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Abstract
Protein-protein interactions (PPIs) play essential roles in Anaplastic Lymphoma Kinase (ALK) signaling.
Systematic characterization of ALK interactors helps elucidate novel ALK signaling mechanisms and
may aid in the identification of novel therapeutics targeting related diseases. In this study, we used the
Mammalian Membrane Two-Hybrid (MaMTH) system to map the phospho-dependent ALK interactome.
By screening a library of 86 SH2 domain-containing full length proteins, 30 novel ALK interactors were
identified. Many of their interactions are correlated to ALK phosphorylation activity: oncogenic ALK mutations potentiate the interactions and ALK inhibitors attenuate the interactions. Among the novel interactors, NCK2 was further verified in neuroblastoma cells using co-immunoprecipitation. Modulation of
ALK activity by addition of inhibitors lead to concomitant changes in the tyrosine phosphorylation status
of NCK2 in neuroblastoma cells, strongly supporting the functionality of the ALK/NCK2 interaction. Our
study provides a resource list of potential novel ALK signaling components for further study.
Ó 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction
Protein kinases are one of the largest families in
the human genome and play critical roles in
regulation of different cellular functions including
various signaling pathways.1,2 Dysfunction of protein kinases is associated with a wide range of

human diseases such as cancer, making them
important therapeutic targets.3 Receptor Tyrosine
Kinases (RTKs) are a group of protein kinases that
are key components of many essential cellular signaling pathways, and thus are important regulators
in various processes such as cellular growth, proliferation and differentiation.4–7 In general, RTKs usu-

0022-2836/Ó 2021 The Authors. Published by Elsevier Ltd.This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Journal of Molecular Biology 433 (2021), 167283

F. Aboualizadeh, Z. Yao, J. Guan, et al.

Journal of Molecular Biology 433 (2021) 167283

ally respond to extracellular chemical signals such
as growth factors, which bind to RTKs and lead to
their activation through conformational and functional changes.8 The activated kinase consequently
autophosphorylates tyrosine residues on the intracellular region of the protein either in a trans or a
cis mode. The phosphorylated tyrosine residues
then recruit downstream signaling molecules which
contain the Src Homology 2 (SH2) domain and/or
PhosphoTyrosine-Binding (PTB) domain. The SH2
domain is responsible for phosphotyrosine binding
and there are 120 SH2 domains identified in 111
proteins in human genome.9 In contrast, despite
approximately 60 human PTB domain-containing
proteins identified,10 only a small fraction (16 proteins) are specialized in phosphotyrosine-binding,
with a preference for context amino acid sequences
around the ligand phosphotyrosine residues distinct
from those for SH2 domains. SH2/PTB proteins can
be enzymes, regulatory proteins, or adaptor proteins and relay signal to diverse downstream components along the signaling pathways.5,11,12
Among all SH2/PTB proteins, four of them contain
both SH2 and PTB domains.
Anaplastic Lymphoma Kinase (ALK) is an RTK
that executes its physiological function in the
nervous system. Expression of ALK mRNA
appears in the nervous system throughout the
process of embryogenesis and is decreased after
birth. However, the exact biological function of
ALK still largely remains unclear, although roles in
neurogenesis,
hormonal
regulation
and
metabolism have been reported.13–19 ALK is also
involved in the development of multiple tumors
through gain-of-function mutations, gene rearrangement or overexpression.20,21 Therefore, it is
considered as an attractive therapeutic target.
Indeed, several ALK inhibitors have been developed to treat ALK related tumors, including FDA
approved drugs.
Dissecting the exact molecular mechanisms of
ALK signaling is essential not only for
understanding the biological function of ALK but
also for identifying novel targets and developing
new treatments for ALK related tumors. It has
been revealed that physiological activation of
ALK is initiated through its ligands ALKAL1 and
ALKAL2 which were identified recently.22,23 Activated ALK propagates signal to multiple downstream signaling pathways such as RASERK1/2, PI3K-AKT, PLCc-PKC and JAKSTAT.24–26 A key step along the signal relay
occurs at the membrane level: activated ALK
undergoes autophosphorylation on tyrosine residues and recruits different SH2/PTB proteins such
as SHC1, GRB2, FRS2, IRS1 and more. However, comprehensively profiling the pattern of protein recruitment is difficult to achieve using
classical biochemical methods due to the complex
biophysical and biochemical features of membranal environment.

The
Mammalian
Membrane
Two-Hybrid
(MaMTH)27–30 allows us to study full-length integral
membrane proteins in their native mammalian cell
environment in a high throughput manner and livecell context. MaMTH is a split ubiquitin-based
method wherein a membrane protein bait is tagged
with the C-terminal half of ubiquitin (Cub) followed
by a chimeric transcription factor (TF). The prey protein is tagged with the N-terminal half of ubiquitin
(Nub). Interaction of bait and prey allows reconstitution of the split ubiquitin, leading to proteolytic cleavage by recruited deubiquitinating enzymes (DUBs)
and TF release. The TF then enters the nucleus
and causes the expression of a reporter gene, such
as luciferase or green fluorescent protein (GFP),
previously introduced into the host cell line.27
Here we present the phospho-dependent ALK
interactome revealed by targeted MaMTH
screening of a library of SH2/PTB containing
proteins. We show that oncogenic activating ALK
mutations enhance these interactions, while ALK
inhibitor can attenuate them. Moreover, the
phosphorylation of NCK2, a new ALK interactor
identified in the screen, is highly correlated with its
binding to ALK. Our data reveal a panel of new
potential components involved in ALK signaling.

Results
Characterization of ALK “baits” in the MaMTH
system
We first created MaMTH cell lines stably
expressing either ALK wild type (WT),
constitutively active (F1245C or L1196M) mutant
or kinase-dead (I1250T) mutant “bait” proteins.
These were generated by introducing the ALKCub-TF cDNA into the target genomic site of a
parental reporter cell line, which is a Flp-In T-REx
HEK 293 cell line (Thermo) containing Gaussia
princeps luciferase reporter gene. The expression
of the four ALK bait variants was under the control
of a tetracycline-inducible promoter. A V5 tag was
included in the bait construct, allowing verification
of bait expression by Western blot with a-V5
antibody (Figure 1(a)). Plasma membrane
localization of ALK “bait” was also verified by cell
surface biotinylation assay (Figure 1(b)),
suggesting that the tagging of the ALK molecule
for use in the MaMTH assay does not interfere
with its sorting or localization.
We next tested whether the MaMTH system
could be employed to detect ALK PPIs using three
known ALK interactors, SHC1, RACK1 and
PDLIM3.31–33 PEX7, a peroxisomal membrane protein,34 was used as a negative control. The expression of the different “prey” proteins was verified
using Western blot analysis with a-FLAG antibody
(Supplementary Figure 1). As shown in Figure 1
(c), all three previously reported ALK interactors
when fused to Nub showed significant luciferase
2
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Figure 1. Characterization of ALK bait in MaMTH system. (a) Tetracycline induced expression of WT ALK, active
(F1245C and L1196M) and kinase-dead (I1250T) mutants were assessed using Western blot analysis with a-V5
antibody. a-Tubulin was used as a loading control. (b) A surface biotinylation assay was performed to assess the
localization of MaMTH-tagged WT and mutant ALK to the plasma membrane. (c) MaMTH assay with three known
interactors against WT ALK and mutants in the presence and absence of tetracycline is represented. PEX7 was used
as a negative control. Significance was assessed with an unpaired two-tailed t-test. *P < 0.05, **P < 0.01,
***P < 0.001.

signal in the MaMTH assay, in contrast to
Nub-PEX7 which did not display any detectable
interaction with ALK. No luminescence or only basal
level signal was detected in all samples without
induced bait expression (0 mg/ml tetracycline).
Moreover, the MaMTH assay showed significantly

higher luciferase signals for constitutively active
ALK mutants than WT while in all cases the
kinase-dead mutant displayed a markedly reduced
signal. Western blot showed similar levels of ALK
“bait” expression (Supplementary Figure 1(a)),
excluding the possibility that the differences in
3
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signal observed are derived from unequal bait
expression and suggesting the variations in interaction are related to ALK activity.

interactors obtained from this study and other
PPIs not covered by this MaMTH screen
demonstrated numerous mutual interactions
between the components of the networks with
ALK as the central hub, suggesting the complexity
and redundancy of the ALK signaling network
(Figure 2(c)). We further performed pathway
analysis35 to identify pathways enriched with hits
either from the screen or from the prediction. Comparison of the pathways showed that both detected
preys and the predicted interactors are enriched in
similar pathways although with different preference
(Supplementary Figure 2).

Phospho-dependent interactome mapping of
ALK variants using MaMTH
Phosphotyrosine-dependent PPIs involve SH2/
PTB domains and play essential roles in the ALK
signaling network. We therefore aimed to reveal
this interactome using the MaMTH system in the
aforementioned WT ALK cell line. The screen was
performed against a “prey” library of full-length
ORFs containing SH2 domains. From 123 human
SH2 containing proteins, we collected 86 cDNAs
(3 of which also contained the PTB domain) and
constructed the library by cloning them into the Nterminal Nub vector (Supplementary Table 1). The
“prey” plasmids were then individually transfected
into the corresponding ALK “bait” reporter cells in
an arrayed format and interactions were
measured based on luminescence signal, with
PEX7 “prey” used as a negative control (Figure 2
(a)).
Among all the “preys” tested, 34 proteins showed
a significant difference from the negative control
and therefore were considered as ALK interactors
(Figure 2(b)). Among them, four (SRC, SHC1,
PIK3R1 and CRKL) were previously known.
Among the 30 novel ALK-interactors, 18 PPIs can
be predicted by computational analysis (Figure 2
(c)). Interestingly, network analysis on the

The effects of oncogenic mutations on novel
ALK interactions
ALK gain-of-function mutants function as drivers
in the development of some tumors.24 We therefore
sought to investigate whether oncogenic ALK mutations affected the interaction of ALK with the new
SH2 interactors using two constitutively active
mutants, F1245C36 and L1196M.37,38 Prior to
MaMTH testing, however, we first examined the
phosphorylation status of the ALK mutants in the
cells used for MaMTH (Figure 3(a)). Western blot
analysis showed strong phosphorylation at residue
Y1604 in the oncogenic ALK F1245C and L1196M
mutants. In contrast, WT ALK only displayed a low
level of phosphorylation. Anti-phosphotyrosine blotting detected using pY99 antibody also showed
multiple bands of phosphotyrosine with different

Figure 2. Targeted mapping of the ALK interactome using MaMTH. (a) Overview of targeted MaMTH mapping of
SH2/PTB interactors with ALK. (b) Results of a MaMTH screen of WT ALK against a prey library of 86 SH2/PTB
proteins are shown. Data is represented as a percentage of signal over that of positive control (transcription factor).
Significance was assessed by unpaired two-tailed t-test. Preys with signals above an arbitrary cutoff value (2-fold
increase as compared to negative control) were identified as positive. (c) Network of ALK interactome. The analysis
was performed using NAViGaTOR.
4
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Figure 3. The effects of ALK mutation on its novel PPIs. (a) Expression and activation of ALK were evaluated by
Western blot analysis with different antibodies as indicated. Tubulin was used as a loading control. (b) Evaluation of
interactions of WT or mutant (F1245C, L1196M and I1250T) ALK variants with novel interactors using MaMTH. PEX7
was used as a negative control. Data is represented as a percentage of positive control (transcription factor).
Significance was assessed by unpaired two-tailed t test. *P < 0.05, **P < 0.01, ***P < 0.001.

molecular weights which appeared only in the samples of active ALK mutants, suggesting the activation of downstream signaling pathways by active
mutants. The major band appearing in mutants
was located at 250 kDa, corresponding to the
ALK protein and consistent to its activation.
ERK1/2 were also activated in cells expressing
the active ALK mutants. Taken together, these
results indicate that both F1245C and L1196M were
autonomously activated in the MaMTH system and
initiated the activation of downstream signaling
pathways. In parallel, the kinase dead mutant,
I1250T,39 was used as negative control and, in contrast to F1245C and L1196M, most tyrosine phosphorylation was completely abolished in these
cells, indicating that I1250T ALK indeed behaves
as a kinase dead mutant.
We then used MaMTH to examine the
interactions of our 30 novel SH2 interactors with
our oncogenic ALK mutants (Figure 3(b)). As a
positive control, SHC1 displayed the expected
behavior: significantly increased interaction signals
were observed with F1245C and L1196M
mutants, while the inactive I1250T mutant led to
marked reduction of signal, compared to WT ALK.
Some of the novel SH2/PTB interactors, such as
ABL, CBLC, SHC4, SYK, LYN and NCK2,
presented a pattern of interaction highly similar to
SHC1, thereby showing a strong correlation
between binding and ALK activity. Others
displayed different interaction dynamics. For
example, no significant difference between WT
and oncogenic mutants was observed with some
interactors such as SH2D4B, SLA2, SRMS,
STAP1, CRK, SHD and SOCS3. Interestingly,
some interactors, such as HSH2D, LCP2, SH2B1,
SH2D4A, SHB, SHD, SHF, SLA, STAT2 and

ZAP70 did not display any observable differences
between WT and inactive mutant ALK. The
differential interaction dynamics presented by
these SH2/PTB proteins might reflect diverse
mechanisms of interaction. One possibility is that
the regulation by different PTKs and PTPs
produces varied phosphorylation kinetics of the
responsible tyrosine residues, which further leads
to different binding patterns of the involved
interactors. The exact mechanisms involved merit
further in-depth investigation in the future.
Interestingly, the binding of a subfamily of SH2
adaptors (SHB, SHD and SHF) was not
significantly enhanced by active ALK mutations,
leaving a possibility that it may undertake through
a SH2-independent manner.
The effects of ALK inhibitor treatment on novel
ALK partner interactions
ALK is a valuable therapeutic target for related
tumors24,36 and multiple ALK tyrosine kinase inhibitors have been developed, including several that
have been approved for clinical use.40,41 We therefore sought to evaluate how ALK inhibitor affects
our newly detected ALK interactions. Firstly, the
ability of the ALK inhibitor brigatinib41 to reduce
WT ALK phosphorylation (judged with a-pY1604
ALK immunoblotting) and ERK1/2 activation was
confirmed in our MaMTH reporter cell line (Figure 4
(a)). We then selected a subset of newly identified
ALK interactors, all of which showed reduced interaction with inactive ALK, and tested their interaction
with WT ALK in presence of brigatinib (Figure 4(b)).
All newly identified ALK-interactors demonstrated a
significant reduction of interaction with ALK when
treated with brigatinib. This reduction was not
5
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derived from reduced prey expression in brigatinibtreated cells as confirmed by Western blot analysis
(Supplementary Figure 3(a)), or from lower cell
number as confirmed by cell viability testing (Supplementary Figure 3(b)). Consistent with our observation with constitutively active ALK, these results
indicate that the interaction of these preys with
ALK is phosphotyrosine dependent.

a phospho-dependent manner, are shown in
Figure 5(a).
Interestingly, in the a-pY1000 blots of both lysates
and immunoprecipitants from SK-N-AS (ALK teton)
cells, a strong band at the position of NCK2
appeared on ALKAL2 stimulation that was absent
in the crizotinib treated sample (Figure 5(a)),
strongly suggesting that NCK2 underwent tyrosine
phosphorylation upon ALK activation. This was
verified using two approaches. Firstly, CLB-BAR
cells, a neuroblastoma cell line expressing
endogenous active ALK mutant variant, were
stimulated with ALKAL2. Tyrosine phosphorylated
proteins were then immunoprecipitated using apY1000 antibody and activation of ALK signaling
by ALKAL2 and inhibition by crizotinib were
verified
by
a-pY1000
and
a-pERK1/2
immunoblotting (Figure 5(b)). Blotting with a-ALK
antibody detected increased levels of ALK protein
in a-pY1000 precipitants, and this increase was
abrogated in crizotinib treated samples (Figure 5
(b)). A similar pattern was observed with when
a-pY1000 immunoprecipitates were blotted with
a-NCK2 antibodies, suggesting that activation of
ALK leads to an increased level of NCK2 tyrosine
phosphorylation
(Figure
5(b)).
We
also
investigated NCK2 phosphorylation in a previously
reported neuroblastoma dataset, in which cells
were treated with the ALK inhibitor lorlatinib.26 In
this phosphoproteomics analysis of ALK downstream signaling components, three independant
neuroblastoma cells (CLB-BAR, SK-N-AS and
CLB-GEMO), were treated with the ALK inhibitor
lorlatinib and proteins subjected to MS analysis.

Validation of the ALK/NCK2 interaction in
cancer cells
Among the novel ALK interactors identified in our
MaMTH analysis, NCK2 showed increased
interaction with oncogenic ALK and attenuated
interaction with inactive ALK. We undertook to
further characterize the ALK/NCK2 interaction in
cancer cells. We first transfected NCK2-HA into
the human neuroblastoma cell line SK-N-AS
(ALK-teton) that stably expresses ALK under the
control of the Tet-On promoter. Upon ALK
expression induced by doxycycline, cells were
stimulated with the ALKAL2 ligand, alone or in
presence of the ALK inhibitor crizotinib, and ALK
activation status was monitored with antiphosphotyrosine immunoblotting. Additionally, cell
lysates were subjected to immunoprecipitation
using a-HA antibody and subsequent Western blot
analysis
showed
that
ALK
was
coimmunoprecipitated with NCK2. Importantly,
treatment with the ALK inhibitor crizotinib
completely abolished the interaction. The results
of these experiments, which further confirmed our
previous findings that NCK2 interacts with ALK in

Figure 4. Effect of ALK inhibitor on the interactions of ALK and its novel interactors. (a) The expression and
activation of WT ALK in the presence of brigatinib were assessed using Western blot analysis with the indicated
antibodies. a-Tubulin was used as a loading control. (b) MaMTH testing of WT ALK interactions in the presence of the
ALK inhibitor brigatinib (25 nM). PEX7 was used as a negative control. Data is represented as a percentage of signal
over positive control (transcription factor). Significance was assessed with unpaired two-tailed t test. *P < 0.05,
**P < 0.01, ***P < 0.001.
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Figure 5. NCK2 interacts with ALK and is phosphorylated in response to ALK activation. (a) Ectopic expression of
HA-tagged NCK2 (NCK2-HA) in ALK inducible neuroblastoma SK-N-AS (ALK-teton) cells. Expression of ALK was
induced by doxycycline (1 lg/ml) for 24 hours and cells were treated with either ALKAL2 (0.5 lg/ml) or crizotinib
(250 nM) as indicated. Immunoprecipitation (IP) was performed with anti-HA antibody conjugated to agarose beads.
IP products and cell lysates were subjected to Western blotting analysis. Arrows indicate the IgG heavy chain. (b)
ALK-driven CLB-BAR neuroblastoma cells were treated with ALKAL2 (0.5 lg/ml) or crizotinib (250 nM) as indicated.
Cell lysates were subjected to IP with anti-phosphorylated tyrosine antibody (pY-1000). IP products and lysates were
then analysed with antibodies as indicated. pAKT and pERK1/2 were used to assess ALK signaling activity. (c)
Analysis of data extracted from 26 wherein CLB-BAR, SK-N-AS and CLB-GEMO cells were treated with lorlatinib
(30 nM) for one hour prior to cells lysis and trypsin digestion followed by mass spectrometry. Abundance of NCK2
phosphotyrosine peptides from experimental duplicates is presented. Mean values are plotted as black bars.

Phosphorylation on three NCK2 tyrosine residues,
Y50, Y110 and Y251, were identified in CLB-BAR
and CLB-GEMO, and their phosphorylation status,
in particular that of Y50 and Y251, was reduced
on ALK inhibition. In contrast, while phosphorylation
of Y110 and Y251 on NCK2 was detected in SK-NAS cells, their phosphorylation, particularly that of
Y251, was insensitive to ALK inhibition. Thus,
NCK2 phosphorylation in these cell lines reflects
ALK activity status, with both CLB-BAR and CLBGEMO that are driven by ALK mutant variants displaying decreased NCK2 tyrosine phosphorylation
in response to lorlatinib. As expected, the tyrosine
phosphorylation status of NCK2 in the SK-N-AS
neuroblastoma cell line, which is not ALK driven,
was relatively insensitive to ALK inhibition. Taken
together, these data demonstrate that NCK2 interacts with ALK and undergoes tyrosine phosphorylation upon ALK activation.

tively dimerized and therefore activated without
stimulation. Another mechanism is ALK gain-offunction mutation which is a driver oncogene in neuroblastoma. In addition, overexpression of ALK may
also play a role in some cancer development.
Similar to many RTK pathways, signaling initiated
by activated ALK will be transited to various
downstream signaling pathways through multiple
tiers of events. A key step is to recruit a panel of
adaptor proteins or enzymes directly or indirectly
to its phosphotyrosine residues through their SH2/
PTB domains. This step determines the specificity
and kinetics of downstream signaling. Elucidating
the phospho-dependent interactors associating
with ALK help us understand the full mechanism
of ALK and design new treatment for ALK related
diseases. Due to technical difficulties, systematic
mapping of these types of PPIs were usually
performed in in vitro systems against SH2 domain
libraries. In this study, we used the live cell-based
MaMTH system to thoroughly examine the
interaction of ALK with full length SH2 proteins in
their native plasma membrane environment.
Thirty-four PPIs were identified in this study, most
of which (30 PPIs) have not been reported
previously. We further demonstrated that many of
them interact with ALK in an ALK activation
dependent manner: interactions were enhanced
with active ALK mutations and attenuated by ALK
inhibitor. All these data suggest that the new
interactors may be potential novel components in
ALK signaling pathways. A panel of questions still
remain. For example, which tyrosine residues on
the ALK protein are responsible for recruiting

Discussion
Although the pattern of ALK expression suggests
a role in the nervous system, its exact physiological
function remains largely unknown. ALK knockout
mice are viable and do not demonstrate severe
defects except several psychological and
endocrinological changes.16–19 In contrast, the role
of ALK in cancer development has been well elucidated. One mechanism occurring in multiple tumors
is genomic rearrangement of the ALK gene which
leads to the expression of a fusion protein with
ALK at its C-terminus. The fusion protein is constitu7
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these interactors? Do these PPIs occur directly or
indirectly through another scaffold molecule?
What are the exact functions of these PPIs and
which downstream signaling pathways are
regulated by these PPIs? These questions need
to be addressed in the future.
NCK2 is one of the newly identified ALKinteractors identified in this proteomics interaction
screen. As an adaptor protein containing three
SH3 domains and one SH2 domain, the major
function of NCK2 is to regulate the organization of
the actin cytoskeleton. It thereby connects RTKs
at the cell surface to the cytoskeleton and is
involved in multiple signaling pathways.42,43 Several
studies suggested that NCK2 may play roles in certain processes in some tumors.44,45 The ALK/NCK2
interaction was further characterized. We verified
the interaction using co-immunoprecipitation and
found NCK2 itself also undergoes tyrosine phosphorylation. Both the interaction and phosphorylation occur in an ALK activation dependent
manner. Investigation of previously reported mass
spectrometry datasets identified three phosphotyrosine residues, pY50, pY110 and pY251, that are
differentially responsive to ALK activity on NCK2
in neuroblastoma cells.26 Interestingly, Y50 and
Y251 are located within two different SH3 domains
in NCK2, and Y110 is at the border of the second
SH3 domain. Previous studies have suggested that
these phosphorylations might regulate the function
of SH3 domains,46 which needs to be verified in
the context of ALK signaling. More importantly, the
exact function of NCK2 in ALK signaling, especially
in the context of tumor development, deserves full
exploration in the future.
The phospho-dependent ALK interactome map in
the current study provides a new resource for
studying ALK signaling. Although many questions
regarding these PPIs still remain open, they may
open new avenues of investigation towards fully
understanding ALK signaling and designing novel
therapeutics to related diseases.

vector expressing the N-terminal half of ubiquitin
(Nub) and FLAG tag.27 Nub-preys were generated
using Gateway cloning (Thermo Fisher Scientific).
Generation of stable ALK cell line
The HEK293 cell line stably expressing ALK-CubTF was generated under the control of a
tetracycline-inducible promoter using the Flp-In
T-REx system, by introducing ALK-Cub-TF into a
HEK293 cell line stably expressing Gaussia
luciferase reporter. HEK293 reporter cells were
grown at 37 °C/5% CO2 in DMEM/10% FBS/1%
PS media in six-well plates at 400,000 cells per
well to 60–70% confluency. Cells were transfected
with 100 ng of bait construct and 900 ng of
pOG44 using X-tremeGENE 9 DNA transfection
reagent (Roche). After 5 hours, media containing
transfection reagent was replaced with fresh
DMEM/10% FBS/1% PS. Cells were grown for 48
hours and then split one in two into new six-well
plates using DMEM/10% FBS/1% PS + 100 lg/ml
hygromycin and grown until individual foci
appeared.
Generation of ALK active and kinase-dead
mutants
ALK active and kinase-dead mutants were
generated via site-directed mutagenesis using
KAPA high fidelity PCR master mix (Thermo
Fisher Scientific). The ALK baits were then
transfected into HEK293 cell line stably
expressing Gaussia luciferase reporter to
generate the stably integrated mutant ALK baits
using Flp-In T-REx system. Transfections were
done using X-tremeGENE 9 DNA transfection
reagent (Roche) as per the manufacturer’s
instructions.
Western blot analysis
Cells were lysed in buffer H (50 mM bglycerophosphate pH7.3, 1.5 mM EGTA pH8.0,
1 mM EDTA pH8.0, 1 mM DTT, 0.1 mM vanadate
and 1% Triton X-100 supplemented with protease
inhibitors (Roche)). After centrifugation at
13,000 rpm for 10 min, the supernatants were
boiled in Laemmli sample buffer for 3–5 minutes.
Protein quantification was performed using the
BCA protein assay reagent (Pierce) according to
the manufacturer’s protocol before addition of
Laemmli sample buffer. Western blot analyses
were performed after separation by SDS–PAGE
and transferred to nitrocellulose membranes.
Antibodies used for Western blot analyses were:
anti-V5 (Cell Signalling Technology, 1:10,000),
anti-FLAG (Cell Signalling Technology, 1:10,000),
phospho-ERK (Thr202/Tyr204; Cell Signalling
Technology, 1:10,000), total ERK1/2 (Cell
Signalling Technology,1:10,000), pAKT S473 (Cell
Signalling Technology,1:5000), ALK (D5F3; Cell

Materials and methods
Generation of Flp-In T-REx compatible ALK
bait construct
MaMTH bait vector expressing C-terminal half of
ubiquitin (Cub) fused to GAL4TF and tetracyclineinducible promoter was used to generate Cterminally tagged of ALK bait (ALK-Cub-TF) using
Gateway cloning (Thermo Fisher Scientific) which
is compatible with the Flp-In T-REx system. The
GAL4TF comprises amino acids 1–147 of GAL4
fused to amino acids 364–550 of mouse NF-jB
(GAL4 (1–147)-mNF-jB (364–550)).27
Generation of N-terminally tagged preys
N-terminally tagged MaMTH prey (Nub-Prey)
constructs were generated using MaMTH prey
8
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Signalling Technology, 1:2000), phospho-ALK
(Tyr1604; Cell Signalling Technology, 1:1000),
phospho-tyrosine (pY-1000; Cell Signalling
Technology, 1:2000), phospho-tyrosine (Tyr99;
Santa Cruz Biotechnology, 1:10,000), NCK2
(mouse monoclonal antibody (8.8); Santa Cruz
Technology,
1:1000),
HA
(clone
16B12;
BioLegend, 1:5000) and anti-tubulin (Cell
Signalling Technology, 1:10,000).

the cells 1 hour before the addition of ALKAL2.
Non-treated cells were used as control. Cells were
lysed as above, and lysates were incubated with
5 ll of pY-1000 antibody for 2 hours at 4 °C. 20 ll
of protein G Sepharose beads (GE healthcare)
were then added and further incubated at 4 °C
overnight. Beads were washed four times with
lysis buffer prior to boiling in 40 ll of 1 SDS
sample buffer. Both input lysates and
immunoprecipitation products were separated by
9% SDS-PAGE gel and blotted with antibodies as
indicated in the figures.

MaMTH assay
HEK293 cell line stably expressing ALK-Cub-TF
was seeded in 96-well plate at 20,000 cells per
well and grown at 37 °C/5% CO2 in DMEM/10%
FBS/1% PS media for 5 hours to 50–60%
confluency. 120 ng of N-terminally tagged preys
were transfected into HEK293 cell line stably
expressing ALK-Cub-TF using polyethylenimine
(PEI) Max (Polysciences). After 24 hours, 0.5 mg/
ml tetracycline was added to the cells to induce
bait expression. The cells were grown at 37 °C
under an atmosphere of 5% CO2 for 18 hours.
luciferase
activity
was
measured
by
chemiluminescence using 20 ll of 20 lM
coelenterazine per well. Luciferase activity was
measured from at least three independent
experiments and significance was based on P
values after two-tailed unpaired t-test calculations
compared to controls.

Cell surface biotinylation assay
HEK293 cell line stably expressing ALK-Cub-TF
was seeded in 6-well plate at 400,000 cells per
well and grown at 37 °C for 24 hours. 0.5 mg/ml
tetracycline was added to the cells to induce bait
expression. After 24 hours, cells were washed
twice with ice-cold PBS and biotinylated using
0.5 mg/ml biotin (Thermo Fisher Scientific) for
30 min at 4 °C. Cells were lysed in lysis buffer
(50 mM Tris pH7.5, 150 mM NaCl, 1.5 mM EGTA
pH8.0, 1 mM EDTA pH8.0, 0.1 mM vanadate and
1% Triton X100 supplemented with protease
inhibitors (Roche)). After centrifugation at
13,000 rpm for 10 min, the supernatants were
used for pull-down using streptavidin-agarose
beads (Thermo Fisher Scientific). Beads were
washed twice with LiCl-Tris (0.1 M LiCl in 0.5 M
Tris pH 8.0) and twice with wash buffer (50 mM
Tris, 150 mM NaCl, 0.5 M EDTA pH 8.0), boiled in
Laemmli sample buffer and run on a 10% SDSPAGE gel.

Co-immunoprecipitation
ALK inducible SK-N-AS (ALK-teton) cells in 6-cm
dishes were transfected with 2 lg of pcDNA3NCK2-HA plasmid. Six hours post transfection,
medium was changed and supplemented with
1 lg/ml doxycycline to induce ALK expression.
After 24 hours of induction, ALK was stimulated
with ALKAL2 ligand for 10 minutes prior to lysis.
To inhibit ALK activity, 250 nM of crizotinib was
added to cells 1 hour prior to addition of ALKAL2.
Non-treated cells were used as control. