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Abstract
Originally identified as a cell fate determinant, Numb has been found to also act
as an epithelial polarity protein, an adaptor, an endocytotic regulator and a tumor
suppressor. Recently, anaplastic lymphoma kinase (ALK) was identified as a potential
Numb-interacting protein in our lab. ALK is a receptor tyrosine kinase and is expressed
mainly within the neonatal brain. Thus ALK likely plays an important role in
development of the nervous system. In addition, mutated ALK is associated with a
number of cancer cell lines and tumors. In this thesis, the interaction of Numb with ALK
was confirmed and was found to involve the Numb-PTB domain. Two Numb putative
binding motifs NMAF (1477-1480) and NYGY (1583-1586) were identified on ALK.
The Numb-ALK interaction was enhanced upon ALK activation and attenuated upon
ALK inhibition. Further investigations suggested that Numb regulated ALK protein
expression levels, its cleavage, nuclear localization and downstream Erk signaling.
Keywords: Numb, ALK, RTK, interaction, activation, tyrosine phosphorylation
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Chapter 1: Introduction
1.1 Numb
1.1.1 The discovery of Numb as a neuronal fate determinant protein
Numb was originally found to be involved in the determination of sensory organ
precursor (SOP) cell asymmetric division in Drosophila melanogaster (1). SOPs are
neural precursors in the Drosophila peripheral nervous system, and each sensory organ
develops from a sensory organ precursor through several rounds of asymmetric cell
division. A SOP of the external sensory bristle organ divides asymmetrically along the
anterior-posterior axis and generates a Ila and a lib cell of different developmental
potential. During mitosis, Numb localizes to posterior cell membrane and is inherited by
the lib cell that gives rise to a neuron and a sheath cell upon an additional round of
division (2, 3) (Fig. 1.1). Loss of Numb function causes symmetric division of the SOP
cell and the generation of two Ila daughter cells (4). Numb also plays an important part in
the development of central nervous system (CNS). Numb was found to localize
asymmetrically in dividing Drosophila neuroblasts. Numb is preferentially segregated
into the ganglion mother cell (GMC), as a neuroblast divides asymmetrically to generate
another neuroblast and a GMC (2, 5). This function of Numb in asymmetric cell division
appears to be conserved in mammals since, in asymmetrical division of neuroepithelial
cells in the mouse cortex and rat retina, the Numb-inherited daughter cell has a distinct
fate from the cell that lacks Numb (3).
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Figure 1.1 Sensor organ precursor (SOP) in Drosophila melanogaster. During the
development of the Drosophila peripheral nervous system, Numb is asymmetrically
distributed; the SOP cell asymmetrically divides twice, generating the four cells of a
sensory bristle: a hair, a socket, a neuron and a sheath cell.

1.1.2 An epithelial polarity protein
Cell polarization is a very important physiology trait, which significantly
contributes to oriented cell migration, asymmetric divisions of neural precursor cells and
stem cells during development (6), and epithelial cell polarization. In epithelial cells,
three major polarity complexes participate in the epithelial polarization. The first
complex is Crumbs- Protein associated with Lin-7 l(PALSl) (Stardust, in Drosophila)Protein associated to tight junction (PATJ) complex. The second complex is Partitioning
defective 3 (PAR3) (Bazooka, in Drosophila)- Partitioning defective protein 6 (PAR6)-
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atypical protein kinase C (aPKC) complex which localizes at apical domain of cell
membrane. The third complex is Scribble (SCRIB)- Discs large (DLG)- Lethal giant
larvae (LGL) complex which localizes to the lateral membrane domain (7, 8). The
formation of polarization is achieved largely by the antagonism between apical and basal
polarity complexes (7). Phosphorylation of various polarity proteins constrains them
within a certain cellular region. For example, aPKC, a serine/threonine kinase, can
phosphorylate LGL and exclude it from localization at apical membrane domain (7). Cell
junctions also play an important role in epithelial polarization. In mammalian cells, the
formation of adhesion junctions which are composed of E-cadherin is the marker of the
initiation of epithelial polarization, and the formation of tight junction composed of
transmembrane proteins (occludin, claudins, and Junctional adhesion molecule (JAM))
and peripheral membrane proteins (e.g. Zonula occludens (ZO)) signals the establishment
of cell polarity. In addition, interactions also exist between polarity complexes and cell
junctions. For example, the PAR3-PAR6-aPKC complex localizes at tight junctions
through the interaction between PAR3 and JAM (8, 9).
Abundant evidence has shown that Numb is critical for cell polarity, especially in
asymmetric cell division. In mammalian epithelial cells, endogenous Numb is localized
primarily to the basolateral cortex, indicating that Numb maintains a polarized
distribution in non-mitotic cells (10). Additionally, more and more evidence indicates
that Numb also has an important role in epithelial cell polarization. Actually, previous
work in our lab and Nishimura’s work show that Numb can interact with Par3 and aPKC
in epithelial Madin Darby canine kidney (MDCK)II cells, Hela cells and rat brain (11,
12). Therefore, it is evident that Numb could form a complex with PAR3-PAR6-aPKC in
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the epithelial cell. In addition, phosphorylated by aPKC, Numb is constrained mainly to
the basolateral cortex in mammalian epithelial cells (3). Furthermore, it can interact with
E-cadherin and localize to the adherens junction in radial glial cells (4) and MDCKII
epithelial cells (11).

1.1.3 The structure and isoforms of Numb
Structurally, Numb acts as an adaptor protein. Numb proteins from all the species
share an N-terminal phosphotyrosine binding (PTB) domain, a proline rich region (PRR)
and C-terminal Asp-Pro-Phe (DPF) and Asn-Pro-Phe (NPF) motifs (Epidermal growth
factor receptor pathway substrate (EPS) 15 homology domain binding motif) (Fig. 1.2)
(13). Only one Numb protein iso form is expressed in Drosophila, while four are
expressed in mammalian cells. The mammalian isoforms represent combinations of two
different PTB domains (with or without sequence insertions) and two different PRRs
(with or without sequence insertions) (13) (Fig. 1.3).

Numb
PTB Domain

Proline rich region DPF & NPF
(PRR)
Motif

Figure 1.2 Numb protein domains. The Numb protein contains three distinct regions:
phosphotyrosine binding (PTB) domain, proline-rich region (PRR), and C-terminal DPF
and NPF motifs.
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M am m alian Num b i.soforms
PTBi/PRRi

PTBo/PRRi

PTBi/PRRo

PTBo/PRRo

Figure 1.3 Four mammalian Numb isoforms. Mammalian Numb has four iso forms:
PTBi/PRRi, PTBo/PRRi, PTBi/PRRo, PTBo/PRRo, where i and o represent domains
with or without an insert, respectively.

Different mammalian Numb isoforms have distinct cellular localization and
function. Numb isoforms with an insertion in the PTB domain (PTBi-Numb) associate
with plasma membrane, while the isoform without the insert (PTBo-Numb) is
cytoplasmic in polarized MDCK. cells (13). It has also been shown that PTBo-Numb
enhances neural differentiation of PC12 cells in response to Nerve growth factor (NGF)
and increases apoptosis upon NGF withdrawal (14). On the other hand, Numb isoforms
containing the short PRR domain (PRRo-Numb) promote differentiation, while the
isoforms with long PRR domain (PRRi-Numb) promote proliferation (15).
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1.1.4 Numb mediates the formation of multi-protein complexes
The Numb PTB domain can interact with a variety of peptide ligands containing
either tyrosine (e.g., L-D-N-P-A-Y, from Ligand of numb-protein X (Lnx)),
phosphotyrosine (e.g., A-Y-I-G-P-pY), or ligands devoid of tyrosine (e.g., G-F-S-N-M-SF-E-D-F-P, from Numb-associated kinase (Nak)) (16). And the interaction between
Numb and Lnx or Nak has been confirmed (17, 18). In addition, the PRR regions of
Numb could be recognized by modular domains including the Src homology 3 (SH3)
domain, the Trp-Trp (WW) and the Ena-VASP homology (EVH1) domains (19). The
interaction between Numb and SH3 domains of SRC-family tyrosine kinases has been
identified (20).

1.1.5 The endocytic function of Numb
The function of Numb in endocytosis was discovered when both Epsl5, a
component of the endocytic machinery and a adaptin, a major component of clathrincoated pits were shown to interact with Numb via the C-terminal DPF and NPF motifs
(21, 22). Subsequently, the interaction between Numb and ESP 15-homology-domain
containing (EHD)/ Required for receptor-mediated endocytosis (Rme)-1/Pincher family
of endocytic proteins was demonstrated (23). Numb has been shown to control the
endocytosis of some transmembrane proteins, including the Notch receptor (24), the cell
adhesion receptor integrin (12), the leukocyte adhesion receptor P-selectin (25), Sanpodo
(26), and amyloid precursor protein (APP) (27). The endocytosis-dependent function of
Numb is isoform-dependent. For example, only Numb3 (PTBo/PRRi-Numb) can bind to
and promote the internalization of the P-selectin receptor (25). In addition, the expression
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of the PTBo-Numb isoforms significantly increased the accumulation of APP in early
endosomal and recycling compartments, while the expression of PTBi-Numb resulted in
marked reduction and lysosome mediated degradation of cellular APP (27).

1.1.6 The tumor suppressive function of Numb
Numb has been shown to be a tumor suppressor in some tumors. Loss of Numb is
observed in breast cancer (28) and salivary gland carcinomas (29). In Drosophila,
mutation of Numb causes differentiation-deficiency and tumor-like proliferation of
neuroblasts (30). Three mechanisms have been suggested to account for the tumor
suppression function of Numb. First, Numb can stabilize the p53 tumor suppressor and
protect it from ubiquitination and subsequent degradation (31). Second, Numb can
antagonize Notch signaling by promoting Notch receptor endocytosis. Notch is a widely
recognized oncogene in breast cancer and plays a significant role in preserving the stem
cell phenotype and preventing differentiation (32). Third, Numb could suppress the
Hedgehog signaling pathway by targeting the transcription factor Glioma-associated
oncogene family zinc finger 1 (Glil) for ubiquitination. In the external germinal layer,
Hedgehog signaling keeps the progenitor-cell population in an undifferentiated state
while promoting cell expansion. Aberrantly regulated Hedgehog signaling is responsible
for the development of medulloblastoma (33).
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1.2 Numb-interacting proteins
1.2.1 Protein modular domains and the PTB domain
Regulatory proteins play important roles in cellular signal transduction. These
proteins frequently contain modular domains that either have a catalytic function (such as
kinase activity), or interact with other proteins, phospholipids, nucleic acids or small
molecule second messengers (34). Isolated interaction domains can fold independently,
and can be incorporated into a larger polypeptide leaving their ligand-binding surface
available (35). The modular domains are able to recognize and bind to conserved amino
acids, providing a mechanism for the formation of specific signaling complexes (34, 35).
One of these modular domains is the PTB domain, which was first discovered as a
phosphotyrosine binding domain in 1994 (36). However, further studies revealed that the
PTB domain could also bind ligands in a phosphorylation-independent manner or even in
the absence of a tyrosine residue (16). PTB domains exist in a variety of signaling
proteins, and they provide interaction surfaces between the signaling proteins and the
phospho-tyrosine residues in the cytoplasmic region of tyrosine kinase receptors (37).
The Numb PTB domain has the unique property of being capable of binding to either
pTyr-containing or Nxx[Y/F] motifs (38, 39). This characteristic makes the Numb PTB
domain a versatile interaction module involved in a variety of cellular processes. Besides
binding Notch, the Numb PTB domain has also been shown to interact with Nak, Mdm2,
Lnx (17, 18, 40) and many other proteins (11, 12, 21, 23, 25, 26, 40, 41, 42, 43, 44, 45,
46, 47) (Fig. 1.4). It is highly likely that the function of Numb is more diverse than
mediated by the above interactions. One of the main goals of my thesis research is to
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identify novel interactions mediated by the Numb PTB domain and characterize their
functions using biochemical and cell biology approaches.

