, Akita R,
Sun Y, Hillan K, Crowley C, Brush J, and Godowski
PJ. (1997). Neuregulin-3 (NRG3): a novel neural
tissue-enriched protein that binds and activates
ErbB4. Proc. Natl. Acad. Sci. U.S.A. 94, 9562-9567.

Zhang H, Saitoh H, and Matunis MJ. (2002). Enzymes
of the SUMO Modification Pathway Localize to
Filaments of the Nuclear Pore Complex. Mol. Cell.
Biol. 22, 6498-6508.

Zhang K, Sun J, Liu N, Wen D, Chang D, Thomason
A, and Yoshinaga SK. (1996). Transformation of
NIH 3T3 cells by HER3 or HER4 receptors requires
the presence of HER1 or HER2. J. Biol. Chem. 271,
3884-3890.

Zhang X, Gureasko J, Shen K, Cole PA, and Kuriyan
J. (2006). An Allosteric Mechanism for Activation
of the Kinase Domain of Epidermal Growth Factor
Receptor. Cell 125, 1137-1149.

Zhang X, Pickin KA, Bose R, Jura N, Cole PA, and
Kuriyan, J. (2007). Inhibition of the EGF receptor
by binding of MIG6 to an activating kinase domain
interface. Nature 450, 741-744.

Zhou P, Fernandes N, Dodge IL, Reddi AL, Rao N,
Safran H, DiPetrillo TA, Wazer DE, Band V, and
Band H. (2003). ErbB2 Degradation Mediated by
the Co-chaperone Protein CHIP. J. Biol. Chem. 278,
13829-13837.

Zhou W, and Carpenter G. (2000). Heregulin-
dependent trafficking and cleavage of ErbB-4. J.
Biol. Chem. 275, 34737-34743.

Zhu Y, Sullivan LL, Nair SS, Williams CC, Pandey
AK, Marrero L, Vadlamudi RK, and Jones FE.
(2006). Coregulation of Estrogen Receptor by
ERBB4/HER4 Establishes a Growth-Promoting
Autocrine Signal in Breast Tumor Cells. Cancer
Res. 66, 7991-7998.



	Abstract
	Tiivistelmä
	Table of Contents
	Abbreviations
	List of Original Publicatios
	1	Introduction
	2	Review of the Literature
	2.1	Receptor tyrosine kinases
	2.2	ErbB receptors
	2.2.1	Ligands of ErbB receptors
	2.2.2	Activation of ErbB receptors
	2.2.3	Signaling pathways activated by ErbB receptors
	2.2.4	Nuclear signaling of ErbB receptors
	2.2.5	Negative regulation of ErbB signaling
	2.2.6	ErbB receptors in embryonic development
	2.2.7	ErbB receptors in cancer

	2.3	ErbB4 receptor
	2.3.1	Extracellular juxtamembrane isoforms of ErbB4
	2.3.2	Cytoplasmic isoforms of ErbB4
	2.3.3	Expression of ErbB4 isoforms
	2.3.4	ErbB4 in embryonic and adult tissues
	2.3.5	ErbB4 in cancer 
	2.3.6	ErbB4 in non-neoplastic diseases

	2.4	Post-translational modification by ubiquitin and SUMO
	2.4.1	Ubiquitination
	2.4.2	SUMOylation


	3	Aims of the Study
	4	Materials and Methods
	4.1	Cell culture (I-III)
	4.1.1	Transient transfection (I-III)
	4.1.2	Generation of stable cell lines with retroviral infection (II, III)

	4.2	Expression plasmids (I-III)
	4.3	Primary antibodies (I-III)
	4.4	Growth factors and inhibitors (I-III)
	4.5	Small interfering RNAs (II)
	4.6	Cell lysis, immunoprecipitation and Western blotting (I-III)
	4.7	Internalization of cell surface receptors (I)
	4.8	Degradation of ErbB4 (I, III)
	4.8.1	Analysis of ErbB4 half-life using metabolic labeling (I)
	4.8.2	Analysis of ErbB4 half-life using cycloheximide (I, III)

	4.9	Interaction analyses (I-III)
	4.9.1	Coimmunoprecipitation (I-III)
	4.9.2	Glutathione-S-transferase pull-down assay (I, II, III)
	4.9.3	In situ proximity ligation assay (II)

	4.10	Ubiquitination of ErbB4 (I)
	4.11	SUMOylation of ErbB4 (II, III)
	4.12	Subcellular localization of ErbB4 (I-III)
	4.12.1	Immunofluorescence analyses of ErbB4 in cytoplasmic vesicles (I)
	4.12.2	Immunofluorescence analyses of ErbB4 in cell nuclei (II, III) 
	4.12.3	Subcellular fractionation (II, III)

	4.13	ErbB4 tyrosine phosphorylation and activity of signaling pathways (III)
	4.14	ErbB4-mediated transactivation (II)
	4.15	Three-dimensional Matrigel cultures (II, III)

	5	Results
	5.1	ErbB4 isoforms are differentially endocytosed (I)
	5.2	ErbB4 CYT-1 functionally interacts with Itch E3 ubiquitin ligase (I)
	5.3	ErbB4 ICD is SUMOylated (II)
	5.4	PIAS3 promotes and SENPs reverse ErbB4 ICD SUMOylation (II, III)
	5.5	Identification of the ErbB4 SUMOylation site (III)
	5.6	SUMOylation promotes nuclear accumulation of ErbB4 ICD (II, III)
	5.7	SUMOylation is required for nuclear signaling of ErbB4 ICD (II, III)

	6	Discussion
	6.1	NEDD4 family ligases as regulators of ErbB4 ubiquitination
	6.2	Isoform-specific ubiquitination may induce qualitative and quantitative changes in ErbB4 signaling
	6.3	SUMOylation of ErbB4 ICD
	6.4	Mechanisms of SUMOylation-induced nuclear accumulation of ErbB4 
	6.5	Insights into the role of SUMOylation in ErbB4 signaling
	6.6	SUMOylation may regulate ErbB4 function in breast cancer 

	7	Conclusions
	8	Acknowledgements
	References


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1030
     501
    
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     2.8346
     -0.3402
            
                
         Both
         3
         AllDoc
         69
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     79
     80
     79
     80
      

   1
  

 HistoryList_V1
 qi2base





