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REGULATION OF ERYTHROPOIETIN ENDOCYTOSIS AND SIGNALING

Rita Sulahian, PhD.

The University of Texas Southwestern Medical Center at Dallas, Graduation Year

Supervising Professor: Lily Huang PhD.

Erythropoietin (Epo) and its receptor (EpoR) play an essential role in the
survival, proliferation and differentiation of precursor red blood cells into mature
erythrocytes. EpoR lacks intrinsic enzymatic activity essential to mediate downstream
signaling cascades, instead, it associates with Janus tyrosine kinase 2 (JAK2), which
upon Epo binding is auto-phosphorylated and activated. Activated JAK2 phosphorylates
many of the tyrosines in the EpoR which recruit SH2-domain containing proteins that
will carry on the signaling event. EpoR -/- and JAK?2 -/- mice die during embryogenesis
due to the absence of definitive erythropoiesis. Once activated, the EpoR is internalized
and degraded through unidentified mechanisms. Sustained EpoR signaling and aberrant
JAK2 activation are observed in hematological malignancies.

Here we show that cell-surface EpoR is internalized via clathrin-mediated
endocytosis. Ligand-dependent EpoR internalization requires both JAK?2 kinase activity
and EpoR cytoplasmic tyrosines. In addition, phosphorylated Y429, Y431, and Y479 in
the EpoR cytoplasmic domain binds p85 subunit of phosphoinositide 3-kinase (P13-

kinase) upon Epo stimulation and individually is sufficient to mediate Epo-dependent



EpoR internalization. Knockdown of p85a and p85f but not inhibition of PI3-kinase
activity dramatically impaired EpoR internalization, indicating that p85a and p85f may
recruit proteins in the endocytic machinery upon Epo stimulation. We carried on a
candidate siRNA screen for endocytic proteins involved in EpoR endocytosis. ¢-Cbl, a E3
ubiquitin ligase associated with p85, was identified to be essential in mediating EpoR
internalization. Ligase-deficient c-Cbl mutants dramatically diminished ligand-induced
EpoR internalization. Consistent with this finding, c-Cbl knockout animals exhibit
erythroid hyperplasia. We further demonstrate that ubiquitination of the EpoR itself is not
required for internalization but may be important for endosomal sorting and degradation,
and K428 in the EpoR cytoplasmic domain may be the primary ubiquitination site.
Further studies will uncover the role of ¢c-Cbl in EpoR down-regulation. These results

provide the first characterization of EpoR downregulation mechanisms.
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Chapterl. Introduction

1.1 Endocytosis

The cell plasma membrane tightly controls all ingoing and outgoing processes required to
preserve cell survival, proliferation and differentiation as well as to prevent cell death. The nature and size
of the transferred substance dictate the path to cross the membrane. Small molecules (O,, H,O, Na', K"
etc...) have been shown to be transported into and from the cell through various methods such as lipid
diffusion, osmosis, passive transport and active transport (Conner and Schmid, 2003). To enter the cell,
large molecules (proteins, hormones, etc...) have to rely on a different mechanism called endocytosis.
There are several described forms of endocytosis: phagocytosis, pinocytosis, macropinocytosis and
receptor-mediated endocytosis (Conner and Schmid, 2003). The word phagocytosis literally means cell
eating and is the most primitive form of food uptake illustrated in simple organisms such as amoebas
(Tjelle et al., 2000). In phagocytosis, a vacuole forms from the plasma membrane and engulfs the material
into the cytoplasm. Once in the cytoplasm, the vacuole, now a phagosome fuses with the lysosome which
is an acidic organelle with a high content of hydrolases. These lysosomal enzymes undertake the digestion
of the macromolecule content (Tjelle et al., 2000). Pinocytosis (cell drinking) is the uptake of small
amounts of fluids through vacuoles and is thought to occur in almost all cells. In contrast,
macropinocytosis allows the engulfment of larger amount of fluids through the formation of actin
dependent large vesicles. This process is best observed in dentritic cells as part of their function to screen
our immune system (Norbury, 2006).

The plasma membrane also maintains a steady pool of receptors which allow the cell to respond
to extracellular stimuli. Receptor-mediated endocytosis is by far the most intricate endocytic scheme. In
this form of uptake, a ligand binds its specific receptor on the plasma membrane, and initiates the inward
budding of the plasma membrane vesicles containing the ligand-receptor complex. An extensive portion
of endocytosis literature has been dedicated to the role of endocytosis in signal attenuation through the

destruction of the receptor and its ligand in the lysosomes after internalization (Bonifacino and Traub,
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2003). Indeed, many receptors that belong to different receptor families such as the receptor tyrosine
kinase family (Haglund et al., 2003) or the cytokine receptor family (Walrafen et al., 2005) have been
shown to be degraded shortly after ligand induction.

Supporting this important role to attenuate signaling, numerous observations in different diseases
involve aberrant receptor down-regulation. The deregulation can affect different stages of the endocytic
process. Abnormal regulation of a panel of receptors such as the erbB/Her receptors is believed to be
critical in promoting excess cell proliferation in breast, colorectal, ovarian and lung cancers (Roskoski,
2004). These receptors are highly active and appear to escape endocytosis (Roskoski, 2004). In other
cases, the problem lies in the endocytic proteins. Oncogenic forms of the E3 ubiquitin ligase ¢-Cbl fail to
properly ubiquitinate the epidermal growth factor receptor (EGFR), a process required for receptor
endosomal sorting, resulting in activated receptors being trapped on the surface (Andoniou et al., 1994;
Thien et al., 2001).

Recent studies reveal that endocytosis and subsequent endosomal sorting also play a positive role
in signal transduction. Internalization allows the activated receptors to recruit signaling proteins present
in intracellular compartments inaccessible from the cell surface (Baass et al., 1995). For instance,
internalized EGFR recruits Src tyrosine kinase in EEA1 positive endosomes (early endosomes) to initiate
the ERK pathway (Donepudi and Resh, 2008). In cells expressing a dynamin mutant (K44A) which
blocks EGFR internalization, EGFR was unable to activate the PI3K pathway and the ERK pathway
(Vieira et al., 1996). Poor or loss of tyrosine phosphorylation of signaling proteins in the EGF stimulated
K44A cells was observed when compared to wild type cells. Interestingly, phosphorylation of EGF was
also decreased in K44 A-expressing cells, indicating that EGFR is located in intracellular compartments
other than on the cell surface (Vieira et al., 1996).

Currently, there are two major pathways for receptor-mediated endocytosis: 1) clathrin
independent endocytosis and 2) clathrin-dependent endocytosis. This introductory chapter will devote its
attention to clathrin-dependent endocytosis, since the alternative but equally fascinating endocytic

pathway is beyond the scope of this dissertation.



Clathrin dependent endocytosis

Coated vesicles were long known to be associated with secretory processes. The structure of
coated vesicles was observed in 1976 in pig and bullock brain specimens through electron microscopy
(Pearse, 1976) and the major component of these vesicles was identified to be clathrin (Pearse, 1976).
Clathrin interacts with different adaptor proteins such as AP2, synaptotagmin, Epsin and AP180 to form
the observed coated vesicles (Mousavi et al., 2004).

Clathrin mediated receptor endocytosis consists of the following steps: recruitment of clathrin,
sequestration of the receptor into clathrin-coated pits and receptor internalization. After its formation, the
clathrin-coated pit invaginates and pinches off to form a clathrin-coated vesicle. Once in the cytoplasm,
the vesicle is rapidly uncoated, a process thought to be necessary for subsequent fusion with other
membrane structures such as late endosomes or lysosomes (Mousavi et al., 2004).

Many proteins work in tandem and coordinate the endocytic process. The extensively studied
EGFR has proven to be a good model to illustrate the whole pathway and introduce all the participating
players. Most of the described mechanisms in the following sections are employed by different receptors
in clathrin-mediated endocytosis.

The EGFR is auto-inhibited in its basal state. Upon EGF binding, the receptor undergoes
autophosphorylation on several tyrosines (Y992, Y1045, Y1068, Y1148 and Y1173) located on its
cytoplasmic tail. Some of these phospho-tyrosines recruit key proteins such as Grb2 and ¢-Cbl (Huang
and Sorkin, 2005) and initiate the endocytic process. Mutations or truncations of these tyrosines

dramatically affects receptor down-regulation from the surface (Jiang et al., 2003; Sorkin et al., 1992).

Multi-ubiquitination of the cytoplasmic domain of EGFR by c-Cbl recruits several proteins
essential for the formation of clathrin coated pits
The first member of the Cbl E3 ubiquitin ligase protein family was discovered in 1989 (Langdon

et al., 1989a). The oncogene v-Cbl (Casitas B-lineage lymphoma) is transduced by the mouse Cas-NS-1



retrovirus and is the cause of several lymphomas as well as fibroblast transformation (Langdon et al.,
1989a). The main role of E3 ubiquitin ligases such as Cbl is to ubiquitinate a substrate and target it
primarily for degradation (Pickart and Eddins, 2004).

Ubiquitin is a 76 amino acid polypeptide. It is covalently linked to its substrate via an isopeptide
bond between the C-terminal glycine residue of ubiquitin and a specific lysine residue on the target
protein(reviewed in (Pickart and Fushman, 2004) and (Pickart and Eddins, 2004)). Several forms of
ubiquitination have been described: a substrate can be monoubiquitinated, multi-monoubiquitinated and
polyubiquitinated (reviewed in (Pickart and Eddins, 2004)). The nature of the appended ubiquitin moiety
dictates the fate of the targeted protein and regulates related cellular events (reviewed in (Pickart and
Fushman, 2004)).

To date, there are three proto-oncogenic proteins that are part of the Cbl family: ¢-Cbl (Langdon
et al., 1989b), Cbl-b (Keane et al., 1995) and the shorter Cbl-c¢/Cbl-3 (Fiore et al., 2001) and there is a
high degree of sequence homology between the three proteins. Cbl family proteins share a
phosphotyrosine binding domain (PTB) (also known as the tyrosine kinase binding domain (TKB))
(Roxrud et al., 2008), a short linker region, a ring finger domain to recruit ubiquitin conjugating enzymes
(Joazeiro et al., 1999; Zheng et al., 2000) and two proline rich regions that are followed by a variable C-
terminal portion. In comparison, v-Cbl has a premature stop codon after amino acid 357and lacks the
linker and the ring finger domain which explains its transforming potential (Blake et al., 1991).

The crucial role of ¢-Cbl in regulating receptor tyrosine kinases was originally discovered in
Caenorhabditis elegans (Jongeward et al., 1995). The original aim of these early experiments was to
screen for suppressors of hypomorphic mutations of let-23, a receptor tyrosine kinase responsible for
vulvar induction (Koga and Ohshima, 1995). One of the hits that were found was sli-1 (suppressor of
linage defect). The sli-1 gene encodes a protein homologous to ¢c-Cbl and contains the ring finger domain
for E3 ligase activity and multiple consensus binding sites for Src homology 3 (SH3) domains

(Jongeward et al., 1995; Yoon et al., 1995).



In mammalian cells, the growth factor receptor binding protein 2 (Grb2) binds to Y1068 and
Y 1086 of the activated EGFR and couples the receptor to the Ras pathway (Li et al., 1993; Rozakis-
Adcock et al., 1993). Apart from its role in signaling, knockdown of Grb2 through siRNA or mutation of
both Y1068 and Y1086 abolish EGFR internalization (Jiang et al., 2003). Grb2 was shown to co-localize
in the endosomes with EGFR and overexpression of mutated Grb2 proteins (P49L and G203R) that
cannot bind c-Cbl and dynamin severely affected receptor internalization (Jiang et al., 2003). Therefore,
Grb2 is essential for recruiting c-Cbl to the EGFR (Huang and Sorkin, 2005) and to phosphorylated
Y 1045 (Grovdal et al., 2004).Subsequently, c-Cbl with its E2 ligase UBCH7, ubiquitinates the receptor
(Yokouchi et al., 1999) (Figure 1.1).

The nature of the ubiquitin signal has been initially thought to be a polyubiquitination event
(Galcheva-Gargova et al., 1995). However, a set of experiments performed by two groups in 2003 used
several antibodies that can recognize different form of ubiquitin chains and showed that EGFR is
monoubiquitinated on multiple sites (multi-ubiquitination) (Haglund et al., 2003). Moreover,
overexpression of a mutant ubiquitin that cannot form polymeric chains maintained normal EGFR
ubiquitination, internalization and degradation in HEK 293T cells (Haglund et al., 2003; Mosesson et al.,
2003). Then again more direct experiments using tandem mass spectroscopy implicated EGFR
polyubiquitination (Huang et al., 2006). Regardless of the nature of ubiquination, the EGF receptor is
clearly ubiquitinated and this ubiquitination is important for its down-regulation. The 2003 studies are
considered as ground breaking since they inaugurated a whole new field for ubiquitin (mono-,poly- or
multi-ubiquitination) in endosomal sorting and other signaling events (Haglund and Dikic, 2005; Tanaka

et al., 2008). In the particular case of EGFR, a ubiquitination event on the receptor is required for EGFR
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recruitment into clathrin coated pits (Stang et al., 2004) and endosomal sorting (Ravid et al., 2004) but not
for internalization (Huang et al., 2007).

Aside from its E3 ligase activity, c-Cbl can recruit endophilin and AP2 of the endocytic
machinery through interaction with Cin85 (Schmidt and Dikic, 2005). c-Cbl can also recruit AP2 and
clathrin through the Eps15 protein which is another molecule recruited to activated EGFR and is a
substrate of the receptor (Torrisi et al., 1999). Eps15 is a EH domain protein. It regulates clathrin coat
assembly via its interaction with the NPF motif of the clathrin adaptor protein AP180 (Morgan et al.,
2003). In order for Eps15 to recruit clathrin, EGFR needs to be ubiquitinated by c-Cbl as Eps15 binds to
the ubiquitin moiety with its ubiquitin interacting motif (UIM) (de Melker et al., 2004) (Figure 1.1).

Finally, phophatidyl inositols and a couple of other proteins such as dynamins also play a role in
clathrin pit formation as reviewed in (Clague and Urbe, 2001) and (Heath et al., 2003) but have not been

shown to be directly linked to ubiquitination or Cbl proteins.

Endosomal sorting

Once in the endosome, ubiquitination of the receptor dictates its endosomal sorting and its
delivery to the lysosomes or in some cases its recycling to the membrane (Schmidt and Dikic, 2005).
Hepatocyte growth factor regulated tyrosine kinase substrate (HRS) is one of the main components of
early endosomes. Like Eps15, the UIM domain of HRS is necessary to recognize the ubiquitinated
receptor to support proper receptor sorting (Raiborg et al., 2002; Urbe et al., 2003). HRS also interacts
with Eps15b, an Eps15 isoform that localizes exclusively in HRS-positive vesicles (Roxrud et al., 2008).
Depletion of Eps15b was shown to delay EGFR degradation in the lysosomes while causing a re-routing
of the receptor to the cell surface (Roxrud et al., 2008). Recycling of EGFR has also been observed with
elevated ALIX protein levels (Schmidt et al., 2004). ALIX or AIP1 binds EGFR and distrupt Cbl/Cin85

complex by competitively binding to Cin85 obstructing efficient internalization (Schmidt et al., 2004).



1.2 Erythropoietin

Erythropoeitin (Epo) was discovered in 1953 by Allan Erslev as a humoral factor that can
promote erythrocytosis (Erslev, 1953) a “process by which multipotential hematopoietic stem cells
differentiate into mature, non nucleated erythrocytes” (Richmond et al., 2005). Erslev’s data showed that
injection of plasma from anemic rabbits into healthy rabbits stimulated red blood cell production. Later, it
was suggested that that this factor is a hormone produced in the kidneys (Erslev, 1953; Erslev et al.,
1980).After many years of trials, erythropoietin was finally cloned in 1985 (Lin et al., 1985) followed by
its receptor in 1989 (D'Andrea et al., 1989).

The erythropoietin gene is localized on human chromosome 7 and its product is a protein of 193
amino acids of which 27 are cleaved upon secretion (Lin et al., 1985). The final product is a heavily
glycosylated 30kDa glycoprotein. Glycosylation dictates Epo’s biological activity and its affinity for the
Epo receptor. For example, when terminal sialic acids were removed by sialidase, Epo’s half life is
dramatically shortened as it is cleared rapidly by the asialoglycoprotein receptor in the liver (Elliott et al.,
2004; Stubiger et al., 2005). During embryonic development, Epo is expressed in the liver (Juul et al.,
1998). In adults, Epo’s primary source are the peritubular cells of the renal cortex (Lacombe et al., 1988).
Epo is produced in response to anemic or hypoxic stress to help increase oxygen-carrying capacity in the
blood by increasing the number of red blood cells (RBCs) through erythrocytosis (Aispuru et al., 2008).
Because of the latter, synthetic Epo is used as a crucial therapeutic agent to boost RBC production during
anemia, anemia induced by chemotherapy, chronic renal failure and bone marrow transplantation
(Arcasoy, 2008a; Chen et al., 2008; Klaesson, 1999). The glycosylation property of Epo has been
investigated extensively by drug companies to produce a more stable synthetic form of Epo for patient
administration (Sinclair and Elliott, 2005; Wish and Coyne, 2007).

Apart from its beneficial role, recombinant Epo has also been misused as a doping agent in
several sports. By increasing the oxygen-carrying capacity of blood, Epo improves the endurance of
athletes. The first major Epo scandal happened during the famed cycling event of the tour de France in

1998. Several teams were found to use a cocktail of doping agents that included Epo to boost the



endurance of their riders. The tour ended with half of its original number of racers since most of them
dropped from the race either from disqualification or fear of getting caught. This led to the creation of
World Anti-Doping Agency (WADA) whose task is to constantly screen athletes at major events and

develop advanced methods to uncover any doping activity (Birkeland et al., 2000; Lundby et al., 2008).

1.3 Erythropoietin receptor

The EpoR is a member of the type I cytokine receptor superfamily characterized by a single
hydrophobic transmembrane spanning region, a highly variable cytoplasmic portion and an extracellular
portion with conserved cysteine residues. Functionally, all members of this family lack kinase activity and
are constitutively bound to cytosolic Janus tyrosine kinases (JAK) which initiate signaling events upon
ligand binding (Gadina et al., 2001).

Aside from erythrocytosis, EpoR is also expressed in various non-hematopoietic cells such as
gastrointestinal cells, skeletal muscle cells, neural cells and cardiac cells (reviewed in (Arcasoy, 2008b).
The function of Epo and EpoR in all these systems is not entirely defined. For instance, EpoR is found in
the cardiac tissue where it promotes angiogenesis (reviewed in (Arcasoy, 2008b)). Epo itself has been
shown to wield cardioprotection during ischemia though the underlying mechanism is not clear (Arcasoy,
2008b). The EpoR is expressed in many different cell types such as endothelial, epithelial and decidual in
the uterine endometrium (Yasuda et al., 2001). It is still not clear if signaling from the EpoR oscillates
during a reproductive cycle and what are the consequences apart from local angiogenesis in the

endometrium (Yasuda et al., 2001).

The extracellular portion:

Type I cytokine receptors share a WSXWS motif in the extracellular domain. In EpoR, this
corresponds to a WSAWS motif critical for receptor folding and surface expression (Furmanek et al.,
2003; Hilton et al., 1996).Mutation of the alanine residue in WSAWS with a glycine disrupts the structure

and affects the function of the receptor whereas replacing the alanine with glutamic acid resulted in a
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receptor that is folded and processed better than the wild type EpoR(Hilton et al., 1995; Yoshimura et al.,
1992).The extracellular portion has two major fibronectin type 2 subdomains that are separated by a hinge
domain. Crystallographic data shows that the receptor is dimerized on the surface through the four residue
hinge domain (Livnah et al., 1999; Syed et al., 1998).Upon Epo binding, the major conformational change
affects all four subdomains bridging together the c-terminal membrane proximal region from 76A° to
30A°, a crucial rearrangement proved to be vital for any subsequent signal transduction (Frank, 2002;

Remy et al., 1999).

The cytoplasmic portion:

The EpoR like most type I cytokine receptors lacks enzymatic activities in the cytoplasmic
portion. To compensate the absence of this critical characteristic, the membrane proximal region is
decorated with two motifs: Box1 and Box 2. The Box 1 motif and its flanking amino acids are essential
for the binding and activation of JAK2 (Miura et al., 1993; Tanner et al., 1995) whereas Box2 modulates
EpoR mitogenic activity. The first study to look at the domains of JAK2 which may be required to bind
the conserved Box1 motif concluded that individual JAK2 domains fail to recognize Box 1 and it seems
that more than one domain is needed for efficient binding (Tanner et al., 1995). More recent data show
clearly that the N-terminal domains of JAK?2 are responsible for receptor recognition and specificity
(Huang et al., 2001). A carboxyl-terminal truncated EpoR, with only the Box 1 motif is sufficient to
induce Epo-dependent cell proliferation (Miura et al., 1993) and a truncated receptor with cytoplasmic
sequences not much more than just Box1 and Box2 is capable of inducing normal erythroid development
(Miura et al., 1993; Zang et al., 2001).

There are 8 tyrosine residues in the EpoR cytoplasmic domain which upon phosphorylation act as
docking sites for a plethora of SH2 domain containing proteins. To name a few: Stat5 a/b, Shpl, SOCSI,
SOCS3, Lyn, PLC gamma and p85 alpha the regulatory subunit of PI3K (Figure 1.2) (Richmond et al.,

2005).
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JAK?2 activation

The EpoR relies on Janus tyrosine kinase 2 (JAK?2) for signal transduction. Four members
constitute the JAK kinase family, JAK1, JAK2, JAK3 andTYK2. These kinases are characterized by
seven JAK homology domains (Radtke et al., 2005): A C-terminal kinase domain (JH1), a pseudokinase
or kinase like domain thought to regulate kinase activity (JH2) and the N terminal JH3-JH7 domains that
play an important task in binding the EpoR and for receptor surface expression (Huang et al., 2001;
Radtke et al., 2005).

Several lines of evidence suggested that the EpoR/JAK?2 complex assembled in the endoplasmic
reticulum (ER) before reaching the cell surface. Cohen et al. found that EpoR can be phosphorylated in
the ER (Cohen et al., 1997). Later it was shown that JAK2, specifically its N-terminal domain (JH3-7) is
necessary and sufficient to bind to the EpoR in the ER to promote its surface expression (Huang 2001).
Therefore, the EpoR/JAK2 complex should also be looked at as one functional entity. Consistent with this
notion, JAK? -/- mice and EpoR -/- mice die during embryogenesis at E12.5 and E13.5 respectively and
due to the absence of definitive erythropoiesis (Neubauer et al., 1998; Parganas et al., 1998).

Upon Epo binding, conformational changes in the EpoR resulted in JAK2 trans-phosphorylation
and activation. Among these phosphorylated tyrosine residues on JAK?2 are Y1007 and Y1008 which are
located in the activation loop and are critical for kinase activity, whereas Y972 was shown to be important
for optimal kinase activation (Argetsinger et al., 2004; Feng et al., 1997; Kurzer et al., 2004; McDoom et
al., 2008). Activated JAK2 then phosphorylates many of the eight tyrosines in the EpoR cytoplasmic
domain, thereby providing a platform for the recruitment and activation of signaling mediators through
SH2 domain-mediated interactions. It is not yet known how many of the 8 tyrosines in the EpoR

cytoplasmic domain JAK?2 phosphorylates, however, JAK2 prefers to phosphorylate substrates
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Figure 1.2 Association between activated EpoR and SH2-domain containing proteins
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that have the YXX [L/I/V] motif (O'Brien et al., 2003). Four out of the eight tyrosines of EpoR fit this
criterion: Y343, Y401, Y429 and Y431. In addition to JAK2, other tyrosine kinases such as Lyn are also
recruited to activated EpoR and can phosphorylate the receptor upon Epo stimulation making it hard to
decipher the sole contribution of JAK2 (Chin et al., 1998).

The signaling mediators recruited to the phosphorylated tyrosines include the STATS
transcription factor and the p85 regulatory subunit of Phosphoinositide 3-Kinase (PI3K) (Figure 1.2).
Recruited STATS protein is phosphorylated by JAK2. Phosphorylated STAS dimerizes and is
translocated into the nucleus and binds to the promoter of specific genes to regulate their transcription
(Damen et al., 1997; Li et al., 2003). For example, activated Stat5 induces the expression of the anti-
apoptotic factor Bcl-x (Socolovsky et al., 1999). The expression of anti-apoptotic factors during erythroid
maturation is crucial to help the immature cells reach full differentiation (Dolznig et al., 2002; Grad et al.,
2000).

Upon stimulation, the p85 regulatory subunit of Phosphoinositide 3-Kinase (PI3K) binds to the
EpoR and recruits and activates the catalytic subunit of PI3K, which in turn activates Akt (Bouscary et al.,
2003; Klingmuller et al., 1997; Zhao et al., 2006). One downstream substrate of Akt is the transcription
factor Foxo3a. Foxo3a regulates the transcription of B cell translocation gene 1 (BTG1) to promote
erythroid proliferation and maturation (Bakker et al., 2004).

The ERK pathway is also turned on by Epo through the engagement of phospholipase C gamma 1

through phosphorylated Y479 (Halupa et al., 2005).

1.4 Consequences of an aberrant EpoR signaling

Latest work on Epo and EpoR show a growing interest in their participation in cancer and other
diseases.

Several lines of evidence suggest that deregulation of EpoR signaling can lead to leukemia. The
expression of a mutant form of the EpoR, EpoR(Arg'?’Cys), in mouse bone marrow cells results in

leukemia (Longmore and Lodish, 1991). Moreover, erythroleukemia can be induced by expressing gp55
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in mouse erythroid progenitor cells, because this envelope protein of the Friend Spleen Focus Forming
Virus (SFFV) binds and dimerizes the transmembrane domain of the EpoR and causes ligand-independent
activation (Constantinescu et al., 1999b; Ruscetti, 1995). Another type of EpoR mutations that displays
abnormal and increased signaling is observed with primary familial and congenital polycythemia (PFCP),
a proliferative disorder of the red cell lineage characterized by increased red blood cell mass in afflicted
patients (Hookham et al., 2007). These receptors are truncated by 59 to 110 amino acids in their
cytoplasmic C-terminal domain due to a premature stop codon. The missing portions in these mutants
include Y429 which has been described to recruit SHP-1, a phosphatase whose primary role is to
dephosphorylate and deactivate JAK2 (Klingmuller et al., 1995).As a result, cells with PFCP EpoRs
exhibit hypersensitivity to Epo and prolonged activation of the JAK/STAT pathway (Arcasoy, 2008b;
Hookham et al., 2007).

In addition, samples from various cancer patients revealed that Epo and EpoR are over-expressed
in breast cancer, non-small cell lung carcinoma, melanomas and ovarian cancer (Acs et al., 2001; Dunlop
et al., 2007; Jeong et al., 2008; Kumar et al., 2006). On the other hand, a very serious concern dominates
the current clinical field. As mentioned earlier in this chapter, recombinant EpoR is given to patients
during the course of their chemotherapy to help boost their red blood cell production to correct drug
induced anemia. If Epo and its receptor are also part of promoting the survival and invasion of cancer
cells, the safety of recombinant Epo should be questioned. The latest studies addressing the issue do not
seem to agree and more studies will be needed to understand Epo’s input (Hardee et al., 2005; Solar et al.,
2008; Tovari et al., 2008).

Finally, constitutive JAK?2 activation has also been implicated in hematological malignancies
(Ward et al., 2000). Constitutive activation of JAK2 by a chromosomal translocation with the
transcription factor TEL has been shown to be associated with childhood T-cell leukemia, pre-B acute
lymphoblastic leukemia (ALL), and atypical chronic myeloid leukemia (CML) (Lacronique et al., 1997,
Peeters et al., 1997). Directed expression of TEL-JAK?2 fusion in transgenic mice causes the development

of CD8+ T-cell leukemia (Carron et al., 2000). Recently, chromosomal translocation between PCM1 and
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JAK?2 was found in atypical CML and acute leukemia (Bousquet et al., 2005), whereas translocation
between BCR and JAK?2 resulted in CML (Griesinger et al., 2005). In 2005, many groups implicated a
somatic JAK2 mutation (V617F) that leads to the constitutive activation in myeloproliferative diseases
(MPD) such as polycythemia vera, essential thrombocythemia, and idiopathic myelofibrosis (Baxter et al.,
2005; Goerttler et al., 2005; James et al., 2005; Jones et al., 2008; Kralovics et al., 2005; Levine et al.,
2005; Zhao et al., 2005). Consistent with the notion that the EpoR/JAK2 complex functions as one entity,

the transformation ability of JAK2V617F depends on its binding to receptors such as the EpoR (Lu 2005).

1.5 Attenuation and downregulation of the EpoR
SOCS and tyrosine phosphatases

SOCS proteins target their substrates for ubiquitin-mediated degradation through the SOCS box
by recruiting the elongin BC complex which in turns interacts with Von Hippel Landau tumor suppressor
protein to form a potent E3 ligase complex (Kamura et al., 1998; Piessevaux et al., 2008). SOCS]1,
SOCS3 and CIS are induced by Stat5 following Epo induction (Sasaki et al., 2000). SOCS3 binds to
phosphorylated Y401 (Sasaki et al., 2000), and to phosphorylated Y429 and phosphorylated
Y431(Hortner et al., 2002). However, it is not known if the EpoR and/or JAK?2 are its substrates. SOCS1
negatively regulates EpoR signaling by binding phosphorylated Y1007 of JAK?2 through its SH2 domain,
and results in JAK?2 polyubiquitination (Jegalian and Wu, 2002). The polyubiquinated JAK2 is believed
to be degraded by the proteasome since treatment of the cells with the proteasome inhibitor MG132
prolongs JAK?2 half life (Ungureanu et al., 2002). The ubiquitinated lysine (s) of JAK2 has not been
identified. Cytokine inducible protein SH2 domain (Cis) binds to phosphorylated Y401 on the EpoR,
however, its course of action remains elusive (Ketteler et al., 2003).

Tyrosine phosphatases also inhibit Epo signaling (Klingmuller et al., 1995). SHP1 binds to
phosphorylated Y401 of the EpoR and inactivates JAK?2 to terminate Epo signaling (Klingmuller et al.,
1995). Overexpression of Shpl reduces erythroid differentiation in culture and diminishes Epo-induced

gene expression (Bittorf et al., 1999).
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Endocytosis and degradation

Upon Epo stimulation, cell-surface EpoR is internalized and degraded as few, if any, EpoR
molecules recycle back to the cell surface (Beckman et al., 1999; Levin et al., 1998; Walrafen et al.,
2005). Neumann et al. showed that intermediates of glycosylated EndoH-resistant receptors are detected
in the lysosomes when lysosomal function is inhibited by NH,4Cl, chloroquine or leupeptin (Neumann et
al., 1993). In the presence of proteasome inhibitors, polyubiquitinated EpoR was enriched after three
hours of Epo treatment (Yen et al., 2000). Consistent with these results, cells treated with proteasome
inhibitors exhibited prolonged EpoR phosphorylation and signaling (Verdier et al., 2000). A follow-up
study by the same group confirmed that both pathways are required for receptor degradation, likely by the
E3 ligase beta transducing repeat containing protein (3 TRCP) (Walrafen et al., 2005). However, if -
TRCP is depleted from the cells, EpoR still reaches the lysosomes. The study concluded that the
polyubiquitination is a signal for additional proteasomal degradation to ensure the removal of all traces of
activated EpoR (Meyer et al., 2007). Mechanisms underlying these processes are not clear.

Besides B-TRCP, another E3 ligase, p33™ was shown to ubiquitinate the EpoR. p33™ was
identified in a yeast three-hybrid experiment that was conducted with the cytoplasmic portion of EpoR
and JAK2 as baits(Friedman et al., 2003). This E3 ligase is phosphorylated upon Epo induction and its
activity is required to mediate a mitogenic response (Friedman et al., 2003). Despite the fact that p33™
ubiquitinates EpoR when over-expressed in cells, there is no evidence supporting a role in EpoR
degradation (Friedman et al., 2003).

Because increased EpoR signaling creates an imbalance in the cell and causes consequences such
as cancer, regulatory mechanisms are employed by the cell to tightly control the amplitude and the length
of the signal. Unfortunately, molecular mechanisms underlying ligand-induced EpoR endocytosis are not

well defined and are the focus of this thesis.
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1.6 Research Aims

As discussed in the preceding sections, the fate of the EpoR following receptor activation is ill-
defined. This dissertation intends to further unravel the molecular mechanisms underlying Epo-dependent
EpoR endocytosis and down-regulation.

Two major research aims are investigated:

1- Since the EpoR/JAK2 complex is one functional entity, I aim to determine the role of JAK2 in
ligand-induced EpoR endocytosis.

2- EpoR is polyubiquitinated upon Epo induction (Yen et al., 2000). . [ aim to characterize the

role of ubiquitinated EpoR in endocytosis and down-regulation



Chapter 2. p85 subunit of P13 kinase mediates ligand-induced EpoR internalization by binding to

Y429, Y431, or Y479 in the EpoR cytoplasmic domain

Abstract

Erythropoietin (Epo) is essential for mature red blood cells production, and several lines of
evidence support a causal role of truncated Epo receptor (EpoR) mutations in primary familial and
congenital polycythemia (PFCP). Epo-induced endocytosis of EpoR plays important roles in the down-
regulation of EpoR signaling and is the primary means that regulates circulating Epo concentrations. Here
we show that cell-surface EpoR is internalized via clathrin-mediated endocytosis. Ligand-dependent
EpoR internalization requires both JAK?2 kinase activity and EpoR cytoplasmic tyrosines. In addition,
phosphorylated Y429, Y431, and Y479 in the EpoR cytoplasmic domain binds p85 subunit of PI3 kinase
upon Epo stimulation and individually is sufficient to mediate Epo-dependent EpoR internalization.
Knockdown of p85a and p85p or expression of their dominant-negative forms dramatically impaired
EpoR internalization, indicating that p850 and p85p may recruit proteins of the endocytic machinery upon
Epo stimulation. Furthermore, mutated EpoRs from PFCP patients lacking the three important tyrosines
do not bind p85p or internalize upon stimulation. Addition of residues encompassing Y429 and Y431 to
these truncated receptors restored p85f binding and Epo sensitivity. Our results identify a novel P13
kinase activity-independent function for p85p in EpoR internalization and also suggest that defect of this
function in truncated EpoRs from PFCP patients may contribute to Epo hypersensitivity and prolonged

signaling.
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2.1 Introduction

Erythropoietin (Epo) is the primary cytokine regulating red blood cell production and its function
is mediated through the Epo receptor (EpoR). Like most cytokine receptors, EpoR lacks intrinsic
enzymatic activities and relies on the cytosolic tyrosine kinase JAK?2 for signal transduction. Epo, EpoR,
or JAK? deficient mice die embryonically due to severe anemia. The binding of Epo to the EpoR
activates JAK2 kinase activity. Activated JAK?2 then phosphorylates many of the eight tyrosines in the
EpoR cytoplasmic domain, thereby providing a platform for the recruitment and activation of signaling
mediators through SH2 domain-mediated interactions. These signaling events ultimately result in the
survival, proliferation, and differentiation of erythroid progenitor cells (Constantinescu et al., 1999a;
Richmond et al., 2005). The signaling mediators include the STATS transcription factor and the p85
regulatory subunit of Phosphoinositide 3-Kinase (PI3K). p85 binds to phosphorylated Y479 of the EpoR
upon stimulation (Klingmuller et al., 1997). This recruits and activates the catalytic subunit of PI3K,
which in turn activates AKT, promoting erythroid proliferation and maturation (Bouscary et al., 2003;
Klingmuller et al., 1997; Zhao et al., 2006). In addition to erythropoiesis, Epo and EpoR also function in
non-hematopoietic tissues. In neurons, binding of Epo to the EpoR induces expression of anti-apoptotic
genes that protects them from environmental insults such as ischemia and trauma. Epo also induces
proliferation of cells of skeletal muscle, kidney, and intestine (Arcasoy, 2008b).

To ensure proper amplitude and duration of Epo signaling, mechanisms are turned on upon
activation to attenuate EpoR signal transduction. For example, phosphorylated Y429 in the EpoR recruits
the tyrosine phosphatase SHP-1 (SH2 domain-containing protein-tyrosine phosphatase-1) which
inactivates JAK2 (Klingmuller et al., 1995). In addition, the synthesis of Suppressor Of Cytokine
Signaling (SOCS) family proteins is induced which inactivates JAK2 and/or block access of STATS to
receptor binding sites (Krebs and Hilton, 2001). Moreover, Epo binding promotes endocytosis and
degradation of the EpoR (Beckman et al., 1999; Levin et al., 1998; Sawyer and Hankins, 1993; Walrafen
et al., 2005).The importance of these regulations is underscored by the association of EpoR mutations

with primary familial and congenital polycythemia (PFCP), a proliferative disorder of the red cell lineage
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characterized by increased red blood cell mass (Hookham et al., 2007). The EpoR variants associated with
PFCP have deletions that remove 59 to 110 amino acids of the cytoplasmic C-terminal domain, including
Y429 that recruits SHP-1, and exhibit hypersensitivity to Epo and prolonged activation of the JAK/STAT
pathway (Arcasoy, 2008b; Hookham et al., 2007). Consistently, a murine model where the EpoR gene
was replaced with one of the human PFCP EpoR mutant shows marked polycythemia (Divoky et al.,
2001).

Epo-induced endocytosis is a rapid and efficient way to decrease Epo responsiveness, as the cell-
surface level of EpoR controls cellular Epo sensitivity (Suzuki et al., 2002). It also may bring about
destruction of activated protein complexes and terminate signaling. Moreover, EpoR endocytosis plays a
critical role in the clearance of Epo and thus regulates circulating Epo concentrations and its bioactivity
(Gross and Lodish, 2006). Upon Epo stimulation, cell surface EpoR is internalized and degraded as few,
if any, EpoR molecules recycle back to the cell surface (Beckman et al., 1999; Levin et al., 1998;
Walrafen et al., 2005). Degradation of the EpoR is sensitive to inhibitors of both proteasomal and
lysosomal function and requires ubiquitination by B-Trcp (Meyer et al., 2007; Walrafen et al., 2005).
Mechanisms underlying these processes are not well understood.

In addition to its contribution to signaling, JAK? is required for the EpoR to exit the endoplasmic
reticulum and for EpoR expression on the cell surface (Huang et al., 2001). Therefore, JAK2 is an
essential subunit of the EpoR. Because the EpoR/JAK2 complex essentially functions as a receptor
tyrosine kinase, we hypothesize that JAK2 might regulate EpoR endocytosis. Here we show that
following Epo stimulation, cell surface EpoR is internalized via clathrin-mediated endocytosis. This
process requires both JAK?2 kinase activity and EpoR cytoplasmic tyrosines. We further show that
(phospho)Y 429, (phospho)Y431, or (phospho)Y479 in the EpoR cytoplasmic domain is sufficient to
mediate Epo-dependent EpoR internalization, and that p85p binding to these tyrosines plays an important
role in this process. In addition, we show that mutated EpoRs from PFCP patients lacking the three
important tyrosines do not bind p85p and do not internalize upon stimulation. This defect may contribute

to their hypersensitivity to Epo and prolonged signaling.
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2.2 Materials and methods
Plasmid constructs, cell lines, and reagents

All EpoR mutants were generated in the pMX-IRES-GFP vector using the QuikChange site-
directed mutagenesis kit (Stratagene) and verified by sequencing. Expression vectors of p85a and p853
were from OriGene. cDNAs corresponding to the SH2 domains for p85a and p85p as described in (Holt
et al., 1994) were isolated by PCR and subcloned into the pcDNA3.1 vector. y2A and Ba/F3 cells stably
expressing wild type or mutant HA-EpoRs and various forms of JAK2 were generated as previously
described (Huang et al., 2001). Antibodies were from the following sources: HA, Covance; JAK2,
phospho-JAK2, Millipore; p85p, EEAL, clathrin heavy chain, Santa Cruz; V5, Invitrogen; actin, Sigma;
SOCS3, Abcam; p85a, phospho-Akt, Cell Signaling. HA affinity resin was from Roche Applied Science.
Horseradish peroxidase-coupled secondary antibodies and the ECL chemiluminescence system were from

Amersham Biosciences. Wortmannin was from Sigma.

Labeling and immuno-precipitation of cell surface EpoR (Surface IP)

v2A cells stably expressing HA-EpoR with various JAK2 constructs were incubated with
blocking buffer (PBS with 5% normal mouse serum) for 30 min at 4°C. Subsequently, cells were
incubated with 10 pg/mL of anti-HA antibodies in blocking buffer for 60 min at 4°C. After washing with
PBS, cells were lysed in 1% NP-40 lysis buffer containing 5 pg/mL of HA peptide in order to block any
residual anti-HA antibodies. After incubation with protein A/G agarose for 90 min at 4°C, immuno-
precipitants were washed three times with PBS containing 1% TritonX-100 and 0.1% SDS, run on SDS-
PAGE, and immuno-blotted with anti-HA antibodies. In experiments where Epo treatment was
performed, cells were stimulated with Epo (30 units) at 37°C for the duration indicated.
Flow cytometry and data analysis

Surface expression of the wild type or mutant HA-EpoRs was measured in the presence of wild-

type or mutant JAK?2 in one million y2A cells as described previously.(Tong et al., 2006) For Epo
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stimulation, cells were incubated with 30 units of Epo at 37°C. The median fluorescence of
allophycocyanin (APC), which is conjugated to secondary antibodies that recognize anti-HA antibodies,
was used to quantify the level of receptor on the cell surface. For each sample, the EpoR surface
expression was normalized to that from samples co-expressing wild-type JAK2 prior to Epo stimulation.
Each point represents data from three independent experiments. To inhibit PI3K activities, cells were

incubated with wortmannin at concentrations indicated for 3 hours prior to Epo stimulation.

Glycosidase digestion of EpoR and MTT cell proliferation assay
Glycosidase treatment of the EpoR with EndoH (New England Biolabs), or with PNGaseF (New
England Biolabs) and neuraminidase (New England Biolabs), and MTT cell proliferation assay were

performed as described (Tong et al., 2006).

Immuno-precipitation and immuno-blotting
v2A cells transiently transfected with p85f in the vector pPCMV6-XL6 were starved for 12 hours in
DMEM media with 1% BSA followed by Epo induction for the appropriate time as indicated. Cells were
then lysed with 1% NP-40 lysis buffer with protease and phosphatase inhibitors. Lysates were immuno-
precipitated with HA affinity resin or anti-p85p antibodies. The precipitates were eluted with SDS sample
buffer, separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with anti-p85f

. antibodies or antibodies to HA. Bound antibodies were detected by the ECL chemiluminescence system
after incubation with horseradish peroxidase-coupled secondary antibodies. The lysates were also

immuno-blotted with antibodies to HA, p85f or phosphorylated JAK?2.

Immunofluorescence

v2A cells stably expressing HA-EpoR were seeded on glass coverslips. Coverslips were blocked
with PBS containing 3% BSA and 5% normal goat serum for 30 min at —4°C and incubated with 20

ug/mL anti-HA antibodies for 1h. Coverslips were then washed 3 times in cold PBS and put back in the
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incubator for Epo stimulation. Subsequently, cells were fixed with 3.7% formaldehyde for 10 min and
permeabilized with methanol at 4°C for 15 min. Coverslips were then incubated with antibodies for EEA1
(1:100) or clathrin heavy chain (1:300) for 45 min in blocking buffer. After washing in PBS, coverslips
were incubated with Alexa Fluor 555-conjugated goat-anti mouse secondary antibodies, washed 3 times
with PBS, and then incubated with Alexa Fluor 647-conjugated goat anti-rabbit secondary antibodies.
Coverslips were washed three times with PBS and mounted onto coverslides with a semi-permanent
Mowiol mounting medium (Calbiochem). Fluorescent images were taken on a Leica TCS SP5 confocal
microscope with 40X oil objective lenses with numeric aperture of 1.25N. Confocal section images were

acquire by Leica acquisition software and analyzed with Image J and Adobe Photoshop.

siRNA knockdown

Synthetic siRNAs to knockdown the different human genes were ordered from Dharmacon Inc.,
and delivered to the cells at 100nM using Dharmafect as a transfection agent. Sequences of siRNAs used
for SOCS3: CCG CUU CGA CUG CGU CGU CAA and UCG GGA GUU CCU GGA CCA GUA, and
for clathrin heavy chain: UCC AA UU CG AAG ACC AAUU. On-target plus Duplex siRNA pools from
Dharmacon Inc. were used for p85a and p85f3 J-00302017 and J-003021-12). Knockdown efficiency was

determined by immuno-blotting with the indicated antibodies 48 hours after treatment with siRNAs.
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2.3 RESULTS
2.3.1 JAK?2 tyrosine kinase activity is required for ligand-induced EpoR internalization

The role of JAK2 in ligand-induced EpoR down-regulation was examined in JAK2-null y2A cells
that stably co-expressed HA-tagged EpoR with JAK?2, kinase-deficient JAK2 (JAK2KD), or vector. In
these cells, the EpoR existed in two forms on SDS-PAGE: a faster migrating immature form that was
Endo H sensitive and a slower migrating mature form that was Endo H resistant (Figure 2.1A left panels).
As previously shown (Huang et al., 2001), little mature EpoR was detected in the absence of JAK2. JAK2
co-expression markedly increased the mature Endo H resistant form of the EpoR, and this JAK2-
dependent maturation of EpoR did not depend on JAK?2 kinase activity (Figure 2.1A and (Huang et al.,
2001)). Stimulation with Epo down-regulated the EpoR and JAK2 kinase activity was essential for this
process (Figure 2.1A right panels and (Walrafen et al., 2005)). The presence of the HA tag on the
extracellular domain allowed mature cell-surface EpoR species to be specifically isolated by incubating
non-permeabilized cells with an anti-HA antibody followed by immuno-precipitation (surface IP).
Consistent with previous results, cell surface EpoRs were detected in the presence but not in the absence
of JAK2 (Figure 2.1 B, - stimulation). Upon Epo stimulation, the majority of mature EpoR disappeared
from the cell surface in the presence of JAK2 (Figure 2.1 B, + stimulation). In contrast, in the presence of
JAK2KD, mature EpoR remained on the cell surface upon stimulation (Figure 2.1 B). These results show
that JAK2 kinase activity is essential for ligand-induced EpoR internalization and degradation.

We next used flow cytometry to determine the kinetics of Epo-induced receptor internalization. In
these assays, cell surface HA-EpoRs were detected by staining non-permeabilized cells with an anti-HA
antibody followed by allophycocyanin (APC)-conjugated secondary antibodies. Because HA-EpoR was
expressed in a bicistronic vector that also expressed GFP, GFP fluorescence in each cell is proportional to
the total amount of the receptors present whereas APC fluorescence indicated cell-surface expression. To

quantify the amounts of HA-EpoR at the cell surface, the median APC fluorescence intensity was used.
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Figure 2.1: JAK2 tyrosine kinase activity is required for ligand-induced EpoR downregulation.
(A) Mature HA-EpoR species were detected in cells stably expressing HA-EpoR with wild type

or kinase-deficient JAK2 (JAK2KD) by their resistance to Endo H treatment (left). 45 min post Epo
induction, mature HA-EpoR was degraded, and this degradation requires JAK2 kinase activity (right).
(B) HA-EpoR at the cell surface was detected by surface-IP. Upon Epo induction, surface EpoR
disappeared when co-expressed with wild type but not JAK2KD. (C) Cell surface HA-EpoR was
quantified by flow cytometry using APC-conjugated anti-HA antibodies in non-permeabilized y2A cell.
Representative histograms of total receptor expression levels (GFP) and cell surface receptor
expression levels (APC) are shown. In each histogram, the un-induced sample is in gray and the
induced sample is in black.Median fluorescence of each sample is in parenthesis.(D) Kinetics of
ligand-induced EpoR internalization. Levels of cell surface HA-EpoR were analyzed by flow
cytometry at various time points after induction as described in (C). All data represent

results from at least three independent experiments.

EndoH: endoglycosidase H. N+P: neuraminidase and PNGaseF. IB: immuno-blot. V: vector.
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v2A cells stably expressing HA-EpoR with JAK2 or JAK2KD expressed similar total EpoR
protein (as judged by median GFP fluorescence) and their cell surface EpoR expression levels were
similar (as judged by median APC fluorescence pre-stimulation, Figure 2.1C). Consistent with previous
results (Figure 2.1 A, B), Epo-induced EpoR internalization was detected as early as 7 minutes and
reached the maximum by 60 min in JAK2 cells (Figure 2.1 C, D). In contrast, no receptor was lost from
the cell surface in JAK2KD cells (Figure 2.1C, D). Similar Epo-induced internalization kinetics were

observed for the EpoR in the hematopoietic cell line Ba/F3 (data not shown).

2.3.2 The EpoR internalizes via clathrin-coated pits

The fate of cell surface EpoRs upon Epo induction was investigated by confocal immuno-
fluorescence microscopy. Non-permeabilized cells were labeled with anti-HA antibodies prior to Epo
induction. Cells were stimulated with Epo for 25 min and subsequently permeabilized and visualized with
fluorescence-conjugated secondary antibodies. This approach thus followed only surface tagged receptors
prior to Epo treatment. In JAK2 cells, Epo treatment caused the EpoR staining to shift from the plasma
membrane to an internal compartment that co-localized with the early endosomal marker, EEA1 (early

endosome antigen 1). Importantly, no internalized receptor was observed in JAK2KD cells (Figure 2.2).

We next examined the role of clathrin in ligand-induced EpoR internalization. As shown in

Figure 2.3 A, cell surface EpoRs co-localized with clathrin on the plasma membrane 7 min after Epo
addition (Figure 2.3 A), suggesting that Epo-dependent internalization of the EpoR involves clathrin
coated pits. Consistent with this possibility, siRNA-mediated knockdown of clathrin heavy chain (to
about 10% of controls, Figure 2.3 D) dramatically impaired receptor internalization as measured by flow
cytometry, while control siRNA had no detectable effect on EpoR endocytosis (Figure 2.3 B, C, D). In
contrast, EpoR did not co-localize with clathrin in JAK2KD cells (Figure 2.3 A). These results show that
EpoR internalizes via clathrin-mediated endocytosis, and that JAK?2 kinase activity is required for EpoR

internalization.
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Figure 2.2. JAK2 kinase activity is required for ligand-induced EpoR co-localization
with early endosomal marker EEA1. Cell surface HA-EpoRs were labeled with

anti-HA antibodies prior to Epo stimulation of 25 min. Cells were fixed and
immuno-stained with anti-EEA1 antibodies followed by appropriate fluorescence-
conjugated secondary antibodies. Representative confocal images (single section) for
different conditions are presented. Images from negative controls with secondary
antibodies alone are shown. Original magnification 40X (Leica TCS SP5).
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Figure 2.3: EpoR internalization is through a clathrin-dependent pathway.

(A) y2A cells expressing HA-EpoR with JAK2 or JAK2KD were seeded on glass coverslips. Cell surface
HA-EpoRs were labeled with anti-HA antibodies prior to Epo induction. 7 min post induction, cells were

fixed and immuno-stained with anti-clathrin antibodies followed by appropriate fluorescence-conjugated
secondary antibodies. Representative confocalimages (single section) are presented. Selected areas of
co-localization are indicated with arrows. Original magnification 40X (Leica TCS SP5). (B) Knockdown of
the clathrin heavy chain abolished ligand-induced EpoR internalization. y2A cells were transfected with
siRNAs to the clathrin heavy chain and surface EpoR was analyzed by flow cytometry. (C) Knockdown of
the clathrin heavy chain abolishedEpo-induced EpoR degradation. (D) Knockdown efficiency of the clathrin
heavy chain shown by immuno-blotting. Immuno-blotting of the same blot with actin was shown as a control.
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2.3.3 Y429, Y431 and Y479 in the EpoR cytoplasmic domain mediate EpoR internalization

Upon Epo stimulation, JAK2 phosphorylates multiple tyrosines in the EpoR cytoplasmic domain.
These phospho-tyrosines serve as docking sites for proteins essential for signaling. We hypothesized that
these phosphorylated tyrosines also recruit proteins critical for receptor internalization. To test this
hypothesis, we examined an HA-tagged mutant EpoR with all eight tyrosines substituted by
phenylalanines (HA-F8). In the presence of JAK2, little internalization of HA-F8 was detected and HA-
F8 failed to degrade after Epo stimulation (Figure 2.4 A). HA-FS also did not co-localize with clathrin or
EEAL in the presence of Epo (Figure 2.4 B). These results indicated that tyrosine residue(s) are essential
for EpoR internalization and subsequent degradation, possibly by the recruitment of proteins in the
endocytic machinery. Similar results were observed in the hematopoietic cell line Ba/F3 (data not shown).

In order to determine which of the eight tyrosines are important for EpoR internalization,
individual tyrosine residues were added back to the HA-F8 receptor. Results from surface-IP (Figure 2.4
C) and flow cytometry analyses (Figure 2.4 D, E) demonstrated that Y429, Y431 and Y479 (as in HA-
F7Y429, HA-F7Y431 and HA-F7Y479) restored EpoR internalization, while Y343, Y401, Y443, Y460
and Y464 did not. To determine whether Y429, Y431 and Y479 are necessary for internalization in a
wild-type receptor background, we mutated them individually to phenylalanine. As shown in Figure 2.4
F, mutating any one of the three important tyrosine residues did not affect receptor internalization,
suggesting that these tyrosines are functionally redundant. Consistent with these results, simultaneously
replacing Y429 and Y431 (as in Y2F) affected EpoR internalization, although the effect was not
statistically significant. Replacing all three tyrosines (as in Y3F) significantly impaired receptor

internalization (Figure 2.4 F, P=0.025).

2.3.4 p85 is important for ligand-induced EpoR internalization
We investigated whether known binding proteins for Y429, Y431 or Y479 played a role in EpoR

internalization. Phosphorylated Y429 binds to SHP1 (Klingmuller et al., 1995), however, SHP1 was not
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Figure 2.4. Y429, Y431 and Y479 mediate ligand-induced EpoR internalization.

(A) Wild-type EpoR but notF8 is degraded (left) upon Epo stimulation. Wild-type EpoR
but not F8 is internalized upon Epo stimulationas detected by surface-IP (right). (B) F8
does not co-localize with clathrin or EEA1 upon stimulation. Original magnification 40X
(Leica TCS SP5). (C) Y429, Y431 or Y479 mediates ligand-induced EpoR internalization.
Surface-IP was performed on y2A cells stably expressing HA-EpoR constructs with
individual cytosolic tyrosine. (D) and (E), Y429, Y431 or Y479 but not other tyrosines is
sufficient for ligand-induced EpoR internalization. Ligand-induced receptor internalization
was measured by flow cytometry. (F) Replacing Y429, Y431 or Y479individually on the
wild-type EpoR (F429, F431 and F479) or replacing both Y429 and Y431 (Y2F) did not
affect receptor internalization by flow cytometry, but simultaneously mutating all three tyrosines
(Y3F) significantly reduced Epo-induced receptor internalization.

* indicates P= 0.025 (unpaired t-test) vs. control.
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detected in y2A cells, and SHP1 siRNA had no effect on EpoR internalization (data not shown).
Phosphorylated Y429 and Y431 bind SOCS3 (Hortner et al., 2002), and phosphorylated Y479 binds to
the p85a regulatory subunit of PI3K (Klingmuller et al., 1997). Knockdown of SOCS3 or p85a by siRNA
also did not affect EpoR internalization (Figure 2.5). Because the residues around Y429 and Y431
resemble the binding consensus sequence for the p85p C-terminal SH2 domain (Huang et al., 2008), we
next tested whether p85p was required for EpoR internalization. Knockdown of p85p alone caused a
small but statistically significant decrease in EpoR internalization (Figure 2.5, P=0.001), and
simultaneously knocking down p85a and p85f impaired EpoR internalization (Figure 2.5, P=0.001).
Therefore, p85a and p85p share redundant roles in EpoR internalization. The residual internalization may

be due to low knockdown efficiency.

2.3.5 Characterization of the mechanism of p85-dependent EpoR internalization

Because binding of p85a to the EpoR recruits and activates the catalytic subunit of PI3K, we
tested whether PI3K kinase activity played a role in ligand-induced EpoR internalization. Treatment of
JAK2 cells with the PI3K inhibitor, wortmannin, inhibited PI3K, as indicated by loss of AKT
phosphorylation, but did not impair EpoR internalization (Figure 2.6 A). These results indicate that p85
does not promote EpoR internalization through a PI3K kinase activity-dependent mechanism.

We next tested whether p85a and p85f act as adaptors for proteins other than the catalytic subunit
of PI3K that are important in receptor internalization. We generated vectors expressing either the N- or
the C-terminal SH2 domain from p85a and p850] respectively. We reasoned that these SH2 domains
would interact with signaling partners and phospho-tyrosines in the EpoR and function as dominant-
negative proteins. Y2A cells stably expressing HA-EpoR and JAK2 were transfected with individual or
combinations of these SH2 domains and Epo-induced EpoR internalization was examined. Interestingly,
simultaneous expression of the N-terminal SH2 domains from P85¢, and p85p significantly decreased

EpoR internalization (Figure 2.6 B, P=0.0002). The N-SH2 domains of p85a and p85f have been shown
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Figure 2.5. Concurrent knockdown of p85c. and p85[3 diminishes receptor internalization.
Receptor internalization was detected by flow cytometry in y2A cells stably expressing

EpoR and JAK2 and transfected with 100 nM of siRNAs to SOCS3, p85w, p85p, or

p85c and p85[ together. Scrambled siRNA to GFP was used as a negative control.

Immuno-blots of each targeted protein demonstrate knockdown efficiency. Representative
immuno-blotting with actin was shown as a control. * indicates P=0.001 (unpaired t-test) vs. control.
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Figure 2.6. p85a and p85f are important in mediating EpoR internalization.

(A) y2A cells stably expressing HA-EpoR and JAK2 were treated with wortmannin

for 2 hrs at indicated concentrations followed by Epo stimulation. 45 minutes post Epo stimulation,
surface EpoRs were quantified by flow cytometry. Wortmannin inhibited AKT activation as detected
by phospho-AKT antibodies. (B) Epo-induced EpoR internalization was measured by flow cytometry
in y2A cells stably expressing HA-EpoR and JAK2 transiently transfected with vectors expressing
the N or C terminal-SH2 domains from p85a and p85p. 1: vector control; 2: p85a N-terminal SH2; 3:
p85a C-terminal SH2; 4. p85f3 N-terminal SH2; 5: p85p C-terminal SH2; 6: p85a and p85f3 N-terminal
SH2s; 7: p85a and p85f3 C-terminal SH2s. * indicates P= 0.0002 (unpaired t-test) vs. control.

(C) y2A cells stably expressing HA-EpoR and JAK2 were transiently transfected with vectors
expressing full-length p85p. 48 hrs post transfection, cells were starved overnight and treated with
Epo for 10 min. Cell lysates were subjected to immuno-precipitation by p85p antibodies and
immuno-blotted with anti-HA antibody for the receptor. Cell lysates were also subjected to
immuno-blotting with antibodies to active JAK2 (P-JAK2), p85p and HA. IP: immuno-precipitation.
IB: immuno-blot.
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to bind to YXXM motif (Funaki et al., 2000) found in proteins like c-Cbl (Hartley et al., 1995), which
plays important roles in clathrin-mediated endocytosis of receptor tyrosine kinases(Haglund et al., 2003).
Together these observations suggest that p85 proteins act as adaptors linking the EpoR to the endocytic
machinery.

p85a binds to phosphorylated Y479 in the EpoR cytoplasmic domain upon Epo stimulation
(Miura et al., 1994), however, whether p85p also interacts with the EpoR is not clear. Upon Epo
induction, p85p interacted with wild type EpoR but not F8, and this interaction is lost when JAK2KD
rather than JAK2 was co-expressed (Figure 2.6 C). Therefore, p85p interacts with the EpoR, and this
binding likely requires phosphorylated tyrosine(s) in the EpoR cytoplasmic domain. We thus examined
the ability for p85p to interact with Y2F or Y3F upon induction. Y2F and Y3F activated JAK2 to the
same degree as wild type EpoR or F8 as shown by antibodies specifically recognize activated JAK2 (P-
JAK?2) (Figure 2.6 C). Consistent with our results showing that internalization is defective in Y3F but not
Y2F (Figure 2.6 G), p85p was able to bind Y2F but not Y3F (Figure 2.6 C). Therefore, Y479 is likely a
p85B-binding site. We also tested binding between p85p and EpoR harboring a single tyrosine Y429 or
Y431. However, no interaction was detected (data not shown), possibly because both tyrosines are

required for optimal p85p binding.

2.3.6 Truncated EpoRs from PFCP patients do not internalize upon Epo stimulation

C-terminal deletions of the EpoR are associated with PFCP. These EpoR variants exhibit
increased Epo sensitivity and prolonged signal transduction compared to wild-type EpoR (Arcasoy,
2008b; Hookham et al., 2007). Interestingly, all truncated PFCP receptors lack Y429, Y431 and Y479.
We hypothesized that the deletions associated with PFCP impair EpoR internalization and that this defect
contributes to the prolonged signaling from these truncated receptors. To test this hypothesis, we
engineered two EpoR truncations based upon truncations identified in PFCP patients. The first construct,
Stop1, lacks residues after S409 and corresponds to the most extensive EpoR truncation identified from

PFCP patients (Motohashi et al., 2001). The second construct, Stop2, lacks residues after L427 and is
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analogous to the minimal EpoR truncation identified from PFCP patients (Figure 2.7 A). The ability of
v2A cells stably expressing these receptors to internalize EpoR was tested by our flow cytometry
internalization assay. As shown in Figure 2.7 B, Epo-induced internalization was virtually absent with
Stop1 whereas only 20% of the receptors internalized with Stop2 compared to wild-type EpoR.
Interestingly, when KYLYL, the residues surrounding Y429 and Y431, were appended to the C-terminus
of Stop2, Epo-stimulated internalization was restored. Furthermore, Stop2+KFLFL, where the two Ys
(corresponding to Y429 and Y431) in the KYLYL sequence were mutated to F, showed an internalization
rate similar to Stop2 (Figure 2.7 B). These results suggest that truncated EpoRs from PFCP patients have
defective internalization, and that the Y429 and Y431 in KYLYL are essential for Stop2+KYLYL
internalization. These results are also consistent with our data showing that Y429 and Y431 are sufficient
for EpoR internalization (Figure 2.4.F).