P-selectin Sanpodo

Integrili
Notch I

LI CAM
E-cmlherin
_ Par 3

aPKC
EHD4
NMD A receptor

•

Numb

Mdin2

EphB2 receptor
Intersectin

NIP
RALBP1 (RLIP )

GUI
CRMP 2

Figure 1.4 Referenced Numb interacting proteins

1.2.2 Peptide array and protoarray proteomic screening for Numb binding proteins
As the PTB domain is the only modular domain in Numb and is indispensable for
its function, the Numb-PTBo domain was used to screen for potential Numb interacting
partners. The work flow is shown in Fig. 1.5. An Oriented Peptide Array Library (OPAL)
approach (48) was used to identify the consensus binding motif recognized by the Numb
PTB domain. The identified motifs are NxxF and NxxY. The SMALI (scoring matrixassisted-ligand identification) program was then employed to search the SwissProt
database for potential binding partners using a position-specific scoring matrix (PSSM)
derived from the OPAL binding data. The top peptides were synthesized as a peptide
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array and probed with the purified Numb PTB domains. This work (carried out by Dr.
Chenggang Wu) produced a number of potential binding partners for Numb.
In parallel experiments, an Invitrogen Protoarray (a protein array, containing 8000
proteins) was probed with either the Drosophila Numb-PTB or the mouse Numb-PTBo
domain, which resulted in a number of positive binding signals. The proteins identified as
potential binders for the Numb PTB domain from the ProtoArray screening were scanned
for the presence of an NxxY or NxxF minimal motif, and the corresponding peptide
sequences were retrieved and synthesized as an array. This target array was subsequently
probed for binding to Drosophila Numb PTB domain and the positive peptides were
further evaluated by in-solution fluorescence polarization assay to obtain the
corresponding dissociation constants (Table 1.1).

Figure 1.5 A flow chart of the proteomic screening for Numb PTB domain binding
partners

11

Table 1.1 Hits identified from ProtoArray screen and the corresponding peptide
binding affinities in solution measured by fluorescence polarization

ÜÜS3EÜ
TGFSNAAFEDF

0.1+/-0.01

SGVINESFEGE

0.7+/-0.02

Chromosome 10 open reading frame 91

QGFRNAAFEA

2.5+/-0.08

v-erb-b2 erythroblastic leukemia viral

PAFDNLYYWDQ

9.4+/-0.3

Anaplastic lymphoma kinase (ALK)

GGHVNMAFSQS

0.7+/-0.04

Anaplastic lymphoma kinase (ALK)

FPCGNVNY GYQ

0.5+/-0.02

Cyclin-dependent kinase 5 (CDK5)

KVQPNSSYQNN

7.1+/-1.9

NAKAA (Positive Control)
v-ros

UR2

sarcoma

virus

oncogene

homolog 1 (ROS1)

oncogene homology 2 (ERB2)

10.1+/-4.4

v-akt murine thymoma vial oncogene HSEKNVVYRDL
homolog 1 (Akt), transcript variant 3
c-jun-amino-terminal

kinase-interacting KGIENKAFDRN

0.9+/-0.05

protein 4

1.2.4 Validation of potential binding partners for Numb
The OPAL and subsequent peptide array screening identified a number of
potential binding partners for Numb which included Ezrin, P21-Activating Kinase 2
(PAK2),

Receptor-interacting

serine/threonine-protein

kinase

5

(RIPK5)

and

Synaptogamin-1 (Sypt I). To validate the Ezrin-, PAK2-, RIPK5- and Sypt I-Numb
interactions, co-IP and/or GST pulldown experiments were carried out in cells. However,
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none of these potential interactions can be convincingly recapitulated by co-IP or GST
pull down, suggesting that Numb did not bind to these proteins in cells or interacted only
weakly.
In contrast to the peptide array, the ProtoArray was based on lull-length proteins.
The identification of high-affinity PTB binding sites in the potential interacting proteins
(Table 1.1), supports the possibility that the interactions are likely physiologically
relevant. From the in solution binding assay, two putative Numb binding sites on ALK
were found to have high affinity binding (<10 pM) sites, both Numb putative binding
sites on ALK showed high binding affinity and therefore ALK was selected for further
study.

1.3 ALK
1.3.1 The discovery of ALK
In 1994, ALK was first discovered as a fusion protein, Nucleophosmin (NPM)ALK, which contains 5’ portion of NPM and 3’ portion of ALK (49). NPM is a highly
conserved nucleolar phosphoprotein and it shuttles between the nucleus and cytoplasm
(50). NPM is involved in ribosome biogenesis and acts as a histone chaperone (51). The
NPM portion of NPM-ALK mediates oligomerization and constitutive activation of ALK
(52). In 1997, full-length ALK was found in both mouse and human (53, 54).

1.3.2 The structure of ALK
ALK is a tyrosine receptor kinase (RTK) (53). Based on sequence similarity,
ALK is most closely related to leukocyte tyrosine kinase (LTK), and together they form a
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subgroup within the insulin receptor (1R) subfamily (53, 54)). ALK displays the classical
RTK structure, with an extracelluar ligand-binding region, a transmembrane-spanning
domain and a cytoplasmic catalytic region (53) (Fig. 1.6). The N-terminal extracellular
region of ALK contains two Meprin/A5-protein/PTPmu (MAM) domains, one low
density lipoprotein receptor class A (LDLa) domain and a glycine rich (G-rich) region.
MAM domains of ALK are supposed to participate in cell-cell interactions and the LDL
domain has a potential role in ligand binding to ALK (55) (Fig. 1.6). The human fulllength ALK protein contains 1620 amino acids and has an approximate molecular weight
of 220 kDa (53). Human ALK also exists as a 140 kDa species which results from a
cleavage within the extracellular region of the full-length ALK (56).

ALK

LDLa

_____ J

Extracelluar
region

lntracelluar
Kinase domain

Figure 1.6 ALK protein structure. ALK contains an extracellular region, a
transmembrane domain and an intracellular kinase domain. The extracellular region of
the ALK protein contains two MAM domains, a LDLa domain and a G-rich region. This
figure is adapted from Palmer (2009) (55)
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1.3.3 The activation of ALK
Physiologically, all the tyrosine RTKs are activated by the ligands which can
induce dimerization and subsequent autophosphorylation on the cytoplasmic side of the
RTKs. Activated RTKs induce binding between specific phosphotyrosine sites and
different adapter proteins such as Src homology 2 (SH2) domain-containing or PTB
domain-containing proteins. The activation of RTKs further regulates a variety of
downstream cellular signaling pathways involved in mitogenesis, differentiation,
proliferation and apoptosis (37, 57). Although growth factors Midkine (MK) and
pleiotrophin (PTN) are the potential ligands of the ALK, physiological ligands of ALK
receptor are still under investigation (58, 59, 60). In addition, both PTN and MK can also
bind receptor protein tyrosine phosphatase-(^/(3 (RPTPC/P) and syndecans (61).
Because of the uncertainty and multiplicity of ligand-receptor interaction, ALK
receptor specific agonists are useful for studying the mechanism of ALK receptor
activation. In this study, mouse monoclonal antibodies were used to either activate or
inhibit ALK receptor (56). The mAb-46 (activating antibody) and the mAb-49
(inihibiting antibody) were kindly provided by Dr Marc Vigny, Institut du Fer a Moulin,
Paris, France.

1.3.4 ALK tissue expression patterns and function in nervous system development
Characterization of the mRNA and protein expression of ALK during mouse and
chick development suggests that ALK is predominantly expressed in the brain and spinal
cord (53, 62). Additionally, ALK is expressed in special regions of nervous system such
as the thalamus, mid-brain, sympathetic and dorsal root ganglia and olfactory bulb (53,
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62). The intensity of ALK transcript and protein is highest in the neonatal mouse brain,
and diminishes afterwards, reaching the lowest level at 3 weeks of age, and is maintained
at low levels in the adult brain (53). The expression of ALK is also found in the eye,
nasal epithelium, tongue, skin, tissue surrounding the esophagus, stomach and midgut. In
addition, ALK is also detected in testis and ovary (63). The spatial-temporal expression
pattern of ALK mRNA and protein in discrete regions of the developing central and
peripheral nervous system of mammals indicates that this protein is likely to play an
important role in the development of the nervous system.
The role of ALK in neuronal development is also supported by in vitro studies.
Substitution of the extracellular domain of ALK by mouse IgG Fc fragment, which
generates a constitutively active transmembrane ALK-IgG Fc, could induce neuronal
differentiation of Pheochromocytoma (PC 12) cells (64). Moreover, it has been shown
that ALK is required for downstream Extracellular signal-regulated kinase (ERK)l/2
activation and neurite extension either in PC 12 or neuroblastoma cell lines, when
employing antibodies to activate ALK (61, 65).

1.3.5 ALK in oncogenesis
As mentioned above, ALK was initially discovered as part of the NPM-ALK
oncogenic fusion protein in patients suffering from anaplastic large cell lymphoma
(ALCL) in 1994 (49). Since then, many additional translocations in which ALK is fused
to other partners have been discovered, such as Tropomyosin 3 (TPM3)-ALK (66),
Neurotrophic tyrosine kinase (TRK)-fused gene (TFG)-ALK (67), Moesin (MSN)-ALK
(68),

5-aminoimidazole-4-carboxamide

ribonucleotide

formyltransferase/IMP
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cyclohydrolase (ATIC)-ALK (69), and etc. All ALK llision proteins are oncogenic and
capable of spontaneous dimerization induced by the different fusion partners, resulting in
constitutive transphosphorylation and activation of ALK tyrosine kinase. In addition to
ALCL, ALK fusion proteins have also been observed in inflammatory myofibroblastic
tumours (IMTs) (70), non-small cell lung cancer (NSCLC) (71), diffuse large B-cell
lymphomas (DLBCLs) (72), and squamous cell carcinoma (SCC) of the oesophagus (73).
Besides forced oligomerization of ALK kinase as forms of fusion proteins in
malignancies, intact form of ALK can also be constitutively activated by point mutation
in neuroblastoma (74). Knockdown of mutated ALK in neuroblastoma cell lines
suppresses their proliferation (75), and two ALK mutants (F1174L and K1062M), are
able to induce tumors formation in nude mice (76).
The oncogenic effects of ALK can also be manifested through its overexpression.
Excessive expression of full-length ALK has also been reported in cell lines and tumours,
such as thyroid carcinoma, NSCLC, breast cancer, melanoma, neuroblastoma,
glioblastoma, astrocytoma, retinoblastoma, ewing sarcoma and rhabdomyosarcoma (55).

1.3.6 ALK-activated signaling pathway
The most extensively studied signaling pathway of ALK is NPM-ALK signaling.
NPM-ALK signals through the Ras/MAPK, Phospholipase-C (PLCy), Phosphoinositide
3-kinase (PI3K), and Janus kinase (JAK)/(Signal transducer and activator of transcription)
STAT pathways (55). The Ras/MAPK and PLCy pathways are involved in cell division
and proliferation, whereas PI3K and JAK/STAT pathways primarily promote cell
survival and oppose apoptosis (77, 78).
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NPM-ALK interacts with Insulin receptor substrate (IRS)-l, Src homology 2
domain-containing-transforming protein C (SHC) and Grb2, suggesting that the
RAS/MAPK pathway may be the downstream signal of the fusion kinase (79). However,
it is noteworthy that the direct effects on Ras-MAPK signaling by NPM-ALK have been
scarcely reported (78). PLCy interacts with NPM-ALK through its SH2 domain, and this
interaction is important for the transforming properties of NPM-ALK (80).
NPM-ALK interacts and activates PI3K in ALCL cells, resulting in the activation
of its downstream kinase Akt. PI3K inhibitors induce apoptosis in NPM-ALK expressing
cells (81). NPM-ALK can either directly phosphorylate STAT3 or indirectly activate
STAT3 through its interacting partner JAK3 (82, 83, 84). In NPM-ALK expressing cell
lines, JAK3 inhibitor AG490 reduces STAT3 activity and increases cellular apoptosis
(83).
Compared with the information of NPM-ALK signaling, much less is known of
the signaling events mediated by the full-length ALK. Activation of full-length ALK by
agonist monoclonal antibodies leads to sustained activation of MAP kinase, ERK1/2, and
specific activation of STAT3, but has no effect on the PI3K/Akt pathway (56, 61).
Further study shows that different signaling pathways can be activated depending on
distinct subcellular localization of the ALK kinase domain. In PC 12 cells, membrane
attachment of ALK kinase domain induces MAP kinase activation and cell differentiation,
while the cytosolic form of ALK kinase domain fails to activate MAP kinase but
promotes PI3K/Akt dependent cell growth (85).
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1.4 Purpose of thesis
Based on protoarray- screening ALK was identified as a potential Numb-binding
partner. The expression patterns of Numb and ALK (Numb in subventricular zone (SVZ)
neuroprogenitors (86) and ALK in the neonatal brain(53)) further support the possibility
of a Numb-ALK interaction. Based on two pieces of previously documented evidence,
we hypothesized that the binding of Numb to ALK may antagonize ALK signaling. First,
abnormally (constitutively) activated ALK is oncogenic, while Numb is a known tumor
suppressor. Second, activated tyrosine kinase receptors are rapidly internalized and
eventually delivered to the lysosomes for degradation. The endocytosis of a tyrosine
kinase receptor is an important mechanism by which to attenuate RTK signaling (37, 87).
Numb is an endocytic protein, which can antagonize Notch signaling by endocytosis of
the Notch receptor (45). As a tyrosine receptor kinase, ALK signaling may be negatively
regulated by the association of ALK with Numb, and consequently the endocytosis of
ALK.
To address our hypothesis, reciprocal co-immunoprecipitation of ALK and Numb
was first performed to confirm a Numb and ALK interaction. To predict which region of
Numb interacts with ALK, GST pull-down assays using Numb-GST fusion protein
constructs were exploited. To identify amino-acid motifs of ALK involved in the NumbALK interaction, an alanine scanning peptide array was generated based on Numb
potential binding motifs within ALK. Monoclonal antibodies (mAbs) directed against the
extracellular domain of ALK were utilized to control the activation of ALK in the
absence of clearly established ligands. Under different stimulatory conditions, Numb and
ALK interaction intensities were investigated by co-immunoprecipitation. ALK
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expression levels and ALK downstream Erk signaling were determined by western blot.
In addition, ALK subcellular localization was examined by cell fractionation under
different conditions of mAbs stimulation combined with or without Numb transfection.
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Chapter 2: Materials and Methods
2.1 Plasmids
Plasmids were amplified in E. coli DH5a and purified using a standard Maxiprep
kit (Invitrogen, San Diego, CA). Information of the plasmids used in the study is listed
below (Table 2.1).

2.2 Site directed mutagenesis
2.2.1 Primers
The mutagenic oligonucleotide primers were designed according the following
criteria and procedures:
A. Both of the mutagenic primers contained the desired mutation and annealed to the
same sequence on opposite strands of the plasmid.
B. Primers were between 25 and 45 bases in length, with a melting temperature (Tm)
of>78°C. The following formula was used for estimating the Tm of primers:
Tm=81.5 + 0.41(%GC) - 675/ N - % mismatch (N: the primer length in bases)
C. The primers optimally had a minimum GC content of 40% and terminated in one
or more C or G bases.
Oligonucleotides used in the study were purchased from Sigma (Mississauga, ON,
Canada). Sequences of primers are listed in Table 2.2.
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Table 2.1 List of plasmids

pGEX4T2-dNumb-

Drosophila

PTB

domain

pGEX4T2-dNumb-76

Drosophila

Numb

PTB E. coli

Li Lab

Numb

N- E. coli

Li Lab

terminal region (residues
1-76)
pGEX4T3-dNumb-C

Drosophila

Numb

C- E. coli

Li Lab

terminal region (residues
206-556)
Numb

PTBi E. coli

Li Lab

Numb

PTBo E. coli

Li Lab

pGEX4T2-mNumb-

Mouse

PTBi

domain

pGEX4T2-mNumb-

Mouse

PTBo

domain

pcDNA-mNumb

Mouse Numb

Mammalian cells

Li Lab

pcDNA-mNumb

Mouse Numb with FI62V

Mammalian cells

Constructed

PTBi/PRRi F162V

mutation

pcDNA 3.1

Empty vector

Mammalian cells

Li Lab

pRc/CMV-vSrc

v-Src protein

Mammalian cells

Li Lab

PTBi/PRRi

by the author
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Table 2.2 Lists of Primers

Numb

PTBi/PRRi

F162V CCGTGGGCTGTGCTGTTG

mutation primer 5’
Numb

PTBi/PRRi

CAGCCTGTTTAG
F162V CTAAAC AGGCT GCAAC AG

mutation primer 3’

CACAGCCCACGG

pcDNA-mNumb
PTBi/PRRi
pcDNA-mNumb
PTBi/PRRi

2.2.2 Polymerase chain reaction (PCR) preparation
PCR reactions were prepared according to the follow recipe (Table 2.3). All the
reagents were purchased from Fermentas (Burlington, ON, Canada).
Table 2.3 PCR mixture

10x

5 pi

dNTP

2 mM

10 pi

5’ primer

125 ng/pl

2 pi

3’ primer

125 ng/pl

2 pi

DNA template

100 ng/pl

2 pi

Pfu DNA polymerase

5 U/pl

lp l

pfu PCR buffer with MgCh
and (NH.O2 SO4

h 2o

28 pi
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2.2.3 PCR cycling parameters
PCR reactions were performed in a thermocycler (iCycler - BioRad, Hercules, CA)
using the parameters outlined below:
Cycle 1: Denaturation: 95 °C 2 minutes
Cycle 2 (x 18): Denaturation: 95 °C 50 seconds
Anealing:

55 °C 50 seconds

Extension:

68 °C 30 minutes

Cycle 3: Extension: 68 °C 30 minutes
Cycle 4: 4°C hold

2.2.4 Dpn I Digestion of PCR products
1 pi of Dpn I (Stratagene, La Jolla, CA) (10 U/pl) was added directly to each
amplification reaction. Then the reaction mixture was gently and thoroughly mixed by
pipetting the solution up and down several times. Finally, the reaction mixture was
centrifuged for one minute and immediately incubated at 37°C overnight.

2.2.5 Transformation and plasmid amplification
10 pi Dpn I-treated DNA from each sample reaction was transferred to 100 pi
competent cells following the transformation protocol described in 2.3.1. For plasmid
amplification, 100 ml E.co/i culture was used to purify plasmids with Maxiprep kit
(Invitrogen, San Diego, CA). Agarose gel electrophoresis and UV-visible spectroscopy
were used to assess the quality of DNA samples.
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2.3 Transformation of E.coli, protein expression and purification
2.3.1 Transformation
E.coli competent cells were thawed on ice and 80 pi to 100 pi competent cells
were added to a pre-chilled 10 ml falcon tube which contained 1 pg plasmid DNA. The
competent cells and plasmid DNA mixture were mixed gently and incubated on ice for 30
minutes. Then the mixture was heat shocked at 42 °C for 90 seconds, and then placed on
ice for two minutes. 1 ml 2XTY buffer was added into the falcon tube containing the cells
and DNA mixture, and the tube was incubated at 37 °C for one hour. After spreading 100
pi cells onto an LB plate containing 50 pg/ml Ampicillin or 30 pg/ml of kanamycin, the
plate was incubated at 37 °C overnight.

2.3.2 GST or GST fusion protein expression
E.coli BL-21 cells were transformed following the protocol described above. A
single colony was selected from the LB-agar plate and was inoculated into 2 ml of culture
medium. After an overnight growth at 37 °C, 1 ml turbid culture was diluted into the 1 L
ampicillin or kanamycin selective LB medium and the mixture was shaken at 37 °C.
When the culture reached 0.4-0.6 of OD600, 1 M IPTG stock was added into the culture at
a dilution ratio of 1:1000. The bacterial culture was then incubated at 18 °C overnight and
harvested by centrifugation at 4,000 g for 20 minutes the next day.

2.3.3 GST protein purification
E.coli BL21 bacterial pellets expressing GST or GST fusion protein were put into
-80 °C for 30 minutes and then 50 ml bacterial pellet was resuspended in 2 ml cold
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bacterial lysis buffer. After lysing bacteria for 20 minutes on ice, the bacterial debris was
centrifuged out at 16,100 g for 20 minutes at 4 °C. The supemanant was taken and an
appropriate amount of a 50:50 slurry of glutathione-sepharose beads in PBS lysis buffer
was added into it. 1 ml of glutathione-Sepharose beads bind approximately 5 mg GST
protein, and normally 200 pi 50:50 slurry of glutathione-Sepharose beads were added into
2 ml supernatant. After rotating the tube end over end for one hour at 4 °C, the sample
was centrifuged at 1000 g for three minutes at 4 °C. The supernatant was removed and
the glutathione-Sepharose beads were washed four times with 10 bed volumes of lxPBS.
The purified GST protein was either added directly to mammalian cell lysate for the pull
down assay or eluted by the elution buffer.

2.3.4 Fast protein liquid chromatography (FPLC)
The eluted GST protein was purified by FPLC, which was performed by a
Superdex 75 HR30/10 prepacked column connected to an AKTA FPLC system (GE
healthcare, Little Chalfont Buckinghamshire, UK). First, pump A was washed at a 0.5
ml/minute flow rate. Then the column was washed with 30 ml PBS at a 0.5 ml/minute
flow rate. After washing the sample loop, 500 pi sample was injected into the loop. 1.5
column volume of length of elution and 0.5 to 0.7 ml/min of flow rate were set up.
Finally, the fractions were collected using a Frac-900 collector.

2.3.5 Measurement of Protein Concentration
Two methods were used to measure protein concentration. One involved
measuring the protein’s intrinsic UV absorbance, and the other is the Bradford dye assay.
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The UV absorbance was used to measure FPLC purified protein concentration for Far
Western. And the Bradford dye assay was used to measure the concentration of
mammalian cell extract protein concentration and purified GST protein while attached to
glutathione-sepharose beads.
The UV absorvance method was performed by diluting purified GST protein in
water and estimating the protein concentration by the following equations:
A28o= 1 A (mL/cm mg) x [Cone.] (mg/mL) x 1 (cm)
(A = absorbance coefficient (or extinction coefficient) was calculated according to the
protein sequence by ProtParam tool located at: http://ca.expasy.org/)
The Bradford assay was run according to Bio-Rad manual. Since this assay is
linear over a short range, typically from

2

pg/ml to

120

pg/ml, the protein sample was

diluted at an appropriate ratio in the dye reagent which was prepared by diluting

1

part

concentrated dye reagent with 4 parts distilled deionized water. The OD value was
measured in a GENESYSTM spectrophotometer (Spectronic Unicam, Rochester, NY,
USA) at a wavelength of 595 nm. A BSA standard curve was used to determine protein
concentration.

2.4 Cell culture, transfection and fractionation
2.4.1 Cell Culture
H370 (a kind gift from Dr Marc Vigny, Institut du Fer a Moulin, Paris, France) is
an HEK-293 stable cell line expressing full-length human ALK. H370 cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
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serum (FBS), 2 mg/ml glutamine, 100 units of penicillin-streptomycin and 2 pg/ml
puromycin (Sigma) at 37 °C with 5% CO2 .
Jurkat cells were cultured in RPMI 1640 medium with 10% FBS, 2 mg/ml
glutamine, and 100 units of penicillin-streptomycin at 37 °C with 5% CO2.
Hela and HEK-293 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS), 2 mg/ml glutamine, 100 units
of penicillin-streptomycin at 37 °C with 5% CO2 .

2.4.2 Transfection
H370 cells were transiently transfected using PEI (Polyethylenimine). H370 cells
were plated in a 10 cm tissue culture dish at a density of 5 xl 06. and grown to 60-70%
confluence.

8

pg plasmid DNA was diluted in 440 pi of Opti-MEM medium and 60 pi

PEI (1 mg/ml) was added. The solution was mixed immediately for 10 seconds and then
incubated for 10 minutes at room temperature. The transfection mixture was completed
by mixing 500 pi of DNA/PEI solution into 4.5 ml complete medium without antibiotics.
Old medium was removed from the 10cm tissue culture plate and 5 ml transfection
mixture was gently transferred into the plate. After incubating for six hours at 37 °C,
another 5 ml of antibiotic free complete medium was added to each plate followed by
culturing for an additional 18 hours.

2.4.3 Pervanadate treatment
0.1 M Sodium metavanadate and 30% H2O2 were diluted in PBS to the final
concentration of 3mM H2O2 and 0.1 mM Vanadate. The mixture was incubated at 37 °C
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for 10 minutes to generate pervanadate. Then the culture medium was removed and 10 ml
pervanadate mixture was added to the 10 cm tissue culture dish. The cells were treated
with pervanadate, and placed in 37 °C CO2 incubator for 20 minutes before being lysed.

2.4.4 Serum starvation and mAbs treatment
H370 cells plated at a density of 2><10b in a 10 cm dish were cultured for two days
and then the culture medium was removed. After being washed with 10 ml DMEM, the
cells were maintained in serum free medium (DMEM supplemented with 100 units of
penicillin-streptomycin and 2 pg/ml puromycin) for 16 hours. The cells were then treated
with the indicated concentrations of mAbs in serum free medium for another two hours.

2.4.5 Cell fractionation
H370 cells of different physiological conditions were separately fractionated into
cytosolic, membrane and nuclear portions according to the protocol provided in the
FractionPREP cell fractionation kit (BioVision Research).

2.5 GST pull down, immunoprécipitation and Western blot
2.5.1 Preparation of cell extracts
The following procedures were performed on ice and all buffers were pre-chilled.
Mammalian cell lysis buffer was prepared by supplementing RIPA buffer with 1 mM
sodium orthovanadate, 2 pg/ml aprotinin, 10 pM leupeptin, 1 pM E64, 1 pM bestatin, 1
pM pepstatin A and 1 mM PMSF. Cells in a 10 cm tissue culture plate were washed once
with 5ml PBS buffer, and were lysed in 700 pi lysis buffer. A rubber policeman was used
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to scrape the cells. The cell lysate was transferred into a 1.5 ml eppendorf tube and
rotated on ice at 4 °C for 30 minutes. Then the cell lysate was centrifuged at 16,000 g for
20 minutes at 4 °C and the supernatant was taken for subsequent experiments.

2.5.2 GST pull down
Mammalian cell lysates, which express the potential GST fusion protein binding
partners, were incubated with glutathione-sepharose beads for two hours and then the
glutathione-sepharose beads were washed with

10

bed volumes of mammalian cell lysis

buffer. 2x SDS Laemmli sample buffer was used to elute the proteins bound to the
glutathione-sepharose beads.

2.5.3 Immunoprécipitation (IP)
0.5 mg-1 mg total protein of cell lysate was incubated with 1 pg antibodies for
two hours at 4°C. Then 40 pi protein G sepharose beads were added into and incubated
with the cell lysate for another hour at 4 °C. Antibody-antigen-Protein G complexes were
washed by mammalian cell lysis buffer three times and collected by

1000

g

centrifugation for three minutes at 4 °C. 2x SDS Laemmli sample buffer was used to elute
antigen.

2.5.4 Western Blot (WB)
Protein samples and pre-stained protein makers were loaded onto a 4-12% BisTris gradient gel (BioRad, Hercules, CA, #345-0125). The gel was run in MES buffer at
110V for one hour, and then transferred to PVDF membrane with a semi-dry blot
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transferring system (BioRad, Hercules, CA) set to 20 V for 20 minutes. The PVDF
membrane was blocked in 5% skim milk in Tris buffered saline with Tween (TBST)
overnight in the cold room. Then the membrane was incubated with a primary antibody
in blocking buffer for one hour at room temperature. The primary antibody was diluted
according to the optimized conditions listed in Table 2.4. The membrane was rinsed three
times and washed 3><5 minutes with TBST. After incubating with a Horse radish
peroxidase (HRP) conjugated secondary antibody (diluted at the ratio of 1:5000 in 5%
skim milk) for 40 minutes at room temperature, the membrane was again rinsed three
times and washed 1x15 minutes following 3x5 minutes with TBST. The membrane was
incubated with an enhanced chemiluminescence (ECL) detection solution (Perkin Elmer,
Waltham, MA). Signals were captured with X-ray film (Kodak, Rochester, NY) over a
range of five seconds to 10 minutes and developed using a Kodak M35A X-OMAT
processor.

2.5.5 PVDF stripping and reprobing
The PVDF membrane was washed for 3x5 minutes in TBST. Then the membrane
was incubated for 30 minutes at 50 °C in the stripping buffer. After washing the
membrane for 5x5 minutes in TBST, the membrane was ready for reuse. The re-probing
procedure began with a blocking step and processed according to established Western
blotting procedures.
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Table 2.4 Antibodies used in this study

1

Numb (H-70)

HA-probe (F-7)

Rabbit

Mouse

■

....................

Santa Cruz Biotech

1:1000 dilution in 5%

(Catalogue number: sc-

skimmed milk for WB; 1

25668)

pg for IP

Santa Cruz Biotech

1:1000 dilution in 5%

(Catalogue number: sc-

skimmed milk for WB

7392)
ALK

Mouse

From Dr Marc Vigny

1 pg for IP

Anti-

Mouse

Millipore (Catalogue

1:5000 dilution in 5%

number: 05-321)

skimmed milk for WB

Cell Signaling (Catalogue

1:1000 dilution in 5%

number: 4696)

skimmed milk for WB

Cell Signaling (Catalogue

1:1000 dilution in 5%

number: 9106)

skimmed milk containing

Phosphotyrosine,
clone 4G10
P44/42 MAP

Mouse

(Erkl/2) kinase
Phospho-p44/42

Mouse

MAPK (Erkl/2)

25mM NaF for WB

(Th r2 02/Ty r204)

Akt

Phospho-Akt

Rabbit

Mouse

(Ser473)

Cell Signaling (Catalogue

1:1000 dilution in 5%

number: 9272)

skimmed milk for WB

Cell Signaling (Catalogue

1:1000 dilution in 5%

number: 4051)

skimmed milk containing
25mM NaF for WB

P Tubulin (FI235)

Rabbit

Santa Cruz Biotech

1:1000 dilution in 5%

(Catalogue number: sc-

skimmed milk for WB

:
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9104)
Pak2

Synaptotagmin

Rabbit

Goat

I/II (D-18)

Ezrin (4A5)

RIPK5

Mouse

Rabbit

Cell Signaling (Catalogue

1:1000 dilution in 5%

number: 2608)

skimmed milk for WB

Santa Cruz Biotech

1:1000 dilution in 5%

(Catalogue number: sc-

skimmed milk for WB; 1

12466)

pg for IP

Santa Cruz Biotech

1:1000 dilution in 5%

(Catalogue number: sc-

skimmed milk for WB; 1

32759)

pg for IP

ABGENT (Catalogue

1:500 dilution in 5%

number: AP7194a)

skimmed milk for WB; 1
pg for IP

v-Src (Ab-1)

Mouse

Calbiochem (Catalogue

1:1000 dilution in 5%

number: OP07)

skimmed milk for WB; 1
pg for IP

GST (HRP)

Na+/K+-ATPase

Rabbit

Mouse

a (M7-PB-E9)

Abeam (Catalogue

1:5000 dilution in 3%

number: ab3416)

BSA for WB

Santa Cruz Biotech

1:100 dilution in 5%

(Catalogue number: sc-

skimmed milk for WB

58628)
LaminA/C (N18)

Goat

Santa Cruz Biotech

1:1000 dilution in 5%

(Catalogue number: sc-

skimmed milk for WB

6215
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2.5.6 Quantification of data
Western blot films were scanned and quantified by Scion Image software (Scion
Corporation, Frederick, MD). Results were given as means ± standard deviation (SD).
Each data point was representative of two independent experiments. Statistical analysis
was performed with two-tailed Student’s t-test.

2.6 Peptide synthesis and Far Western
2.6.1 Peptide array synthesis
The peptide array was synthesized on a TFA-soluble cellulose membrane (Intavis
AG) using membrane supports (SPOT) technology (78) by an Auto-Spot ASP 222 Robot
(Intavis AG). Before being cut with TFA, the membrane was sequentially washed with a
deprotection solution 3X5 minutes, Dimethylformamide (DMF) 3X2 minutes, and ethanol
3X2 minutes. Then the membrane was incubated first with 30 ml 50% TFA cocktail (15
ml TFA cocktail in 15ml FIjO) rocked for one hour, followed by another bout of rocking
in 30 ml of TFA cocktail. Afterwards, the membrane was sequentially washed with
dichloromethane (DCM) 3X2 minutes, DMF 3X2 minutes, and ethanol 3x2 minutes. The
membrane was air-dried.

2.6.2 Far Western
The peptide membrane was immersed in 100% ethanol. Then distilled water was
added into ethanol slowly until a final concentration of 50% water was reached. The
membrane was incubated in 50% ethanol for five minutes at room temperature, followed
by l x5 minutes in water, and 3x5 minutes in TBST. After incubation in 3% BSA
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(containing 1 mM DTT) overnight in the cold room, the membrane was probed with 0.2
pM GST protein in 3% BSA at room temperature for one hour. HRP conjugated GST
antibody was added into 3% BSA blocking buffer. The membrane was rocked at room
temperature for another hour. Finally, after TBST washes for 3><15 minutes and 3x5
minutes, the membrane was incubated with ECL solution and exposed to x-ray film.

2.7 Solutions and buffers
Table 2.5 Solutions and buffers

lxTAE buffer (pH8.5)

Tris base 40 mM, EDTA 1 mM, Glacial acetic acid
adjusting pH to 8.5

lx TBST

Tris base 20 mM, NaCl 137 mM, Tween20 0.05%
(v/v)

lx PBS buffer

KH2 P0 4 1 mM, Na2 HP0 4 10 mM, KC1 2.7 mM, NaCl
137 mM

5

x SDS-PAGE (Laemmli)

Sample buffer

Tris base (pH

. ) 312 mM,

6 8

SDS

10%, <x-

mercaptoethanol 25%, Bromophenol Blue 0.05%,
Glycerol 50%

Bacteria lysis buffer

Triton X-100 1%, Lysozyme 1 mg/ml, Benzonase
nuclease (25units/pl)

12.5 U/ml, PMSF 1 mM,

Bestatin 1 pM, E64 1 pM, Pepstatin A 1 pM in lx
PBS buffer
Coomassie blue staining

Coomassie brilliant blue R250 0.25% (w/v), Methanol

solution

45% (w/v), Glacial acetic acid 10% (w/v)
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Deprotection solution

Piperidine 20% (v/v) in DMF

GST protein elution buffer

Reduced L-Glutathione 25 mM, Tris-HCl (pH 8.0) 75

(pH 8.0)

mM, NaCl 100 mM

MES buffer

MES 50 mM, Tris Base 50 mM, SDS 0.1%, EDTA 1
mM

RIPA buffer (pH7.8)

Triton X-100 1%, NaPi (pH7.8) 10 mM, NaCl 60
mM, p - glycerol phosphate 25 mM, Glycerol 10%,
NaF 50 mM

Stripping buffer (pH 6.8)

p-mercaptoethanol 100 mM, SDS (w/v) 2%, Tris-HCl
(pH 6 .8 ) 62.5 mM

TFA cocktail

Trifluoroacetic acid (TFA) 95%, Tri-isopropylsilane
(TIPS) 3%, H20 2%

Western blot transfer buffer

Methanol 20%, Tris base 24 mM, Glycine 194 mM
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Chapter 3: Results
3.1 Interaction between Numb and ALK in vitro
To confirm the Numb and ALK interaction, we took advantage of a cell line
(H370) that stably expresses HA-tagged full-length human ALK in HEK-293 cells. Two
species of ALK protein were detected as reported in previous studies (56, 65): the fulllength ALK (220 kDa) and a shorter form of ALK (140 kDa) (Fig. 3.1.1a). H370 cells
were transiently transfected with a pcDNA-Numb PTBi/PRRi plasmid containing
insertions in both the PTB domain and PRR region. Under the conditions of robust
expression of Numb and ALK in H370 cells, Numb reciprocally coimmunoprecipitated
with ALK (Fig. 3.1.1b), while neither Numb nor ALK was immunoprecipitated by an
IgG negative control.

3.2 Prediction of the region of Numb required for its interaction with ALK
The PTB domain is the only identified modular domain of Numb and is
responsible for a number of interactions between Numb and its binding partners. It was
therefore logical to first investigate whether PTB domain is involved in the Numb-ALK
interaction. GST pull-down assays were carried out using the GST-fused contracts of the
mouse Numb PTB domains with or without the insert (Numb-PTBi and Numb-PTBo,
respectively). The Numb PTB domains were purified using glutathione sepharose beads,
then incubated with the lysate of H370 cells (HEK-293 cells stably expressing exogenous
HA tagged full-length human ALK). As shown in Fig. 3.2.1, HA-tagged ALK expressed
in H370 interacted with immobilized mouse Numb PTBo and Numb PTBi domains,
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while it did not interact with the control GST protein. Coomassie blue staining indicated
that approximately equal amounts of the proteins were used in this assay.

a
kDa

H3~0
Cell Lysate

IB: HA

Figure 3.1.1 Interaction between Numb and ALK. a. Stable expression of HA-tagged
ALK in H370 cells. H370 cells were lysed in mammalian cell lysis buffer. The whole cell
lysate (20 pg) was resolved on a 4-12% Bis-Tris gradient gel, transferred to PVDF
membrane and analyzed by Western blot using a mouse anti-HA antibody.
Corresponding molecular weights (in kDa) were labeled on the left of the figure,
b. Reciprocal immunoprécipitation of ALK and Numb. H370 cells transfected with the
mouse Numb PTBi/PRRi iso form were lysed in mammalian cell lysis buffer and 1 mg of
total protein was immunoprecipitated using the following antibodies:

1

pg of rabbit anti

Numb, 3 pg of mouse anti-ALK, 1 pg of rabbit IgG (negative control) and 1 pg of mouse
IgG (negative control). Western blot analysis was performed using a mouse anti-HA
antibody (top panel) or rabbit anti-Numb antibody (bottom panel).
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Figure 3.2.1 The PTB domain of Numb binds to ALK. H370 cell lysates were
incubated with 200 fig of the GST-fiision proteins (GST as a negative control, GSTNumb-PTBo, and GST-Numb-PTBi). The pulldown complexes as well as 10 fig of the
H370 cell lysate were resolved on a 4-12% Bis-Tris gradient gel. Western blot analysis
was performed using a mouse anti-HA antibody (upper panel). For protein quality control,
5 fig of each protein was loaded on a 12% polyacrylamide gel, and visualized by staining
the gel with Coomassie blue (lower panel).
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To determine if any other regions of Numb are involved in the Numb-ALK
interaction, different regions of Drosophila Numb fused to GST were used in a pull down
assay. These regions corresponded to the region N-terminal to the PTB domain (GST-N,
residues 1-76), the PTB domain itself (GST-PTB, residues 77-205) and the region Cterminal to the PTB domain (GST-C, residues 206-556) (Fig. 3.2.2). These constructs
were made for previous studies and were readily available for this study. As is shown in
Fig. 3.2.3, ALK only interacted with the GST-PTB domain. Coomassie blue staining
showed the amounts of the proteins used in this assay.

Numb
N terminal

PTB

C-tenninal

Full
1

76

205

556

GST
GST-N
GST-PTB
GST-C

Figure 3.2.2 Schematic representation of full-length Drosophila Numb and its
mutants. Three Drosophila Numb mutants were expressed as GST-fusion proteins: the
GST-fused Numb N-terminal region (GST-N, residues: 1-76), the GST-fused Numb-PTB
domain (GST-PTB, residues: 77-205) and the GST-fused Numb C-terminal (GST-C,
residues: 206-556).
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Figure 3.2.3 Interactions of ALK with the truncated Drosophila Numb proteins.
H370 cell lysates were incubated respectively with: 200 pg of GST, GST-N, GST-PTB or
GST-C. The complexes pulled down as well as 10 pg of H370 cell lysate were resolved
on a 4-12% Bis-Tris gradient gel. The Western blot analysis was performed using a
mouse anti-HA antibody (upper panel). 5 pg of each sample was loaded on a 12%
polyacrylamide gel and visualized by Coomassie blue staining (lower panel).
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It has been shown that several critical amino acids in the Numb PTB domain are
important for binding to its ligand peptide including the Nak-c or the GPpY peptide (8 8 ).
In particular, mutation of phenylalanine (amino acid residue 195) to valine in the
Drosophila Numb PTB (dNumb-PTB) domain resulted in drastic loss of binding affinity
for ligand peptides (decreasing the relative affinity from 100% to less than 1%) (8 8 ). A
sequence alignment of the Drosophila Numb PTB domain (dNumb-PTB) and mouse
Numb PTBi domain (mNumb-PTB) indicates the sequences are highly conserved,
sharing approximately 80% identity (Fig. 3.2.4). As shown by asterisks in Fig. 3.2.4, a
critical Fi95 in the dNumb-PTB domain is conserved in the mNumb-PTB domain and
corresponds to F i62 in the full-length mouse Numb PTBi/PRRi. To further confirm that
the Numb-PTB domain is responsible for the Numb-ALK interaction, site -directed
mutagenesis was performed to obtain a mouse Numb PTBi/PRRi mutant containing the
point mutation F 162V. ALK was then subjected to immunoprécipitation by either wild
type (WT-Numb) or mutant (F162V-Numb) protein from H370 cells. Fig. 3.2.5 showed
that the interaction between Numb and ALK was greatly attenuated when Numb was
mutated to valine at the Fi62 position in the PTB domain.
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Figure 3.2.4 Sequence alignment of the Numb PTB domain in Drosophila
melanogaster and the PTBi domain in mouse. The sequences of the Drosophila Numb
PTB (residues 81-208 in the Drosophila Numb) and mouse Numb PTBi (residues 33-193
in the mouse Numb +/+ isoform) domains were aligned using online software ClustalW
(http://www.ebi.ac.uk/Tools/clustalw2/index.html). Conserved regions between the two
species are highlighted in yellow. An asterisk indicates the conserved F 195 in the
Drosophila Numb and F)62 in the mouse Numb +/+.
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Figure 3.2.5 F) 6 2 is important for the interaction of Numb with ALK. H370 cells
transfected with either the mouse Numb PTBi/PRRi iso form or the F162V Numb mutant
were lysed in mammalian cell lysis buffer. 1 mg of protein was then immunoprecipitated
using 1 pg of rabbit anti-Numb or 3 pg of mouse anti-ALK antibody. The western blot
was performed using a mouse anti-HA antibody or a rabbit anti-Numb antibody, a. The
western blot showed immunoprécipitation of HA-ALK with Numb. b. The western blot
showed

immunoprécipitation

of

Numb

with

anti-Numb

immunoprécipitation of HA-ALK with anti-HA (lower panel).

(upper

panel)

or
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3.3 Prediction of the ALK sequences important for the Numb-ALK interaction
To determine the amino-acid sequence(s) o f A L K involved in the Numb-ALK
interaction, an alanine scanning peptide array was generated for the potential Numb
binding motifs within the cytoplasmic region o f the A LK receptor. Previous OPAL
(Oriented Peptide Array Library) screening in our laboratory has identified the consensus
N xxY or NxxF as the minimal sequence required for binding o f the Numb PTB domain.
The cytoplasmic sequence o f A L K was examined for possible binding sites for the Numb
PTB domain. Four motifs bearing either the N xxY or NxxF motif were identified:
G i473GH VNM AFSQS1483,

F1577P C G N V N Y G Y Q i587,

P1499TSLWNPJYGS1509,

M1099TDYNPNYCFA1109 (Fig. 3 .3 . 1). Peptides with the wild type sequences or with
alanine, phenylalanine or phosphotyrosine substitutions were synthesized on a cellulose
membrane

which

was

subsequently

probed

with

the

Numb

PTBo

domain.

GFSNMSFEDFP, which is a known Numb PTB domain binding peptide (88), served as a
positive control.
The Numb PTB domain bound two peptides (G1473GHVNMAFSQS1483 and
Fi577P C G N V N Y G Y Q 1587) (Fig. 3 .3 .2), suggesting these two motifs may be involved in
the interaction between A L K and Numb. Within the G1473GHVNMAFSQS1483 peptide,
either the N 1477A or F 1480A mutation abolished binding to the Numb PTB domain. As
for the F1577PCGNVNYGYQ1587 peptide, both the N 1583A and Y 1586A mutation greatly
attenuated binding o f the Numb PTB domain to the peptide. Phosphorylation o f Y1586
moderately attenuated the peptide binding capacity with the Numb PTB domain as shown
by the p Y 1586Y substitution. In contrast, the Y 1586F mutant showed a stronger binding
signal than the wild type peptide, indicating that the benzene ring may be critical for the
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interaction between the peptide and the PTB domain. The pY1584Y substitution
displayed a dramatically decreased binding signal while the Y1584F mutation showed a
similar binding signal compared with the wild type peptide. The above results suggest
that phosphorylation of Y i584 and Y 1586 play a role in regulation of the Numb-ALK
interaction. Taken together, the result shows that N 1477, F i480, N i583 and Y i586 are likely
the amino-acids critical for binding; phosphorylation of Y ]584 and Y i586 may disrupt the
Numb-ALK interaction.

Rio6oRKHQ ELQ AM Q M ELQ SPEyKLSKLRTSTIM 1099 TD yN PN yC FA1109GKTSSISD
LKÉVPRKNITLIRGLGHGAFGEVyEGQVSGMPNDPSPLQVAVKTLPEVCSEQDELDF
LME A L II SKFNHQNIVRCIGVSLQSLPRFILLELMAGGDLKSFLRETRPRPSQPSSL
AMLDLLHVARDIACGCQyLEENHFIHRDIAARNCLLTCPGPGRVAKIGDFGMARDI
yRASyyRKGGCAMLPVKW MPPEAFMEGIFTSKTDTW SFGVLLW EIFSLGyMPyPSK
SNQEVLEFVTSGGRMDPPKNCPGPVyRIMTQCW QHQPEDRPNFAIILERIEyCTQ
DPDVTNTALPIEyGPLVEEEEKVPVRPKDPEGVPPLLVSQQAKREEERSPAAPPPLPTT
5SGKAAKKPTAAEVSVRVPRGPAVEG1473GHVN1477M A F 14e0S Q Si483NPPSELHKVH
GSRNKP 1 , J SLWNPTyGS,., , ,WFTEKPTKKNNPIAKKEPHDRGNLGLEGSCTVPPNV
ATGRLPGASLLLEPS5LTANMKEVPLFRLRHF1577PCGNVN1583y,5846yi586Qi507QQ0
LPLEAATAPGAGHyEDTILKSKNSMNQPGP162 o

Figure 3.3.1 Amino acid sequence of the cytoplasmic region of Human ALK. Fulllength of ALK contains 1620 amino acids with the cytoplasmic region starting from
position 1060. Within the ALK cytoplasmic sequence, four potential Numb PTB domain
binding sites were identified (red).
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FPCGNVNY QAQ
FPCGNVNjp FGY Q
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FPCGNVNY Op YQ
FPCGNVNY GFQ
GFSNN1SFEDFP

GFSNMSFEDFP

Figure 3.3.2 Peptide array to identify potential Numb binding sites on ALK.
a. Identification of potential Numb binding motifs. NxxF/Y motifs in wild type ALK
(underlined) were probed with 0.2 pM GST-mouse Numb-PTBo. b. The positive binder
Gi473 GHVNMAFSQSi483 (in bold) was further analyzed by an alanine scanning array
where each spot represented an alanine-subsituted (in italic) analogue of the wild-type
peptide. The GFSNMSFEDFP peptide was used as a positive control. The peptide array
was probed with 0.2 pM GST-mouse Numb-PTBo.

c. The positive binder

F1577PCGNVNYGYQi587 (in bold) was further analyzed by a scanning array where each
spot represented an alanine-, phenylalanine- or phosphotyrosine- substituted (in italic)
analogue of the wild-type peptide. The peptide array was probed with 0.2 pM GSTmouse Numb-PTBo.
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3.4 ALK-Numb interaction is tyrosine phosphorylation dependent.
According to the alanine scanning peptide array results, interactions between
ALK and Numb appeared to be decreased by phosphorylation of ALK at Y i584 and Y 1586
and possibly other potential binding motifs on ALK. Previous studies have shown that
Numb interacts with E-cadherin (a transmembrane protein) in a tyrosine phosphorylationdependent manner (11); tyrosine phosphorylation of ALK is required for the recruitment
of She and FRS2 and subsequent activation of the downstream signaling ERK MAP
kinase pathway (65). It was therefore important to investigate whether tyrosine
phosphorylation of ALK would regulate its interaction with Numb in vivo and therefore
affect Erk signaling. To test this hypothesis, the regulation of the ALK-Numb interactions
was first investigated in vivo.
It has been reported that ALK can either be activated or inhibited by mouse
monoclonal antibodies directed against its extracellular domain (56). Specifically mAb46 antibody is able to activate the ALK receptor and therefore increase the level of
tyrosine phosphorylation. In contrast, mAb-49 antibody inhibits ALK tyrosine
phosphorylation (56). To explore the relationship between ALK activity and the NumbALK interaction, mAb-46 and mAb-49 antibodies were obtained from Dr. Vigny’s lab
and used to control the activation of ALK.
To confirm the activation of ALK by mAb-46, the H370 cell line was treated with
the mAb-46 antibody titrated at different concentrations (0 pg/ml, 0.5 pg/ml, 1 pg/ml and
2 pg/ml). The tyrosine phosphorylation level was determined by Western blot with a
4G10 anti-phosphotyrosine antibody against immunoprecipitated ALK. The basal
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tyrosine phosphorylation of both species of ALK-HA(220 kDa and 140 kDa) was
increased upon mAb-46 treatment (Fig. 3.4.1).

Numb
mAb-46 ¡.ig'nil
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Figure 3.4.1 Effects of the mAb-46 antibody on activation of ALK phosphorylation.
Western blot was performed on H370 cells treated with various concentrations of the
mAb-46 activating antibody. H370 cells were serum-starved for 16 hours and then treated
with mAb-46 at different concentrations (0 pg/ml, 0.5 pg/ml, 1 pg/ml and 2 pg/ml) for 2
hours at 37°C. H370 cells were lysed in mammalian cell lysis buffer and 500 pg of total
protein was then immunoprecipitated using 1 pg of a mouse anti-ALK antibody. 20 pg of
lysate and the IP samples were loaded on a 4-12% Bis-Tris gradient gel. Western blot
was performed using mouse anti-HA, mouse anti- phosphotyrosine (4G10) and rabbit
anti-P tubulin antibodies.
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After confirmation of ALK activation by the mAb-46 antibody, the mouse Numb
PTBi/PRRi isoform was transiently expressed in H370 cells followed by treatment with
the mAb-46 antibody at the same concentrations mentioned above. Immunoprécipitation
of Numb followed by immunoblotting for the HA tag showed that the interaction
between Numb and either full-length (220kDa) ALK or short length (140kDa) ALK was
increased upon ALK activation (Fig. 3.4.2). This result seems to contradict with the
peptide array results, but the paradox can be explained by the possibility that multiple
tyrosine residues on ALK are involved in the Numb-ALK interaction and the interaction
is dynamically regulated by phosphorylation, which will be discussed in the following
chapter.
In order to further confirm that the Numb-ALK interaction was dependent on the
ALK tyrosine phosphorylation level, the interaction under inhibition of ALK by the
mAb-49 antibody was examined. A similar experimental procedure was performed as
with ALK activation above. H370 cells were treated with the mAb-49 antibody at the
concentration of (2 pg/ml, 4 pg/ml and 8 pg/ml). The antibody was able to inhibit ALK at
any concentration used (Fig. 3.4.3). Next, H370 cells were transfected with the mouse
Numb +/+ isoform and treated with 2 pg/ml of mAb-49. Compared to the control,
inhibition of ALK phosphorylation decreased the amount of full-length ALK
immunoprecipitated with Numb. Furthermore, the interaction of Numb and short species
of ALK was no longer detected when ALK was inhibited (Fig. 3.4.4).
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Figure 3.4.2 Activation of ALK increased the Numb-ALK interaction. H370 cells
were transiently transfected with the mouse Numb PTBi/PRRi isoform. One day after
transfection, the cells were serum-starved for 16 hours and then treated with 0.5 pg/ml, 1
pg/ml and 2 pg/ml mAb-46 (or no antibody) for 2 hours at 37 °C. The cells were then
lysed and 500 pg of total protein was immunoprecipitated with 1 pg rabbit anti-Numb
antibody or 1 pg mouse anti-ALK antibody. 20 pg of lysate and the IP samples were
loaded on a 4-12% Bis-Tris gradient gel. Western blot was performed using mouse anti
HA, mouse anti-phosphotyrosine (4G10), rabbit anti-Numb and rabbit anti-|3 tubulin
antibodies.
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Figure 3.4.3 Effects of the mAb-49 antibody on inhibition of ALK phosphorylation.
Western blot was performed on H370 cells treated with the ALK-inhibiting antibody
mAb-49. H370 cells were serum-starved for 16 hours and then treated with mAb-49 at
various concentrations (0 pg/ml, 2 pg/ml, 4 pg/ml and 8 pg/ml) for 2 hours at 37°C. Cells
were then lysed and 500 pg of total protein was immunoprecipitated using 1 pg of a
mouse anti-ALK antibody. 20 pg of cell lysate and the IP samples were loaded on a 4
12% Bis-Tris gradient gel. Western blot was performed using mouse anti-HA, mouse
anti-phosphotyrosine (4G10) and rabbit anti-(3 tubulin antibodies.
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Figure 3.4.4 Inhibition of ALK decreased the Numb-ALK interaction. H370 cells
were transfected with the mouse Numb PTBi/PRRi isoform. One day after transfection,
the cells were serum-starved for 16 hours and then treated with 2 pg/ml of mAb-49 (or
untreated) for 2 hours. The cells were then lysed using mammalian cell lysis buffer and
500 fag of total protein was immunoprecipitated with 1 pg rabbit anti-Numb antibody or l
pg mouse anti-ALK antibody. 20 pg of lysate and the IP samples were loaded on a 4-12%
Bis-Tris gradient gel. Western blot was performed using mouse anti-HA, mouse antiphosphotyrosine (4G10), rabbit anti-Numb and rabbit anti-(3 tubulin antibodies.
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3.5 Numb affects expression and/or cleavage of ALK
It has been shown that, upon growth factor stimulation, some receptor tyrosine
kinases such as the EGFR can be rapidly degraded by endocytosis (37). As Numb is an
endocytotic protein involved in the degradation of a number of transmembrane proteins,
it is likely that Numb may regulate ALK-activated signaling pathways by controlling
ALK levels in vivo.
In order to test this hypothesis, the total ALK expression level was determined
when H370 cells were treated with various amounts of ALK activation antibody (mAb46), combined with or without Numb transfection. Fig. 3.5.1 showed that in the absence
of Numb in H370 cells, ALK expression levels and patterns remained unchanged with
increasing amounts of mAb-46. However, when Numb was expressed in H370 cells
activated with 1 pg/ml or 2 pg/ml of mAb-46 antibody, the level of full-length ALK
expression was decreased, while the expression levels of the short form of ALK (140
KDa species) increased. Blotting immunoprecipitated ALK with 4G10 confirmed that
ALK was indeed activated. (3-tubulin immunoblotting confirmed equal loading of
samples. In parallel sets of experiments, H370 cells were treated with various amounts of
the inhibition antibody mAb-49 together with Numb transfection. In Fig. 3.5.2, the
Western blot with the 4G10 antibody indicated that tyrosine phosphorylation levels of
ALK were inhibited. Western blot against cell lysates demonstrated that the full-length
ALK expression level remained constant regardless of inhibition. The short form of ALK
was not detected when ALK was inhibited, suggesting ALK cleavage or processing is
required for its activation.
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Figure 3.5.1 Numb affected the expression and/or stability of ALK upon ALK
activation. H370 cells were transfected with either the mouse Numb PTBi/PRRi iso form
or empty vector (pcDNA3.1). One day after transfection, the cells were serum starved for
16 hours. The cells from either group were treated with increasing concentrations of the
activating antibody mAb-46 (Opg/ml, 0.5 pg/ pg ml, 1 pg/ml and 2 pg/ml) for 2 hours.
The cells were then lysed and 500 pg of total protein was immunopreciptated using 1 pg
of a mouse anti-ALK antibody. Cell lysates (20 pg) and IP samples were loaded on a 4
12% Bis-Tris gradient gel. Western blot analysis was performed using mouse anti-HA,
mouse anti-phosphotyrosine (4G10), rabbit anti-Numb and rabbit anti-(3 tubulin
antibodies.
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Figure 3.5.2 Numb did not affect the expression and/or stability of ALK upon ALK
inhibition. H370 cells were transfected with the mouse Numb +/+ isoform. One day
after transfection, the cells were serum starved for 16 hours. The cells were then treated
with the increasing concentrations of inhibiting antibody mAb-49 (0 pg/ml, 2 pg/ pg ml,
4 pg/ml and 8 pg/ml) for 2 hours. The cells were lysed and 500 pg of total protein was
immunopreciptated using 1 pg of a mouse anti-ALK antibody. Cell lysates (20 pg) and IP
samples were loaded on a 4-12% Bis-Tris gradient gel. Western blot was performed using
mouse anti-HA, mouse anti-phosphotyrosine (4G10), rabbit anti-Numb and rabbit anti-P
tubulin antibodies.
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3.6 Numb inhibits Erk activation downstream of ALK
Upon ALK activation, Erk, which is involved in the mitogen-activated protein
kinase pathway, is dramatically activated (56). To further investigate whether Numb is
involved in this signaling pathway downstream of ALK, Erk phosphorylation (pErk)
levels were tested when H370 cells were treated with the ALK-activation antibody, mAb46, combined with or without Numb transfection (Fig. 3.6.1: HA, 4G10 and Numb
immunoblots same as in Fig. 3.5.1). When ALK was activated, the level of pErk
appeared to decrease slightly in the presence of Numb. Further quantification confirmed
that when ALK was activated by 2pg/ml of mAb-46, Numb reduced the Erk
phosphorylation level and therefore may play a role in inhibition of the mitogen-activated
protein kinase pathway (Fig. 3.6.2). Interestingly, when ALK was activated with 1 pg/ml
or 2 pg/ml of mAb-46, the level of Erk expression decreased in the presence of Numb.
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Figure 3.6.1 Numb inhibits Erk activation downstream of ALK. H370 cells were
transfected either with Numb or empty vector (pcDNA3.1). One day after transfection,
cells were serum starved for 16 hours. The cells from either transfection group were
treated with increasing concentrations of the ALK-activating antibody mAb-46 (0 pg/ml,
0.5 pg/ ml, 1 pg/ml and 2 pg/ml) for 2 hours. 500 pg of total protein from each type of
cell lysate was immunopreciptated using 1 pg of a mouse anti-ALK antibody. Cell lysates
(20 pg) and IP samples were loaded on a 4-12% Bis-Tris gradient gel. Western blot
analysis was performed using mouse anti-HA, rabbit anti-Numb and rabbit anti-P tubulin
antibodies. The Western blot was also performed using a mouse anti- phospho-Erkl/2
(pErk) antibody and then was reprobed with a mouse anti-Erkl/2 antibody.
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Figure 3.6.2 Quantification of Erkl/2 relative phosphorylation levels. The intensity of
each band was measured by Scion Image software (Scion Corporation, Frederick, MD).
pErk/Erk ratio was calculated and expressed as the mean ±SD of 2 separate experiments.
*p<0.04, compared with control sample: H370 treated with 2 pg/ml of mAb-46 without
Numb transfection.
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3.7 Numb promotes Akt phosphorylation independent of ALK activation
Although activation of full-length ALK by agonist monoclonal antibodies has no
effects on Akt signaling (56, 61), constitutively activated NPM-ALK or the full-length
ALK mutants F1174L and K1062M activate Akt phosphorylation (pAkt) (81, 89).
Therefore, pAkt levels were also examined when H370 cells were treated with the mAb46 antibody, with or without Numb expression (Fig. 3.7.1: HA, 4G10 and Numb
immunoblots same as in Fig. 3.5.1). The level of Akt phosphorylation did not change
upon ALK activation, however the expression of Numb resulted in an increase in the
level of Akt phosphorylation in two separate experiments. The quantification of pAkt/Akt
was shown in Fig. 3.7.2. Therefore, although Akt was not involved in ALK activation
signaling; the increase of pAkt indicates an additional function of Numb other than
regulating the ALK signaling pathway.
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Figure 3.7.1 Enhancement of Akt phosphorylation by Numb overexpression. H370
cells were transfected either with Numb or empty vector (pcDNA3.1). One day after
transfection, cells were serum starved for 16 hours. The cells from either transfection
group were treated with increasing concentrations of the ALK-activating antibody mAb46 (0 pg/ml, 0.5 pg/ ml, 1 pg/ml and 2 pg/ml) for 2 hours. 500 pg of total protein from
each type of cell lysate was immunoprecipitated using 1 pg of a mouse anti-ALK
antibody. Cell lysates (20 pg) and IP samples were loaded on a 4-12% Bis-Tris gradient
gel. Western blot analysis was performed using mouse anti-HA, rabbit anti-Numb and
rabbit anti-(3 tubulin antibodies. Western blot was also performed using a mouse anti
phosphor-Akt (pAkt) antibody and then was reprobed with a rabbit anti- Akt antibody.
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Figure 3.7.2 Quantification of Akt relative phosphorylation level. The intensity of
each band was measured by Scion Image software (Scion Corporation, Frederick, MD).
pAkt/Akt ratio was calculated and expressed as the mean ±SD of 2 separate experiments.
*p<0.05, compared with control sample: H370 treated with 2 pg/ml of mAb-46 without
Numb transfection.

3.8 Subcellular localization of ALK
Since Numb affects ALK cleavage upon ALK activation, it is probable that
cleaved ALK has some biological functions. Some receptors such as the Notch receptor,
can be cleaved by proteases and then translocated into the nucleus as transcription factors
(90). Predicted by PSORT (http://psort.ims.u-tokyo.ac.jp/), the R1060RKH1063 motif within
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human ALK was a potential nuclear localization signal (NLS). Therefore, it is probable
that Numb might regulate ALK biological fimction(s) in the nucleus. In order to
investigate this possibility, the subcellular ALK expression was examined at various
conditions either activated by antibody mAb-46 or not, combined with co-expresssion of
wild type (WT) Numb, the FI62V Numb mutant (which greatly decreased the NumbALK interaction) or empty vector (pcDNA3.1). H370 cells were fractionated and the
resulting subcellular components (cytosol, membrane and nucleus) were analyzed. p
tubulin, Na+/K+-ATPase a and Lamin A/C were used as the markers for cytosolic,
membrane and nuclear fractions repectively.
When ALK was not activated, the expression of wild type Numb enhanced the
level of 140 kDa-ALK protein species in the nucleus (Fig. 3.8.1). Upon ALK activation,
the amount of 140 kDa-ALK protein also increased in the nucleus regardless of the vector
(empty, Numb or Numb mutant vector) transfected (Fig. 3.8.1).
Interestingly, full-length ALK existed in the nuclear fraction regardless of the
ALK activation state or the presence/absence of Numb. However, the amount of fulllength ALK in the nucleus increased either in the presence of WT Numb or upon ALK
activation.
In summary, it is probable that both the activation of ALK and the presence of
Numb have an effect in promoting the location of either the short form or full length of
ALK in the nucleus.
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Figure 3.8.1 ALK subcellular localization. H370 cells were transfected with empty
vector (pcDNA 3.1), WT Numb or the FI62V Numb mutant. One day after transfection,
the cells were serum starved for 16 hours. The cells from each group were either treated
with the activating antibody mAb-46 at 1 pg/ml for two hours or left untreated. Cells
were then fractionated using the FractionPREP cell fractionation kit. Each fraction of the
cells was loaded on a 4-12% Bis-Tris gradient gel. Western blot was performed using
mouse anti-HA, rabbit anti-Numb antibody, rabbit anti-(3 tubulin, mouse anti- Na+/K+ATPase a, goat anti-Lamin A/C antibodies. p tubulin: cytosol marker; Na+/K+-ATPase
a: membrane marker; Lamin A/C: nuclear marker. CE: fraction from cytosol extraction;
ME: fraction from membrane extraction; NE: fraction from nuclear extraction.
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3.9 Examination of Numb binding to other proteins than ALK
At the same time when the Numb-ALK interaction was investigated, several other
potential Numb-interacting candidates were also examined, including PAK2, Syptl,
Ezrin and RIPK5. These proteins were identified from proteomic screens by colleagues in
the lab. Both GST pull-down and co-immunoprecipitation experiments were used in an
attempt to confirm these interactions. However, none of these candidates showed strong
binding to Numb that warrants further investigation (Table 3.1). PAK2 and Sypt I were
neither pulled down by Numb PTB domain nor immunoprecipitated by Numb (Fig. 3.9.1
& Fig. 3.9.2). Ezrin was immunoprecipitated by Numb, but was not pulled down by
Numb PTB domain (Fig. 3.9.3). RJPK5 was able to be pulled down by Numb PTB
domain, but was not able to be immuprecipitated together with Numb (Fig. 3.9.4).
Because these candidates of Numb-binding proteins were identified from probing peptide
arrays with the Numb PTB domain, it is likely that the corresponding binding sites are
not accessible in the context of the full-length proteins.
Table 3.1 Examination of Numb binding to other proteins than ALK
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Figure 3.9.1 Examination of the Numb-PAK2 interaction. Hela cell lysates were
incubated with 200 pg of GST protein, (GST as a negative control, GST-Numb-PTBo, or
GST-Numb-PTBi) for the pull-down assay. Western blot was performed using a rabbit
anti-PAK2 antibody (upper panel). Hela cells were treated with or without pervanadate,
then lysed in mammalian cell lysis buffer. 1 mg of total protein from each cell lysate was
then immunoprecipitated using 1 pg of a rabbit anti-Numb antibody. Western blot was
performed using a rabbit anti-PAK2 antibody (lower panel).
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Figure 3.9.2 Examination of the Numb-Sypt I interaction. Jurkat cell lysates were
incubated with 200 pg GST or GST-dNumb-PTB (Drosophila Numb PTB domain) for
the pull-down assay. Western blot analysis was performed using a goat antiSynaptotagmin (Sypt) I/II antibody (upper panel). Jurkat cells were lysed and 1 mg of
total protein was then immunoprecipitated using 1 pg of a rabbit anti-Numb, 1 pg of a
goat anti Sypt I/II and 1 pg of a rabbit IgG (negative control). Western blot was
performed using a goat anti-Sypt I/II antibody (lower panel).
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Figure 3.9.3 Examination of the Numb-Ezrin interaction. Hela cell lysates were
incubated with 200 pg of GST protein (GST as a negative control, GST-Numb-PTBo and
GST-Numb-PTBi) for the pull-down assay. Western blot was performed using a mouse
anti-Ezrin antibody (upper panel). Hela cells were treated with or without pervanadate
and then lysed in mammalian cell lysis buffer. 1 mg of total protein from each cell lysate
was then immunoprecipitated using 1 pg of a rabbit anti-Numb antibody. Western blot
was performed using a mouse anti-Ezrin antibody (lower panel).
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Figure 3.9.4 Examination of the Numb-RIPK5 interaction. Jurkat cell lysates were
incubated with 200 pg of GST protein or GST-dNumb-PTB (Drosophila Numb PTB
domain) for the pull-down assay. Western blot was performed using a rabbit anti-RIPK5
antibody (upper panel). Jurkat cells were lysed and 1 mg of total protein was then
immunoprecipitated using 1 pg of a rabbit anti-Numb antibody, 1 pg of a rabbit antiRIPK5 antibody and 1 pg of a rabbit IgG (negative control). Western blot was performed
using a rabbit anti-RIPK5 antibody (lower panel).
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Chapter 4: Discussion
A number of studies have been focusing on Numb and ALK separately, however,
none has investigated a relationship between Numb and ALK. The interaction between
Numb and ALK is first confirmed in this study, when both proteins are overexpressed.
Numb is an important protein in neurogenesis; the homozygous loss-of-function Numb
mouse shows severe defects in cranial neural tube closure and premature neuron
production and dies around embryonic day 11.5 (91). ALK is expressed mainly in the
nervous system during early mammalian embryo development, suggesting ALK is
involved in the development of the nervous system (53, 62). Therefore it is possible that a
role for the Numb-ALK interaction is in the regulation of neural development.

4.1 Numb and ALK interaction
Both PTB domain isoforms (PTBi and PTBo) of mouse Numb can pull down
ALK, which indicates that the interaction between Numb and ALK is not Numb PTB
domain isoform-dependent. However, whether the PTB domain is the only region of
Numb involved in Numb-ALK interaction still requires further investigation. Although
ALK was only pulled down by GST-PTB when PTB domain was present, it is hard to
conclude that the Numb C-terminal construct (GST-C), which contained the last 351
residues of the protein (starting from the end of the PTB domain to the end of the protein),
was not involved in the interaction. The expression of GST-C was very low compared to
the other GST fusion proteins.
Previous studies have investigated Numb PTB domain binding to its ligands in
vitro and in vivo (88,93), and from these studies several possible reasons arise for why
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the FI62V Numb mutant was unable to completely abrogate the Numb-ALK interaction.
First, the FI62V mutation in the Numb-PTB domain resulted in a drastic decrease instead
of complete loss of binding-affinity to ligand peptides such as the Nak-c or the GPpY
peptide (8 8 ). In addition, a homologous F to V mutation on the SHC PTB domain
resulted in a decrease, but not complete loss of binding to the EGF receptor (92). Second,
a peptide ligand itself may not totally simulate the original ligand and therefore may
result in variable binding patterns compared with the native ligand. Third, several other
amino acids in the PTB have been shown to be important for its binding to the ligands
and its function (8 8 , 92, 93); those amino acids likely cooperate with F^2 for Numb-PTB
domain to bind with its partner. Since the FI62V Numb mutant only resulted in a
decrease in the Numb-ALK interaction rather than a complete loss of binding in this
study, it indicates that the Numb-PTB domain is very important for binding to ALK, but
may not be solely responsible for the interaction.
From the peptide array results, two potential Numb binding sites on ALK were
predicted (N 1477MAF and N 1583YGY) with key residues playing a critical role in binding.
Alanine substitution at residues N 1477 or Fugo resulted in a complete loss of binding to the
NMAF-containing peptide, while alanine substitution at residues N 1583 or Y 1586 greatly
attenuated Numb binding to the peptides containing the N 1583YGY motif. However,
further in vivo experiments to conclude whether the N 1477MAF and/or N 1583YGY motifs
are the Numb-binding sites still requires further work. Currently, ALK site-directed
mutagenesis plasmids containing the N1447A or N1583A mutation have been completed.
Next, the N1477A/N1583A double mutant will be generated. The interaction between
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Numb and the mutated ALK proteins will be tested with co-immunoprecipitation in the
future.

4.2 Phosphorylation regulated interaction between Numb and ALK
Results from the peptide array screening showed that phosphorylation of tyrosine
at position 1584 greatly attenuated binding of Numb to the N 1583Y 1584GY peptide and
phosphorylation of tyrosine at position 1586 moderately attenuated Numb binding to the
N 1583YGY [586 peptide. However when ALK was activated using an activating antibody
(mAb-46 (56)), instead of decreasing the interaction between Numb and ALK, the NumbALK interaction was increased.
There are thirteen tyrosine residues within the intracellular region of human ALK
which could potentially be phosphorylated upon ALK activation (55). Y 1584 and Y 1586 are
only two of them, and which tyrosine(s) are actually phosphorylated upon mAb-46
stimulation remains unknown. It is possible that tyrosine residues other than Y 1584 and
Y 1586 become phosphorylated upon ALK activation by mAb-46. It has been reported that
Y 1507 was phosphorylated upon ALK activation, and this phosphotyrosine residue recruits
SHC through its PTB domain onto the ALK receptor (65). Furthermore, besides
interacting with NxxF/Y motifs, the Numb PTB domain also binds to phosphotyrosine
containing peptides such as GPpY ( 8 8 ). Therefore, besides potentially interacting with
N 1583YGY and N 1477MAF motifs, the Numb PTB domain likely interacts with other
phosphotyrosine residues within the intracellular regions of the ALK receptor. To test
this, additional arrays containing peptides of all the intracellular tyrosine sites of ALK
either with unphosphorylated or phosphorylated tyrosine residues will be synthesized.
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Probing this array with the Numb PTB domain will provide insight into the possibility of
additional Numb binding sites on ALK. Regardless of the outcome of this experiment, it
is likely that the Numb-ALK interaction is dynamically regulated by phosphorylation, ie.,
the phosphorylation of certain tyrosine residues may enhance binding while the
phosphorylation of other tyrosine residues may attenuate binding. Identifying the kinases
or conditions under which these phosphorylations may be regulated is instrumental to the
understanding of ALK function, in particular with regard to Numb.

4.3 The possibility of Numb regulating ALK protein levels by endocytosis
When stimulated by growth factors, a number of RTKs, such as the EGFRs (94),
are rapidly endocytosed and degraded to attenuate their signaling. The endocytosis of a
chimeric ALK receptor (the extracellular and transmembrane domain of ALK was
substituted for the corresponding regions of epidermal growth factor receptor) has been
reported, when it was stimulated by the growth factor EGF (95). In addition, the
cytoplasmic region of ALK also contains several putative internalization codes, (NPNY
at residues 1093-1096, NPTY at residues 1504-1507, and YGPL at residues 1401-1404)
and several di-leucine motifs (95). Therefore it is possible that ALK can undergo
endocytosis. On the other hand, Numb is an endocytotic protein, involved in the
endocytosis of a variety of transmembrane proteins, such as the Notch 1 receptor and
amyloid precursor protein (96, 97).

Numb antagonizes Notchl by inducing Notchl

ubiquitination and endocytic degradation of Notch intracellular domain (NICD) (45).
Numb isoforms with insertion in the PTB domain also reduce amounts of APP by
endocytosis followed by lysosomal degradation (27).
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In the present study, upon ALK activation, Numb expression decreased the fulllength ALK protein level, which correlated well with an increase in the Numb-ALK
interaction (Fig 3.5.1 & Fig. 3.4.2). It is possible that Numb regulates ALK protein
levels by endocytosis. As discussed in the previous section 4.2, it is possible that Numb
dynamically binds to phosphotyrosine residue(s) depending on the activity of ALK. Upon
ALK activation, tyrosine residue(s) Y 1096, Y 1507 or Y 1401 within the internalization code of
ALK is likely phosphoylated, therefore recruiting Numb to the phosphotyrosine residue(s)
and potentially regulating ALK endocytosis and degradation (Fig. 4.1).

Activation mAb

Figure 4.1 Numb may regulate ALK protein level by endocytosis. Upon ALK
activation by mouse monoclonal antibody, tyrosine residues with endocytic motifs
become phosphorylated, resulting in the recruitment of additional Numb protein to these
sites on ALK, regulating protein level by endocytosis and degradation.
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4.4 ALK cleavage
When Numb is expressed in H370 cells that are treated with ALK-activation
antibody mAb46, there is a decrease in full-length ALK (220 kDa) and an increase in a
shorter ALK fragment (140 kDa) (Fig. 3.5.1). A band of approximately 85 kDa was also
observed when the exposure time of the film in Fig. 3.5.1 (uppermost panel) was
increased (Fig. 4.2). The amount of the 85 kDa fragment did not significantly change
either with ALK activation or Numb expression. A similar fragment of ALK has been
also identified in Tadashi Yamamoto’s lab (61). There are numerous reports of cleavage
of receptors such as Notch, ErbB4 and VEGFR-1 upon the activation by ligands. These
cleavages share similar characteristics: an initial cleavage in the extracellular region of
the receptors by Metalloproteinase TACE/ADAM, followed by a second cleavage at the
plasma membrane by y-secretase (98, 99, 100) (Fig. 4.3). The molecular weight of the
Notch, ErbB4 or VEGFR-1 protein produced by the second cleavage is approximately 80
kDa (98, 99, 100). Therefore, it is possible that ALK undergoes similar protease
cleavages as Notch, ErbB4 or VEGFR-l. Because Numb overexpression led to increased
level of the 140 kDa Aik band, Numb probably took part in the regulation of the first
cleavage step of the ALK receptor (producing the 140 kDa protein), but not in the second
cleavage step (producing the 85 kDa protein). However, it is not apparent how Numb
accomplishes this task as it is present in the cytoplasm or the nucleus while the

1

st

cleavage site in ALK presumably lies at the extracellular domain. It is possible that
Numb first promotes ALK endocytosis and this is followed by cleavage of ALK in a
specific vesicular compartment. Endocytosis-dependent proteolysis has been observed for
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the nerve growth factor receptors (101). A similar mechanism was shown to be
responsible for the cleavage of activated Notch receptor by y-secretase (102).
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Figure 4.2 Longer exposure of the x-ray film in Fig. 3.5.1 (uppermost panel). H370
cells were treated with titrated concentrations (0 pg/ml, 0.5 pg/ pg ml, 1 pg/ml and 2
pg/ml) of the activating antibody mAb-46 with or without Numb expression. Western
blot analysis was performed using a mouse anti-HA antibody.

4.5 ALK nuclear translocation
The cell fractionation results showed that the 220 kDa and 140 kDa species of
ALK existed both in the membrane and in the nucleus (Fig. 3.8.1). Additionally, ALK
activation or Numb expression dramatically increased the full-length ALK protein level
in the nucleus. It is known that full-length EGFR, ErbB-2 and ErbB-3 can be detected in
nucleus (103). Upon activation by a ligand, these ErbB proteins can be transported into
the nucleus by endosome-mediated nuclear translocation (103, 104). These nuclear ErbB
proteins can either regulate transcription or act as protein kinases (103). As an endocytic
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protein, it will be interesting to investigate whether Numb regulates ALK nuclear
translocation by endocytosis, and therefore regulates potential ALK nuclear functions
such as transcription or as a nuclear tyrosine kinase.

Figure 4.3 The cleavage of Notch, ErbB4 and VEGFR-1 receptors. Upon ligand
binding, TACE protease initially cleaves the extracellular region of the receptor followed
by cleavage by y-secretase within the transmembrane region of the receptor. This figure
is adapted from Boulton (2008) (98).

4.6 Erk and Akt
Erk is a downstream signal of ALK in the MAPK signaling pathway, with Erk
phosphorylation levels increasing upon ALK activation. However, when Numb is present,
the Erk phosphorylation level decreased. This result suggests that Numb interferes with
the activation of the downstream MAPK signaling pathway, possibly by reducing the
expression levels of ALK. Consistent with this possibility, the activation of ALK and the
subsequent phosphorylation of Erk has been shown to promote neural differentiation (64,
65), while the Numb isoforms with the insertion in the PTB domain (which was used in
this study) actually decreased Erk phosphorylation levels and did not have any effect on
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neural differentiation (105). Future studies that express various isoforms of Numb
together with ALK activation or inhibition would be useful in delineating the isoformspecific effect of Numb in Erk activation.
In contrast to Erk, the phosphorylation levels of Akt did not show any significant
change in HEK-293/ALK stable cell line (H370) upon ALK activation. Yet Numb
seemed to slightly increase Akt phosphorylation, independently of ALK activation.
Therefore, Numb may affect the Akt signaling pathway via a different mechanism from
its interaction with ALK.

4.7 Numb isoform effects
Originally, Numb was discovered as a neuronal fate determinant which promotes
neural differentiation. Previous studies report that ALK promotes PC 12 cells to
differentiate into neurons, suggesting ALK is also involved in neural differentiation.
However, results from the present study suggest that Numb antagonizes ALK
biochemically and probably physiologically. The apparently conflicting functions of
Numb could be explained by the presence of different Numb isoforms. Mammalian
Numb has four isoforms: PTBi/PRRi, PTBi/PRRo, PTBo/PRRi, and PTBo/PRRo
(PTBi/PTBo: PTB with/without insertion; PRRi/ PRRo: PRR with/without insertion,
respectively). It has been reported that the PTBo-Numb isoform increases Erk
phosphorylation in PC 12 cells treated with NGF and therefore promotes neural
differentiation of PC 12 cells, while the

PTBi-Numb

isoform decreases

Erk

phosphorylation in NGF treated PC 12 cells and did not have any effect on neural
differentiation of PC 12 cells (105). It was also found that the PRRi-Numb iso forms were
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expressed in undifferentiated cortical progenitors cells and promoted the proliferation of
neural crest stem cells, while the PRRo-Numb isoforms were expressed prominently
during differentiation and contributed to an enhanced neuronal differentiation (106). The
Numb isoform prominently used in this thesis was PTBi/PRRi-Numb. According to the
reports on the functions of different Numb iso forms mentioned above, PTBi/PRRi-Numb
plays a role in undifferentiated neural progenitor proliferation and inhibition of Erk
activation, which is consistent with results obtained from this study.

4.8 Conclusions and Future directions
In summary, Numb is able to interact with ALK likely through its PTB domain.
Two putative Numb binding motifs were identified on ALK, namely NMAF (1477-1480)
and NYGY (1583-1586). However, there may exist other binding motifs for Numb on
ALK and the roles of these various motifs in the Numb-ALK interaction await further
investigation. The Numb-ALK interaction is enhanced upon ALK activation, and is
attenuated upon ALK inhibition. The interaction between Numb and ALK led to a
decrease in the level of the full-length ALK but an increase in the 140 KDa short species
of ALK, suggesting Numb may be involved in endocytosis and/or cleavage of ALK upon
its activation. Numb facilitates translocation of ALK (either the 140 kDa short form or
the full-length species) from the plasma membrane into the nucleus.

Furthermore,

decreased level of the full length ALK in the presence of Numb was accompanied with
decreased phosphorylation of Erk, the downstream target of activated ALK. Thus the
interaction of Numb with ALK may serve as a negative regulator to prevent sustained
activation of the ALK signaling pathway.
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