Because our results suggest a role of p85f in EpoR internalization, we examined the interaction
between p85f and truncated EpoRs based on PFCP patients. p85 did not interact with Stop1 or Stop2
(Figure 2.7 C). Importantly, we detected Epo-inducible interaction between p858 and Stop2+KYLYL,
which contains Y429 and Y431, whereas no interaction was detected between p85p and Stop2+KFLFL
where Y429 and Y431 were mutated (Figure 2.7 C). Therefore, p85p likely binds via Y429 and/or Y431
in Stop2+KYLYL.

The added KYLYL motif bears a lysine residue. In some receptors such as the leptin receptor
ubiquitinated lysine residues are essential for internalization (Belouzard and Rouille, 2006). Therefore,
we mutated the lysine residue in the KYLYL motif into arginine. Figure 2.8 A shows that the
internalization rate in the Stop2+RYLYL mutant is decreased by 12% when compared to Stop2+KYLYL.
This decrease was not statistically significant (p=0.08, unpaired t-test versus Stop3+KYLYL). Binding to
p85p in Stop3+RYLYL was not disrupted. We conclude that ubiquitination on this lysine residue is not

important for internalization.
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Figure 2.7. Truncated EpoR mutants fail to bind p85f or internalize upon Epo stimulation.
(A) Schematic diagram for truncated EpoR mutants used in our studies based on those

from PFCP patients. (B) Truncated EpoR mutants did not internalization upon Epo treatment

by flow cytometry. (C) Stop2+KYLYL but not Stop1, Stop2 or Stop2+KFLFL interacted with p85p3
upon Epo induction. (D) Truncated EpoR mutants are hypersensitive to Epo. Ba/F3 cells stably
expressing wild type or truncated EpoR mutants were grown under different Epo concentrations.
Cell numbers were measured by MTT assays every 24 hrs for 3 days. Cell numbers from cultures
in WEHI media as a source of IL-3 were shown as controls. |P: immunoprecipitation.

IB: immuno-blot. P-JAK2: phosphorylated active JAK2.
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Stop2+KYLYA retain its binding capacity with p85p upon Epo induction.
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The proposed binding consensus sequence for the p85p C-terminal SH2 domain is
Y (V/VE/L)(N/IUM/L)(M/V/L/T) (Huang et al., 2008).We generated a Stop2+KYLY A construct. This
receptor failed to internalize (Figure 2.8 A). Moreover, we did not detect an interaction with this mutant
to p85PB (Fig. 2.8B). These data reinforce the important role of p85p as the main link to internalization and
suggest that YLYL acts as an endocytic motif for EpoR (Figure 2.8 B).

Together with data from Figures 2.5 and 2.6, our results indicate that p85a, together with p85p,
play a role in ligand-induced EpoR internalization via a PI3K kinase activity-independent mechanism. It
does so by binding to Y429 and/or Y431, and Y479 in the EpoR cytoplasmic domain upon stimulation,
and act as an adaptor to recruit proteins in the endocytic machinery.

Previous reports demonstrated that truncated EpoRs from PFCP patients display an increased
sensitivity to Epo compared to wild-type EpoR (Arcasoy, 2008b). We examined our EpoR truncations for
Epo sensitivity in the IL-3 dependent hematopoietic Ba/F3 cells. Ba/F3 cells stably expressing the
different truncated EpoRs at similar levels were grown in the absence of IL-3 but with various
concentrations of Epo, and their mitogenic activity was measured. As shown in Figure 2.7 D, cells
expressing Stopl and Stop2 grew normally in Epo at 1 U/mL. However, cells expressing Stop1 and Stop2
were able to grow in 0.1 U/mL or 0.01 U/mL of Epo, whereas cells expressing wild-type receptor did not
(Figure 2.7 D). Importantly, cells expressing Stop2+KYLYL, which internalized after Epo stimulation
similar to wild type EpoR, showed similar Epo sensitivity compared to wild-type EpoR. As controls, cells
expressing all constructs grew similarly in WEHI IL-3 conditioned media (Figure 2.7 D).

These results suggest that upon Epo stimulation, JAK2-dependent phosphorylation of Y429,
Y431 and Y479 results in the recruitment of p85, which promotes EpoR internalization by acting as an
adaptor to engage the endocytic machinery. Moreover, truncated EpoRs in PFCP patients lacking these

tyrosines have impaired internalization, which contributes to hypersensitivity to Epo.
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2.4 DISCUSSION

Receptor endocytosis is a major mechanism whereby cells control the magnitude and duration of
signaling induced by extracellular ligands. For the EpoR, this process also controls cellular sensitivity to
Epo (Suzuki et al., 2002), and is the primary means that regulates circulating Epo concentrations (Gross
and Lodish, 2006). Our results demonstrate that cell surface EpoR is internalized via clathrin-mediated
endocytosis. Ligand-dependent EpoR internalization requires both JAK?2 kinase activity and EpoR
cytoplasmic tyrosines. We further show that phosphorylated Y429, Y431, and Y479 in the EpoR
cytoplasmic domain share redundant functions and individually is sufficient to mediate Epo-dependent
EpoR internalization. These phosphotyrosines bind p85 upon Epo stimulation and may recruit proteins in
the endocytic machinery. In addition, mutated EpoRs from PFCP patients lacking the three important
tyrosines do not bind p85p and do not internalize upon stimulation. This defect may in part explain their
hypersensitivity to Epo and prolonged signaling.

We show that Epo induces EpoR internalization via clathrin-mediated endocytosis, similar to
other cytokine receptors such as the prolactin receptor, thrombopoietin receptor, growth hormone
receptor, and gp130 (Hitchcock et al., 2008; Tanaka et al., 2008; van Kerkhof et al., 2000; Vincent et al.,
1997). Importantly, Epo-induced EpoR internalization requires both JAK2 kinase activity and the tyrosine
residues of the EpoR cytoplasmic domain. These results are consistent with studies demonstrating that
ligand stimulated internalization of the prolactin receptor (Swaminathan et al., 2008) and the
thrombopoietin receptor (Hitchcock et al., 2008) also depends on associated JAK?2 kinase activities.
Moreover, as the EpoR/JAK?2 complex functions as a unit that is equivalent to a receptor tyrosine kinase,
these results are consistent with experiments showing that kinase activity is necessary for maximal rate of
internalization and down-regulation of receptor tyrosine kinases (Glenney et al., 1988; Sorkin et al., 1991;
Sorokin et al., 1994).

Our results differ from two previous reports. One study showed that a mitogenically inactive
EpoR mutant EpoR(W282R) can still internalize radio-labeled Epo, and that a tyrosine-null EpoR still

internalizes Epo albeit less efficiently (Beckman et al., 1999). Because W282 is part of the JAK2
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interaction site and changing it to Ala abolishes JAK2-dependent EpoR surface expression (Huang et al.,
2001), the mutated receptors that reached the plasma membrane in that study are not likely to have
formed a normal complex with JAK2. The other study showed that inhibiting JAK2 kinase activity with
the AG490 inhibitor impaired internalization of radio-labeled Epo, and monensin treatment partially
restored internalization (Walrafen et al., 2005). It was concluded that EpoR was internalized when JAK2
activity was blocked but that internalized receptors recycled to the plasma membrane. In addition,
proteasomal degradation removes the portion of the EpoR cytoplasmic domain containing all of the
tyrosine residues before the receptor is internalized (Walrafen et al., 2005). We did not observe any
recycling of EpoR in our JAK2KD cells (data not shown). We reason that the residual JAK?2 activity after
AG490 treatment may be sufficient for receptor internalization. In addition, monensin is known to have
pleiotropic effects on vesicular trafficking. Alternatively, the differences between these studies may have
resulted from differences in cell lines and methodology involved. At an Epo concentration much higher
than used herein, we did observe some internalization of F8 (data not shown), although at a level less than
50% compared to wild-type EpoR. In contrast, no internalization was detected in the presence of
JAK2KD under all Epo concentrations tested (data not shown). Therefore, there may exist an
internalization mechanism that depends on JAK?2 but not EpoR tyrosines at high Epo concentrations. This
mechanism may involve proteasomal removal of part of the EpoR cytoplasmic domain. As the
endocytosis of EGF receptors vary with EGF concentrations (Haglund et al., 2003), EpoR may also
employ different internalization mechanisms depending on Epo concentrations.

Our characterization of the mechanism of EpoR internalization suggests a novel function for p85
that is independent of PI3K kinase activities. Upon receptor activation, p85a binds to Y479 (Klingmuller
et al., 1997), while p85p binds to Y429/Y431 and Y479 in the EpoR cytoplasmic domain (Figures
2.6,2.7). p85 may act as a scaffold that recruits proteins of the endocytic machinery. p85a and p85f3
interact directly (Hartley et al., 1995), or indirectly through Grb2 (Donovan et al., 1994; Jiang et al., 2003;
Wang et al., 1995),with the ubiquitin ligase c-Cbl, which recruits endophilin and AP-2 (through Cin85) of

the endocytic machinery (Schmidt and Dikic, 2005). Both ¢-Cbl and Grb2 have previously been shown to
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be important for recruitment of EGFRs into clathrin-coated pits (Jiang et al., 2003). p85 may also bind
dynamin, a protein that plays important roles in clathrin-mediated endocytosis (Booker et al., 1993; Gout
et al., 1993), or interact through the Grb2-SOS-Ras linkage to activate Rab5 (Heath et al., 2003), a protein
implicated in the formation of clathrin-coated vesicles and fusion of these vesicles to early endosomes
(Gorvel et al., 1991; McLauchlan et al., 1998). Alternatively, p85 may exert GAP activities toward
GTPases critical for clathrin-mediated endocytosis thus regulating their function. This hypothesis is based
on the observation that p85a has GAP activity for Rab5, and for Cdc42 which was implicated in vesicle
movement (Chamberlain et al., 2004). Although no GAP activities have yet been demonstrated for p85p,
p85p shares the GAP domain of p85a.

Our results add to the emerging concept that p85 has functions independent of its regulatory
function of PI3K kinase activity (Chamberlain et al., 2008; Garcia et al., 2006; Jimenez et al., 2000;
Taniguchi et al., 2006; Ueki et al., 2003). For example, cytokinesis defects observed in p85a-deficient
cells are restored by expression of a p85a mutant that does not bind the PI3K catalytic subunit (Garcia et
al., 2006), and that a p85a mutant with defective GAP activities caused cellular transformation via a
kinase-independent mechanism (Chamberlain et al., 2008). PI3K is activated by most cytokine receptors,
and a common step in the activation involves the recruitment and interaction of p85 with components of
the cytokine receptor complex. Whether p85 also contributes to ligand-dependent internalization of other
cytokine receptors is currently being tested.

Y429, Y431 and Y479 in the EpoR cytoplasmic domain are individually sufficient to support
Epo-stimulated EpoR internalization. Mutations of all these tyrosines to phenylalanines or deletions that
remove these tyrosines such as those found in PFCP patients prevent Epo-induced EpoR internalization.
Consistent with a role of p85f in EpoR internalization, both Stop1 and Stop2 failed to interact with p85.
Importantly, fusion of KYLYL but not KFLFL, residues encompassing Y429 and Y431, to Stop2 restored
both p85p binding and ligand-induced internalization. Moreover, the hypersensitivity to Epo of cells
expressing Stop2 was reversed when KYLYL was fused to Stop2. Therefore, the PFCP EpoR truncations

not only prevent recruitment of SHP-1 that inactivates JAK2, but also impair endocytosis of EpoR. Both
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defects prolong the duration of signaling. To our knowledge, this is the first report linking internalization
to signaling in polycythemia. Consistent with the notion that defects in internalization prolong signaling,
mutations in the granulocyte colony-stimulating factor receptor that inhibit ligand-induced internalization
lead to prolong receptor activation and acute myeloid leukemia (Hunter et al., 1999; Ward et al., 1999). In
addition, oncogenic forms of human EGFR are less efficiently internalized (Grandal et al., 2007).
Understanding the precise mechanism responsible for attenuating receptor signaling will provide insight

into PCFP and other diseases that are caused by excessive receptor signaling.



Chapter3. c-Cbl is essential for ligand-mediated EpoR internalization
Abstract

A candidate siRNA screen for proteins that are part of the endocytic machinery and for proteins
that participate in EpoR downstream signaling revealed that c-Cbl is essential in mediating ligand-
mediated EpoR internalization. Consistent with a role in EpoR down-regulation, c-Cbl knock-out mice
display hemopoietic hyperplasia, characterized by splenomegaly primarily of erythroid hyperplasia,
fibrosis and extensive extramedullary hemopoiesis. Studies performed on the EGFR showed that c-Cbl
mediated ubiquitination is needed for EGFR internalization and proper endosomal sorting. In addition to
its E3 ligase activity, c-Cbl acts as an adaptor that is capable of recruiting a variety of endocytic proteins.
In this study, we show that c-Cbl is phosphorylated upon Epo induction and that JAK2 can phosphorylate
¢-Cbl in vitro. c-Cbl phosphorylation is a pre-requisite for its E3 ligase activity. Accordingly, we
demonstrate that c-Cbl E3 ligase activity is critical for ligand-dependent EpoR internalization through the
use of c-Cbl mutants that have defective ligase activities. We propose that in addition to recruiting
endocytic proteins, c-Cbl may ubiquitinate the p85 subunit of the PI-3 kinase to mediate EpoR

internalization upon stimulation.
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3.1 Introduction

In the previous chapter, we provided evidence for a novel function for the regulatory subunit of
PI3K, p85p and p85a, in mediating ligand-induced EpoR internalization. We also described that p85f
binds to Y429 and/or Y431, and Y479 in the EpoR cytoplasmic domain upon stimulation. We
hypothesize that p85p and p85a act as adaptors to recruit proteins from the endocytic machinery.

There are several described endocytic proteins known to interact with different domains of p85
(0,). More importantly, some of them have been shown to participate in erythropoiesis through a direct
or an indirect association with an activated EpoR/JAK?2 unit.

The first and most relevant candidate is the E3 ligase c-Cbl. ¢c-Cbl is an important component of
the endocytic machinery as it down-regulates signaling of active tyrosine kinase receptors such as the
EGFR by targeting them for lysosomal degradation (Ravid et al., 2004). Phosphorylated c-Cbl associates
specifically with p85f in stimulated B lymphocytes (Kim et al., 1995) and in Jurkat T cells (Hartley et al.,
1995). This interaction relies on phosphorylated Y731 in the pY XXM motif of ¢-Cbl and the N-terminal
SH2 domain of p85p (Standaert et al., 2004). Phosphorylation on other tyrosine residues such as Y368
and Y371 has been reported to activate the E3 ligase activity of c-Cbl by inducing a conformational
change that will allow the transfer of ubiquitin to the targeted substrate (Kassenbrock and Anderson,
2004; Ryan et al., 2006). c-Cbl is phosphorylated upon Epo induction, however, the phosphorylation
site(s) have not yet been characterized (Barber et al., 1997b; Odai et al., 1995). In addition, the function of
the phosphorylated c-Cbl upon Epo stimulation is not known. ¢c-Cbl knock-out mice display hemopoietic
hyperplasia, characterized by splenomegaly primarily of erythroid lineage, fibrosis and extensive
extramedullary hemopoiesis, indicating that it plays a role in erythropoiesis (Murphy et al., 1998)
(Naramura et al, PNAS 1998). Besides being recruited by p85, c-Cbl also can bind indirectly to the
activated receptor via Grb2 and recruits Crk which in turn links the receptor to the Rap1/ERK signaling
pathway (Barber et al., 1997b).

The second protein that interacts with p85 and that plays a critical role in bringing the endocytic

machinery to the EGFR is Grb2 (Jiang et al., 2003). Grb2 is a cytoplasmic adaptor protein consisting of
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one SH2 domain flanked by two SH3 domains and mediates the activation of the Ras signaling pathway.
It was suggested that Grb2 interacts with EpoR through a consensus binding motif located atY464 on the
EpoR (Barber et al., 1997a).

Finally, dynamin, one of the most closely associated endocytic proteins, binds to the SH3 domain
of p85. However, it is not known if dynamin interacts with the EpoR. We used siRNA to knockdown
these proteins and examine their role in ligand-induced EpoR endocytosis. Along with these three
candidates, we picked an array of endocytic and signaling proteins and performed a candidate siRNA

screen for proteins participating in ligand-induced EpoR endocytosis.

3.2 Materials and Methods
Plasmid constructs, cell lines, and reagents

Wt Cbl cloned in pSRa vector is a generous gift from Dr Joachim Herz. All Cbl mutants were
generated in the pSRa vector using the QuikChange site-directed mutagenesis kit (Stratagene) and
verified by sequencing. y2A cells stably expressing wild type or mutant HA-EpoRs and various forms of
JAK2 were generated as previously described (Huang et al., 2001). The same method was used to
generate stable MEF cells expressing HA-EpoR. Cbl +/+, -/+, and -/- MEFS were a generous gift from
Dr. Brian Druker (Oregon Health and Science University). Antibodies were from the following sources:
HA, Covance; p85p, clathrin light chain, Cisl, Stat5 a, Stat5b, Santa Cruz; actin, Sigma; SOCS1, SOCS3,
SOCS4,SOCSS5, SOCS6 and SOCS7 Abcam; p85a, Shp2, Shipl, Ship2, PLCy, Cell Signaling; Cbl, Lyn, ,
Crk, Crkl, Shcl, clathrin heavy chain, Grb2, Ap2, Caveolin, BD Bioscience; 4G10, Upstate; HRS, Alexis
Biochemical; Cin85 and Dynamin Calbiochem. Horseradish peroxidase-coupled secondary antibodies

and the ECL chemiluminescence system were from Amersham Biosciences.

Flow cytometry and data analysis
Surface expression of the wild type or mutant HA-EpoRs was measured in the presence of wild-

type or mutant JAK?2 in one million y2A cells or 10,000 MEF cells as described previously (Tong et al.,
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2006). For Epo stimulation, cells were incubated with 30 units of Epo at 37°C. The median fluorescence
of allophycocyanin (APC), which is conjugated to secondary antibodies that recognize anti-HA
antibodies, was used to quantify the level of receptor on the cell surface. For each sample, the EpoR
surface expression was normalized to that from samples co-expressing wild-type JAK?2 prior to Epo

stimulation. Each point represents data from three independent experiments.

Immuno-precipitation and immuno-blotting

v2A cells transiently transfected with Cbl in the vector pSRa were starved for 12 hrs in DMEM
media with 1% BSA followed by Epo induction for the appropriate time as indicated. Cells were then
lysed with 1% NP-40 lysis buffer with protease and phosphatase inhibitors. Lysates were immuno-
precipitated with anti-Cbl antibodies. The precipitates were eluted with SDS sample buffer, separated by
SDS-PAGE, transferred to nitrocellulose membranes, and probed with anti-Cb] antibodies or antibodies
to 4G10. Bound antibodies were detected by the ECL chemiluminescence system after incubation with

horseradish peroxidase-coupled secondary antibodies.

Kinase assay

293T cells transiently transfected with GST-JAK?2 kinase domain construct, (or GST-JAK2
kinase domain dead) were lysed 1% NP-40 lysis buffer with protease and phosphatase inhibitors. Lysates
were incubates with glutathione beads to pull down JAK?2 constructs. Cbl was immunoprecipitated as
described in the previous section; however it was not eluted with SDS sample buffer. Both proteins were
kept on their respective beads and were set for kinase assay, 60 min at 37°C in the following buffer:
10mM HEPES pH 7.4, 50 mM NacCl, 5 mM MgCl,, 5 mM MnCl,, 1 mM Na;VO,,1mM DTT, 10 mM

glycerophosphate, complete protease inhibitors and 10 mM ATP.
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siRNA knockdown

Synthetic siRNAs to knockdown the different human genes were ordered from Dharmacon Inc.,
and delivered to the cells at 100nM using Dharmafect as a transfection agent. Sequences of siRNAs used
for SOCS3: CCGCUUCGACUGCGUCGUCAA and UCGGGAGUUCCUGGACCAGUA; clathrin
heavy chain: UCCAAUUCGAAGACCAAUU; BTRC L003463:UGACAACACUAUCAGAUUAUU,
CACAUAAACUCGUAUCUUAUU, GACCUUAAAUGGACAAAULU,
ACACCGAGCUGCUGUCAAUUU; CRKL L-012023: CCGAAGACCUGCCCUUUAAULU,
GGUGAGAUCCUAGUGAUAAUU, UACGGACUCUGUAUGAUUUUU,
CAGAAGAUAACCUGGAAUAUU; CRK L-010503: GGACAGCGAAGGCAAGAGAUU,
GAAUAGGAGAUCAAGAGUUUU, GGUGAGCUGGUAAAGGUUAUU,
GGACAAGCCUGAAGAGCAGUU; Shel L-018841: GACAAUCACUUGCCCAUCAULU,
GAGUUGCGCUUCAAACAAUUU, CACGGGAGCUUUGUCAAUAUU,
GACUAAGGAUCACCGCUUUUU; CISH L-017381: CCGACUACCUCCGACAGUAUU,
GCUGAUACCCGAAGCGACAUU, GAAUCUGGCUGGUAUUGGGUU,
GACAACACCUGCAGAAGAUUU;
SOCS1: CCCGCCGUGCACGCAGCAUUA, CUGGUUGUUGUAGCAGCUUAA; Lyn:
CGGACGACUUGUCUUUCA;
SOCS3 CCGCUUCGACUGCGUCGUCAA, UCGGGAGUUCCUGGACCA
GUA,; Cin85: GAGGAUAAGGAGGAACACAUU, GGAUUACUGCAAAGUAAUAUU; Clathrin:
UCC AA UU CG AAG ACC AAUU; Intersectin GG AC AUA GUU GUA CUG AAA UU; ¢-Cbl: GGA
GACA CAU UUC GGA UUA, GAU CUG ACC UGC AAU GAUU,
GAC AAU CCC UCA CAA UAAA, CCA GAAA GCU UUG GUC AUU;
Dynamin 2: CAA GCACGUCUUCGCCAUC, GAGCCGAGUUUGAAGUGUG

On-target plus Duplex siRNA pools from Dharmacon Inc. were used for p85a J-00302017, p85p3

J-003021-12), PDCD6IP or HP95/ALIX (M-004233), PTPN6 or Shpl (M-009778), HGS/HRS (M-
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016835), SOCS3 (M-004299), c-Cbl (M-003003), and Grb2 (M-019220). Knockdown efficiency was

determined by immuno-blotting with the indicated antibodies 48 hrs after treatment with siRNAs.

3.3 Results
3.3.1 siRNA candidate screen identifies c-Cbl and Lyn in mediating EpoR ligand mediated
internalization

To identify targets involved in ligand mediated internalization of EpoR, we screened a selective
pool of siRNAs. The effect of each siRNA on internalization was measured through flow cytometry.
Figure 3.1 summarizes results from our screen. The majority of proteins we chose to study did not affect
internalization, however, not all the target proteins have commercially available antibodies. It is thus
possible that a couple of hits were missed since we do not know if the knockdown was complete in these
samples. Proteins whose knockdown affected ligand-induced EpoR internalization can be divided into
two groups. One group affected ligand-mediated EpoR internalization, which includes Grb2, HP95/ALIX
and p85 (please refer to chapter 2 for a detailed study on p85). The other group, including clathrin, c-Cbl
and Lyn, completely abolishes ligand mediated EpoR internalization. The role of clathrin in ligand-
induced EpoR internalization was discussed in Chapter 2. We will focus on the role of ¢c-Cbl in EpoR

internalization in this chapter.

3.3.2 ¢c-Chl is essential for ligand-induced EpoR internalization
As shown in Figure 3.2, knocking down c-Cbl to 90% of endogenous levels completely abolished
EpoR internalization upon stimulation. As a control, we measured internalization of transferrin receptor in

these knock-down cells. Fluorescent-labeled transferrin was added to the cells 48h after c-Cbl siRNA



Targeted genes Internalization Kln.ockdown
efficiency (WB)
Scrambled control ++ N/A
AP2 ++ partial
B-TRCP i+ N/A
Caveolin +++ partial
c-Cbl - good
Cin85 ++ N/A
Cis1 +++ qgood
Clathrin - good
Crk ++ partial
CrklL +++ N/A
Dynamin 1l i+ good
Grb2 + partial
HPY5 + good
HRS ++ good
Intersectin +++ good
Lyn - partial
p85x +++ good
p85p ++ good
P85 otB + good
PLC vy +++ partial
Shc +++ good
Ship1 Tt N/A
Ship2 +++ partial
Shp1 L N/A
Shp2 e+ good
SOCS1 ++ qood
SOCS2 N/A N/A
SOCS3 ++ good
SOCS4 +++ N/A
SOCSS +++ partial
SOCS6 +++ no knockdown
SOCS7 ++ N/A
Statba +++ good
Statbb +++ good
SYK e N/A
UBCH7Y H+ N/A
ZAP70 ++ N/A

Figure 3.1: Clathrin, c-Cbl and Lyn play a role in mediating EpoR internalization.
EpoR internalization was examined by flow cytometry in y2A cells stably expressing
EpoR and JAK2 and transfected with100 nM of indicated siRNAs. Western blots for
all targets with available commercial antibodies were done to demonstrate knockdown
efficiency.

+++: normal internalization, ++: internalization rate < 50%,

+: internalization rate < 25%, - : no internalization. N/A not available.
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Figure 3.2: c-Cbl is required for EpoR internalization.

(A) Knockdown efficiency of c-Cbl is shown by immuno-blotting.
Immuno-blotting of the same blot with actin was shown as a control.
(B) y2A cells were transfected with siRNAs to c-Cbl and surface EpoR
was analyzed by flow cytometry. (C) Transferrin uptake is similar in
control cells and in c-Cbl knockdown cells. (D) Ligand-induced EpoR
internalization is abolished in c-Cbl +/- and -/- MEFs.

Internalization was studied through flow cytometry.
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transfection and internalization was measured through flow cytometry. Transferrin uptake was normal in
all conditions (Figure 3.2 C). To further confirm our findings, we examined ligand-induced EpoR
internalization in c-Cbl knockout mouse embryonic fibroblast cells (MEF). About 44% of the EpoR
internalized upon Epo stimulation in wild-type MEFs. In contrast, internalization was dramatically
diminished in +/- or -/- MEFs (Figure. 3.2 D). These results corroborate our previous findings to

demonstrate that c-Cbl plays in important part in receptor internalization upon stimulation.

3.3.3 ¢-Chbl is phosphorylated by JAK2 upon ligand stimulation

To begin to understand the contribution of ¢-Cbl in EpoR internalization, we first confirmed that
Epo induces c-Cbl phosphorylation (Barber et al., 1997b; Odai et al., 1995). Tyrosine phosphorylated c-
Cbl was detected with 4G10, an anti-phosphotyrosine antibody, in cells stably expressing HA-EpoR with
JAK?2 but not JAK2KD (Figure 3.3 A). To validate our data, cells were transfected with c-Cbl siRNA.
Knocking down ¢-Cbl resulted in the loss of phosphorylated c-Cbl (Figure 3.3 A). We further showed that
JAK2 can phosphorylate c-Cbl in an in vitro kinase assay (Figure 3.3 B). Ongoing studies will address

which tyrosine residues of c-Cbl are phosphorylated by JAK2.

3.3.4 c-Chl E3 ligase activity is important for EpoR ligand induced internalization

Intact ring finger domain and linker regions are needed for functional c-Cbl E3 ligase activities
(Kassenbrock and Anderson, 2004). In particular, it was shown that phosphorylation of Y368 and Y371
located in the linker regions are prerequisites for ubiquitin ligase activity (Kassenbrock and Anderson,
2004). It was suggested that these two tyrosines can regulate the positioning of the phosphotyrosine
binding protein to the ring domain, facilitating the transfer of ubiquitin to this target (Kassenbrock and
Anderson, 2004). The specific function of these tyrosines was further dissected by the Langdon
laboratory. In cell lines expressing Y368F or Y371F c-Cbl mutants, the internalization rate of EGFR was

normal (Kassenbrock and Anderson, 2004). Ubiquitination, on the other hand, was not detected in cells
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Figure 3.3: c-Cbl is phosphorylated by JAK2 upon ligand stimulation.

(A) y2A cells stably expressing HA-EpoR and JAK2 or JAK2KD were transiently
transfected with vectors expressing full-length c-Cbl. 48 hrs post transfection, cells
were starved overnight and treated with Epo for 15 min. Cell lysates were subjected
to immuno-precipitation by c-Cbl antibodies and immuno-blotted with 4G10 antibody
for phosphorylated c-Cbl. To confirm 4G10 specificity, in addition to the transfected
c-Cbl vectors, cells were also transfected with c-Cbl siRNA in lanes 3 and 4.

(B) JAK2 phosphorylates c-Cbl in vitro. JAK2 or JAK2KD was co-expressed with c-Cbl
in 293T cells. Each protein is immunoprecipitated and set up for kinase assays.
Phosphorylated c-Cbl was detected with 4G10 antibody. IP: immuno-precipitation.
IB: immuno-blot. K: JAK2 kinase domain, KD: JAK2 Kinase dead.
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expressing the Y371F mutant ¢-Cbl, indicating that Y371 may be more important than Y368 for E3
ligase activity. In addition, deletion of either tyrosine residue blocked EGFR ubiquitination and also
severely affected receptor internalization (Thien et al., 2001). We generated c-Cbl mutant constructs
which harbor deleted Y368 or Y371. y2A cells stably expressing HA-EpoR and JAK2 were transfected
with vectors expressing wild-type or mutant c-Cbl proteins, and ligand-induced EpoR internalization was
studied through flow cytometry. Over-expressed c-Cbl constructs did not affect the amount of receptors
on the surface prior to Epo treatment (Figure 3.4). Upon Epo stimulation, EpoR internalizes normally in
cells expressing wild-type c-Cbl. In contrast, EpoR internalization was significantly reduced in cells
expressing c-Cbl mutants A368 and A371. The less severe phenotype compared to c-Cbl knockdown cells
may be due to endogenous c-Cbl expressed in y2A cells.

Our results show that c-Cbl’s E3 ligase activity plays an important role in EpoR internalization
upon stimulation. Our current efforts are concentrated on finding its substrate. Surprising preliminary data
indicates that p85p is mono-ubiquitinated upon Epo induction. We transfected y2A cells stably expressing
HA-EpoR and JAK?2 with vectors expressing p85p and Flag-Ubiquitin. Cells were starved and stimulated
with 30 units Epo for 40 min. As shown in Figure 3.5, mono-ubiquitinated p85 was detected only after
Epo treatment. Since p85p can bind to c-Cbl (Kim et al., 1995), ongoing experiments will try to establish
whether p85p is the intended substrate and if mono-ubiquitinated p85 is required for internalization.
Another potential substrate for c-Cbl is the EpoR. It has been reported to be polyubiquitinated after Epo
stimulation (Yen et al., 2000). Chapter 4 will be dedicated in deciphering the role of receptor

ubiquitination.

3.4 Discussion
Our siRNA screen resulted in several hits. Interestingly, some of these proteins have previously
been shown to play a role in receptor down-regulation, and many have been reported to interact with each

other in different settings. More importantly, all of our hits are closely associated with c-Cbl. Although
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Figure 3.4: E3 ligase activity of Cbl is important for EpoR ligand-induced internalization.

v2A cells stably expressing HA-EpoR and JAK2 were transiently transfected with
vectors expressing wt c-Chl or vectors expressing A368 or A371 that bear deficient
E3 ligase activity. After 48h, ligand-induced receptor internalization was measured
by flow cytometry. ** indicates P=0.0004 (unpaired t-test) vs. control.

* indicates P=0.0174 (unpaired t-test) vs. control.
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Figure 3.5. p85p is mono-ubiquitinated upon Epo induction.
v2A cells stably expressing HA-EpoR and JAK2 were transfected
with vectors that express Flag-tagged ubiquitin and p8503. 48 hours
post transfection,cells were stimulated for 40 min with Epo.

p85f3 was immunoprecipitated with p85pantibodies,and samples
were then probed for ubiquitinated p8543 with anti-Flag antibodies.
IP: immuno-precipitation. IB: immuno-blot
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we were able to recapitulate the inducible ¢c-Cbl phosphorylation upon Epo stimulation, our attempts to
detect c-Cbl binding to the receptor have failed (data not shown). Specific phosphorylated tyrosine
residues on c-Cbl are docking sites for different SH2 domain-containing proteins such as p85p. It is likely
that c-Cbl may associate with the EpoR via other proteins. There are two pY XXM motifs in c-Cbl
surrounding Y371 and Y731 that promote p85f binding (Standaert et al., 2004). Y731 is proposed to be
phosphorylated by a Src kinase Fyn upon cytokine treatment (Hunter et al., 1999). Our siRNA screen did
not include Fyn, as its course of action is best defined in mast cells and lymphocytes (but not erythrocyte
progenitors) where they associate with the high-affinity IgE or IgM receptors and initiate signaling upon
activation (Eiseman and Bolen, 1992). However, knockdown of another Src kinase, Lyn, dramatically
diminished ligand-induced EpoR internalization (Figure 3.1).

Lyn has been shown to bind pY464 or pY479 on the EpoR where it phosphorylates Stat5 to
enhance its transcriptional activity (Chin et al., 1998). Lyn also phosphorylates CrkL, a member of the
Crk family of adaptor proteins. CrkL binds EpoR on pY460 and requires Lyn-mediated phosphorylation
to initiate a Ras-dependent activation of the Raf/ERK pathway through Sos1 and C3G, two guanine
nucleotide exchange proteins of the Ras family (Arai et al., 2001). More importantly, phosphorylated
CrkL forms a complex with c-Cbl (Arai et al., 2001). CrkL was not detected in y2A cells, and knocking
down Crk, its counterpart, was not efficient probably due to a long protein half-life. Nevertheless, we
have not ruled out Crks as adaptors required to recruit c-Cbl to the activated EpoR for internalization. In
the same study that revealed a link between CrkL and Lyn, the authors showed that Lyn phosphorylates c-
Cbl after Epo stimulation, however, they did not comment on the meaning of this data (Arai et al., 2001).
Since Lyn siRNA inhibited EpoR internalization, we hypothesize that Lyn, similar to Fyn, may
phosphorylate c-Cbl on Y731. This phosphorylation may allow p85f to interact with c-Cbl in order to be
mono-ubiquitinated for EpoR internalization. Studies are underway to test this hypothesis.

Another means to link c-Cbl to the EpoR is through Grb2. Besides signaling, Grb2 initiates

clathrin-mediated internalization by recruiting c-Cbl to receptors such as EGFR and c-Met ((Jiang et al.,
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2003; Li et al., 2007)). EGFR receptor internalization is negatively affected in cells over-expressing a
mutant form of Grb2 that cannot bind to c-Cbl (Jiang et al., 2003). c-Met tyrosine kinase does not
internalize when cells are transfected with Grb2 siRNA (Jiang et al., 2003; Li et al., 2007). Moreover, a
Grb2-c-Cbl chimera rescues ligand dependent c-Met tyrosine kinase receptor internalization in the
presence of a ubiquitin ligase deficient form of ¢-Cbl (Li et al., 2007). Our siRNA screen strengthens the
involvement of Grb2 in mediating receptor internalization since a moderate siRNA knock-down of Grb2
severely impacted EpoR internalization (Figure 3.1). Although there is no data supporting Grb2 binding
to the EpoR, researchers believe that pY464 and surrounding amino acids on EpoR is the main binding
site (Barber et al., 1997a). If Grb2 is recruited to the receptor directly, or indirectly via p85
(Radhakrishnan et al., 2008), Grb2 may bring c-Cbl to the EpoR since both proteins were shown to be
constitutively bound in hematopoietic cell lines (Odai et al., 1995).

Our results also suggest that ALIX, a proline rich protein associated with neuronal cell death
(Missotten et al., 1999), plays a role in ligand-induced EpoR internalization. ALIX interacts with different
components of the endocytic machinery such as endophilins (Chatellard-Causse et al., 2002), Cin85 (an
adaptor protein that binds Cbl to help regulate endocytosis) (Chen et al., 2000), the endosomal sorting
complexes required for transport (ESCRTs) (Falguieres et al., 2008), and the lysobisphosphatidic acid
(LBPA, a component of the late endosomal membranes) (Dikic, 2004). The first siRNA experiment
targeting ALIX revealed that ALIX is necessary for proper cellular distribution of endosomes by affecting
the actin organization of the cell (Cabezas et al., 2005). Early, recycling and late endosomes co-localized
in the perinuclear region in ALIX depleted cells (Cabezas et al., 2005). However, transferrin endocytosis
and recycling as well as EGFR endocytosis and degradation were not affected (Cabezas et al., 2005).
Immunofluorescence assays suggest that ALIX links the endocytic machinery to the actin cytoskeleton
(Cabezas et al., 2005). Another study suggests that increased levels of ALIX in the cell distrupt c-
Cbl/Cin85 complexes and block EGFR internalization (Schmidt et al., 2004). Our preliminary data
revealed that the EpoR is lost from the cell surface when ALIX is over-expressed prior to Epo induction.

This effect is reverted with concurrent knockdown of ALIX. In addition, JAK2 phosphorylates ALIX in
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our in vitro kinase assay (data not shown). More experiments will be needed to understand the role of
ALIX in EpoR endocytosis.

Our siRNA screen discovered proteins important for ligand-induced EpoR internalization and
degradation. Among these proteins, p85 (af), Grb2 and c-Cbl have been reported to interact with one
another (Cerboni et al., 1998). The resulting complex is likely crucial for bringing the endocytic

machinery to the EpoR upon stimulation.



Chapter 4. Ligand-mediated EpoR ubiquitination regulates its endosomal sorting and degradation

in the lysosomes but not its internalization

Abstract

Ubiquitination is a major regulatory mechanism that controls receptor trafficking from the surface
to the lysosomes. EpoR is ubiquitinated upon ligand stimulation. Here we show that ubiquitination of the
EpoR itself is not essential for internalization as a lysineless EpoR (EpoR-ALLKR) is internalized
normally. In contrast, we find that unlike wild-type EpoR that is delivered to EEA1-positive early
endosomes and then to LAMP2-labeled lysosomes, EpoR-ALLKR co-localizes with EEA1 but does not
reach LAMP2-labeled lysosomes. Therefore, ubiquitination of the EpoR is important for post-endosomal
sorting and lysosomal degradation. In addition, we show that K428 appears to be the primary

ubiquitination site on the EpoR.
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4.1 Introduction

Similar to phosphorylation, ubiquitination is a post-translational modification that controls
distinct cellular processes such as protein degradation (Blankenship et al., 2008), DNA repair (Lovly et
al., 2008), histone regulation (Cao et al., 2008; Geng and Tansey, 2008), cellular trafficking (Putz et al.,
2008) and receptor internalization (Belouzard and Rouille, 2006). Ubiquitin is a 76 amino acid
polypeptide. It is covalently linked to its substrate via an isopeptide bond between the C-terminal glycine
residue of ubiquitin and a specific lysine residue on the target protein. Ubiquitin itself can be
ubiquitinated through any of its seven lysine residues resulting in the generation of polyubiquitinated
chains (reviewed in (Pickart and Fushman, 2004) and (Pickart and Eddins, 2004)). Several forms of
ubiquitination have been described: a substrate can be monoubiquitinated, multi-monoubiquitinated and
polyubiquitinated (reviewed in (Pickart and Eddins, 2004)). The nature of the appended ubiquitin moiety
dictates the fate of the targeted protein and regulates related cellular events (reviewed in (Pickart and
Fushman, 2004)).

Three groups of enzymes transfer ubiquitin to its substrate through a multi-step reaction. First, the
ubiquitin activating enzyme (E1) is conjugated to ubiquitin via an ATP-dependent reaction. Ubiquitin is
then transferred to the cysteine residue of the ubiquitin conjugating enzyme (E2). The transfer of ubiquitin
to the lysine of the substrate protein involves a ubiquitin ligase enzyme (E3) which dictates substrate
selectivity and specificity (reviewed in (Ardley and Robinson, 2005)). These three enzymes were thought
to be sufficient in the ubiquitination process until the discovery of conjugating factors E4 in yeast that
assist in ubiquitin chain elongation (Koegl et al., 1999). Indeed, the E3 ligase Parkin associates with the
E4 ligase CHIP (carboxyl terminus of the Hsc70-interacting protein) to promote efficient target
polyubiquitination, a discovery that may provide new therapeutic venues for Parkinson disease (Imai et
al., 2002).

Lysosomes and proteasomes control protein turnover in the cell (Wolf, 2004). A protein targeted
for proteasomal degradation bears a polyubiquitin tag whereas both polyubiquitination and

monoubiquitination are involved in delivering proteins to the lysosomes (Barriere et al., 2007). The latter
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is best illustrated in receptor endocytosis since most of the steps that lead to receptor downregulation from
the cell surface and their delivery to the lysosomes rely on subsequent yet unique ubiquitination events
(Horak, 2003; Huang et al., 2006; Schmidt and Dikic, 2005).

Internalization of certain receptors such as the insulin-like growth factor receptor requires a
monoubiquitin signal (Monami et al., 2008). For other receptors such as the EGFR, ubiquitination is
important but not essential for internalization since knocking down c-Cbl, a E3 ligase which ubiquitinates
EGFR at the cell surface, does not alter internalization (Duan et al., 2003). Once in the early endosomes,
the ubiquitin signal will serve to sort the receptor into the multi-vesicular body pathway. Proteins from
the sorting machinery such as HRS, STAM or Epsin contain ubiquitin binding motifs to recognize
ubiquitinated receptors (Bache et al., 2003b). Some of these proteins undergo ligand induced
phosphorylation and are decorated by monoubiquitin recognized by their counterparts to orchestrate
efficient sorting (Komada and Kitamura, 2005). For example, upon EGF stimulation, HRS is first
phosphorylated by EGFR and then ubiquitinated by c-Cbl (Bache et al., 2002; Stern et al., 2007). HRS
traps the ubiquitinated receptor in a specialized area of the early endosomes that are coated by flat clathrin
coats (Raiborg et al., 2002) and recruits ESCRT-1 (Bache et al., 2003a) and SNX-1 (Chin et al., 2001).
There are three distinct ESCRT complexes that sequentially bind to the ubiquitinated proteins and move
them further towards the lysosomes (reviewed in (Hurley, 2008)). It has also been shown that receptors
such as EGFR are continuously ubiquitinated even after internalization to further assist their own
degradation (Umebayashi et al., 2008).

To date, only a handful of papers addressed the role of ubiquitin in mediating the downregulation
of the cytokine receptors. For instance, the leptin receptor short form becomes mono-ubiquitinated on
K877 and K889, and ubiquitination is required for internalization via the clathrin-coated pits (Belouzard
and Rouille, 2006). For the prolactin receptor, ligand-induced receptor ubiquitination initiates clathrin-
mediated internalization. Moreover, polyubiquitination through K63 of the prolactin receptor is essential
for late endosomal sorting as receptors that fail to become ubiquitinated do not reach the lysosomes

(Varghese et al., 2008). The same group proposes that Ser349 phosphorylation of the prolactin receptor
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precedes ubiquitination and this initial modification depends on JAK?2 kinase activity (Swaminathan et
al., 2008).

The EpoR belongs to the cytokine receptor family and is ubiquitinated upon stimulation
(Walrafen et al., 2005). B-TRCP is the suggested E3 ligase that mediates the ubiquitination event (Meyer
et al., 2007). It is thought that this polyubiquitination targets EpoR for proteasomal degradation (Walrafen
et al., 2005).

Here we shown that ubiquitination is not required for EpoR internalization but is necessary for

proper delivery to the lysosomes.

4.2 Materials and Methods
Plasmid constructs, cell lines, and reagents

All EpoR mutants were generated in the pMX-IRES-GFP vector using the QuikChange site-
directed mutagenesis kit (Stratagene) and verified by sequencing. Ubiquitin was cloned into
pCMV3Xflag vector (Sigma). pMX-IRES-GFP vector expressing the EpoR-Ub chimera was generated
through overlapping extension PCR reactions. y2A cells stably expressing wild-type or mutant HA-EpoRs
and various forms of JAK2 were generated as previously described (Huang et al., 2001). Antibodies were
from the following sources: HA, Covance; EEA1, LAMP2, Santa Cruz; Flag M2 agarose Sigma.
Horseradish peroxidase-coupled secondary antibodies and the ECL chemiluminescence system were from
Amersham Biosciences. Lactacystin was purchased from Boston Biochem, Bafilomycin A from LC

laboratories and Cycloheximide from MP biochemicals.

Labeling and immuno-precipitation of cell surface EpoR (Surface IP)

v2A cells stably expressing HA-EpoR with various JAK2 constructs were incubated with
blocking buffer (PBS with 5% normal mouse serum) for 30 min at 4°C. Subsequently, cells were
incubated with 10 pg/mL of anti-HA antibodies in blocking buffer for 60 min at 4°C. After washing with

PBS, cells were lysed in 1% NP-40 lysis buffer containing 5 pg/mL of HA peptide in order to block any
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residual anti-HA antibodies. After incubation with protein A/G agarose for 90 min at 4°C, immuno-
precipitants were washed three times with PBS containing 1% TritonX-100 and 0.1% SDS, run on SDS-
PAGE, and immuno-blotted with anti-HA antibodies. In experiments where Epo treatment was

performed, cells were stimulated with Epo (30 units) at 37°C for the duration indicated.

Flow cytometry and data analysis

Surface expression of the wild type or mutant HA-EpoRs was measured in the presence of wild-
type or mutant JAK?2 in one million y2A cells as described previously (Tong et al., 2006). For Epo
stimulation, cells were incubated with 30 units of Epo at 37°C. The median fluorescence of
allophycocyanin (APC), which is conjugated to secondary antibodies that recognize anti-HA antibodies,
was used to quantify the level of receptor on the cell surface. For each sample, the EpoR surface
expression was normalized to that from samples co-expressing wild-type JAK?2 prior to Epo stimulation.
Each point represents data from three independent experiments. To inhibit PI3K activities, cells were

incubated with wortmannin at concentrations indicated for 3 hrs prior to Epo stimulation.

Glycosidase digestion of EpoR
Glycosidase treatment of the EpoR with EndoH (New England Biolabs), or with PNGaseF (New
England Biolabs) and neuraminidase (New England Biolabs) was performed as described (Tong et al.,

2006).

Immuno-precipitation and immuno-blotting

v2A cells transiently transfected with Flag-tagged ubquitin were starved for 12 hrs in DMEM
media with 1% BSA followed by Epo induction for the appropriate time as indicated. Cells were then
lysed with 1% NP-40 lysis buffer with protease and phosphatase inhibitors. Lysates were immuno-

precipitated with anti-Flag resin (Sigma). The precipitates were eluted with SDS sample buffer, separated
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by SDS-PAGE, transferred to nitrocellulose membranes, and probed with anti-HA. Bound antibodies
were detected by the ECL chemiluminescence system after incubation with horseradish peroxidase-

coupled secondary antibodies. The lysates were also immuno-blotted with antibodies to HA.

Immunofluorescence

v2A cells stably expressing HA-EpoR were seeded on glass coverslips. Coverslips were blocked
with PBS containing 3% BSA and 5% normal goat serum for 30 min at —4°C and incubated with 20
pug/mL anti-HA antibodies for 1h. Coverslips were then washed 3 times in cold PBS and put back in the
incubator for Epo stimulation. Subsequently, cells were fixed with 3.7% formaldehyde for 10 min and
permeabilized with methanol at 4°C for 15 min. Coverslips were then incubated with antibodies for EEA1
(1:100) or LAMP2 (1:50) for 45 min in blocking buffer. After washing in PBS, coverslips were incubated
with Alexa Fluor 555-conjugated goat-anti mouse secondary antibodies, washed 3 times with PBS, and
then incubated with Alexa Fluor 647-conjugated goat anti-rabbit secondary antibodies. Coverslips were
washed three times with PBS and mounted onto coverslides with a semi-permanent Mowiol mounting
medium (Calbiochem). Fluorescent images were taken on a Leica TCS SP5 confocal microscope with
40X oil objective lenses with numeric aperture of 1.25N. Confocal section images were acquire by Leica

acquisition software and analyzed with Image J and Adobe Photoshop.

4.3 Results and Discussion
4.3.1 Ubiquitination of the EpoR is not required for ligand-induced internalization

The EpoR is ubiquitinated upon stimulation ((Walrafen et al., 2005)). To characterize the role of
ubiquitination in ligand-induced EpoR endocytosis and degradation, we examined EpoR ubiquitination in
v2A cells stably expressing HA-EpoR with JAK?2 or kinase deficient JAK2 (JAK2KD). Cells transfected
with a vector expressing flag-tagged ubiquitin were treated with 10uM lactacystin and induced with Epo,
and lysates were immunoprecipitated with anti-Flag antibodies to enrich for ubiquitinated proteins and

probed with anti-HA antibodies to detect HA-EpoR. As shown in Figure 4.1, consistent with previous
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reports (Walrafen et al., 2005), a smear representing polyubiquitinated EpoR was only detected in the
presence of JAK?2 but not in JAK2KD. Therefore, JAK2 kinase activity is required for receptor
ubiquitination. This is also in line with previous results showing that JAK?2 kinase activity is essential for
down-regulation of mature EpoR.

Because there are five lysine residues in the EpoR cytoplasmic domain, we engineered a mutant
EpoR, AlIKR, in which all five lysines are replaced with arginines. This construct was expressed as a HA-
tagged protein and tested for Epo-induced receptor internalization using flow cytometry. The majority of
wild type EpoR was internalized 45 min post stimulation. Similar Epo-induced internalization kinetics

were observed for AIIKR (Figure 4.2).

4.3.2 Fusion of ubiquitin to the EpoR cytoplasmic domain is not sufficient for targeting to the
endosome

Because it was demonstrated that fusing of ubiquitin to the EGFR was sufficient to target the
chimeric protein to early endosomes (Mosesson et al., 2003), we fused ubiquitin to the c-terminus of the
EpoR and examined its localization. This chimeric receptor failed to mature or express on the cell surface
(Figure 4.3). We hypothesized that the fused ubiquitin moiety may cause artificial polyubiquitination and

force the receptor to undergo ERAD degradation. We thus replaced the two most prominent lysines for
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Figure 4.1: EpoR is ubiquitinated upon Epo stimulation.

(A) y2A cells stably expressing HA-EpoR with vector, JAK2, or JAK2K were treated

with 10 uM Lactacystin for 45 minutes followed by 45 minutes of Epo induction.

Lysates were ran and probed with anti-HA antibodies for the receptor.

(B) y2A cells stably expressing HA-EpoR with vector, JAK2, or JAK2KD were transfected
with vectors that express Flag-tagged ubiquitin. 48 hours post transfection,

cells were treated with 10 uM Lactacystin for 45 minutesfollowed by another 45 min

of Epo stimulation.EpoR was immunoprecipitated with HA antibodies,and samples

were then probed for ubiquitinated EpoR with anti-Flag antibodies.

IP: immuno-precipitation. 1B: immuno-blot
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Figure 4.2: Lysineless EpoR maintains normal internalization.

Levels of cell surface HA-EpoR were analyzed by flow cytometry at
45 min for wild type (W) and lysineless EpoR (ALLKR).
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Figure 4.3: Fusion of ubiquitin to the EpoR cytoplasmic domain is not sufficient
for targeting to the endosome

(A) EpoR construct fused with wild-type ubiquitin at the C terminus does not progress
into a mature EpoR species as depicted by an absent Endo H resistant pool.On the
other hand, EpoR construct fused with a mutated form of ubiquitin that cannot form

a polyubiquitinated chain through two major lysines (K48R,K63R) undergoes
complex glycosylation. (B) Internalization is normal for HA-EpoR-Ub(K48R ,K63R).
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polyubiquitination on ubiquitin to arginines (K48 and K63). This new chimera was capable of reaching
the cell surface and EndoH-resistant mature receptors were detected (Figure 4.3). The number of chimeric
receptors on the surface was similar to wild type EpoR and internalization was not affected (Figure
4.3.B). Therefore, fusion of ubiquitin to the EpoR, unlike the EGFR, is not sufficient to target the receptor

to the endosome.

4.3.3 EpoR cytoplasmic lysine residues are essential for sorting to the lysosomes upon stimulation
We examined the fate of cell-surface HA-AIIKR upon Epo induction by confocal immuno-
fluorescence microscopy. Non-permeabilized cells were labeled with anti-HA antibodies prior to Epo
induction. Cells were stimulated with Epo and subsequently permeabilized and visualized with
fluorescence-conjugated secondary antibodies. This approach thus followed only surface-tagged receptors
prior to Epo treatment. For HA-EpoR, EpoR staining was shifted from the plasma membrane to an
internal compartment that co-localized with the early endosomal marker, EEA1 (early endosome antigen
1) 25 min post Epo treatment (Chapter 2, Figure 2.2). At 30 min post Epo stimulation, EpoR staining co-
localizes with a lysosomal marker, LAMP2 (Figure 4.4), indicating that the EpoR has reached the
lysosomes. Similar to wild-type EpoR, AIIKR receptors co-localizes with EEA1 in endosomes 25 min
post Epo stimulation (Figure 4.5). Interestingly, these AIIKR receptors failed to sort to the lysosome, as
no AlIKR receptors co-localizes with LAMP2 30 min post Epo treatment (Figure 4.6). Consistent with
these results, ligand-induced degradation of AIIKR was dramatically reduced (Figure 4.7 A). Our results
demonstrated that ubiquitination of the EpoR is not necessary for ligand-induced receptor internalization

but may contribute to endosomal sorting and down-regulation.

4.3.4 K428 in the EpoR cytoplasmic domain mediates EpoR ubiquitination and degradation
In order to determine which of the five lysines are important for EpoR ubiquitination and

degradation, we replaced individual lysine to arginine, and these mutated receptors were examined for
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Figure 4.4: HA-EpoR colocalizes with lysosomal marker LAMP2 following ligand stimulation.
Cell surface HA-EpoRs in y2A cells stably expressing HA-EpoR and JAK2 were

labeled with anti-HA antibodies prior to Epo stimulation of 35 min. Cells were fixed and
immuno-stained with anti-Lamp2 antibodies followed by appropriate fluorescence-conjugated
secondary antibodies. Representative confocal images (single section) for different conditions

are presented. Original magnification 40X (Leica TCS SP5).
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Figure 4.5: Lysineless EpoR colocalizes with early endosomal marker EEA1 upon ligand stimulation.
Cell surface HA-EpoRs in y2A cells stably expressing HA-EpoR-ALL KR and JAK2 were labeled

with anti-HA antibodies prior to Epo stimulation of 25 min. Cells were fixed and immuno-stained

with anti-EEA1 antibodies followed by appropriate fluorescence-conjugated secondary antibodies.

Representative confocal images (single section) for different conditions are presented.
Original magnification 40X (Leica TCS SP5).
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Figure 4.6: Lysineless EpoR is not sorted to the lysosomes.

Cell surface HA-EpoRs in y2A cells stably expressing HA-EpoR-ALL KR+JAK2 were

labeled with anti-HA antibodies prior to Epo stimulation of 35 min. Cells were fixed and
immuno-stained with anti-Lamp2 antibodies followed by appropriate fluorescence-conjugated
secondary antibodies. Representative confocal images (single section) for different conditions
are presented. Original magnification 40X (Leica TCS SP5).
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Figure 4.7: K428 in the EpoR cytoplasmic domain mediates EpoR degradation.
(A) Wild type HA-EpoR and HA-EpoR mutants of lysine residues, except for K428R,
are degraded upon ligand stimulation.(B) Flow cytometry shows normal Internalization

for HA-EpoR-K428R.
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ligand-induced degradation. As shown in Figure 4.7 A, mutation of K428R greatly impaired degradation,
while mutations of K256, K276, K348, or K388 had no effect. Consistent with these results, no
ubiquitinated species were detected in cells expressing K428R upon stimulation (preliminary data). In line
with results from the AIIKR receptor, HA-K428R internalized normally (Figure 4.7.B). In addition,
K428R receptors were detected in LAMP2-positive lysosomes, despite at a much lower frequency
compared to wild-type EpoR (Figure 4.8). Their detection in early endosomes was normal.

These results suggest that ubiquitination of the EpoR is essential for endosomal sorting, and that
K428 may participate in this process. In conclusion, we demonstrate that mutation of all five lysine
residues in the EpoR cytoplasmic domain resulted in a receptor that internalizes but fails to reach the
lysosomes. Therefore, ubiquitination of the EpoR is vital for receptor lysosomal degradation. Although
we show that ubiquitination of the EpoR itself is not essential for internalization, however, it is possible
that ubiquitination of a EpoR associated protein may mediate internalization. JAK?2 is polyubiquitinated
upon ligand stimulation (Ungureanu et al., 2002),c-Cbl, is capable of undergoing auto-ubiquitination
(Kassenbrock and Anderson, 2004), and p85p was found to be mono-ubiquitinated in our cells (Figure
3.5). Ongoing experiments will help decipher whether ubiquitination of these proteins play any role in
EpoR endocytosis and degradation.

There are three potential E3 ligases that may ubiquitinate EpoR after internalization: Cbl, p33™
and B-TRCP. We failed to detect ubiquitinated EpoR by ¢-Cbl in in vitro ubiquitin assays (data not
shown). As for p33™, there is no evidence supporting its role in EpoR degradation (Friedman et al., 2003)
but its plausible role merits to be further studied. Since B-TRCP was shown to bind mature EpoR after
Epo induction, we will first study the role of PTRCP and ubiquitination for EpoR endosomal sorting.
Finally, future projects will unravel the mechanism through which ubiquitin recruits the sorting

machinery that will eventually guide the receptor to the lysosomes
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Figure 4.8: K428R is not delivered efficiently to the lysosomes upon ligand stimulation.
Cell surface HA-EpoRs in y2A cells stably expressing HA-EpoR-K428R and JAK2 were labeled
with anti-HA antibodies prior to Epo stimulation of 25 min. Cells were fixed and immuno-stained
with anti-EEA1 antibodies followed by appropriate fluorescence-conjugated secondary antibodies.
Representative confocal images (single section) for different conditions are presented.

Qriginal magnification 40X (Leica TCS SP5).
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Chapter 5. Conclusive remarks

Erythropoietin (Epo) is the primary cytokine regulating red blood cell production and its function
is mediated through the Epo receptor (EpoR). Mechanisms that govern ligand-induced EpoR down-
regulation are not entirely understood. In chapter 2, I report that JAK?2 kinase activity is essential to
mediate EpoR internalization via clathrin. JAK2 phosphorylates tyrosines on the EpoR cytoplasmic
domain and in turn the phosphorylated tyrosines recruit proteins that are part of the endocytic as well as
signaling machinery. Phosphorylated Y429, Y431, or Y479 on the EpoR mediates internalization by
binding to the p85 subunit of PI3 kinase upon Epo stimulation. Knockdown of p85a and p85f3 or
expression of their dominant-negative forms dramatically impaired EpoR internalization, whereas
inhibition of PI3 kinase activity has no effect. My work provides the first evidence for p85 in receptor
endocytosis, likely by recruiting proteins in the endocytic machinery upon Epo stimulation. In chapter 3, I
described a siRNA candidate screen for proteins essential for EpoR endocytosis upon stimulation. From
this screen, c-Cbl, Lyn, and Grb2 are identified that may play a role in EpoR internalization. Interestingly,
these proteins have all been shown to either directly or indirectly bind to p85 (model summarized in
figure 5.1). In particular, knocking down c-Cbl completely blocks EpoR internalization. I further show
that E3 ligase activity is important for this process, as the expression of ligase-deficient c-Cbl mutants
greatly reduced EpoR internalization. Because p85 is mono-ubiquitinated upon Epo stimulation, I
hypothesize that c-Cbl may ubiquitinate p85 to regulate ligand-induced EpoR internalization

In chapter 4, I present data demonstrating that ubiquitination on the EpoR itself upon stimulation,
is not required for internalization but for endosomal sorting. Specifically, K428 is the primary site of
ubiquitination. Ongoing experiments will identify the E3 ubiquitin ligase which ubiquitinates the EpoR
on K428.

Finally, my results contribute to our understanding of a hematological malignancy named primary
familial and congenital polycythemia (PFCP). PFCP patients harbor truncated froms of the EpoR and

experience increased erythrocytosis. These receptors lack our three important tyrosines for internalization
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and do not bind p85B. More importantly, addition of residues encompassing Y429 and Y431 to these
truncated receptors restored p85p binding and Epo sensitivity. Therefore, the defect in internalization and
down-regulation of truncated EpoRs from PFCP patients may contribute to their hypersensitivity to Epo
and prolonged signaling.

While I have identified novel components that contribute to EpoR internalization and degradation
upon stimulation, many questions remain regarding the mechanism of these processes. Future work will
address the targets of c-Cbl and Lyn, and the function of other endocytic proteins that are recruited to the

receptor after internalization for endosomal sorting.
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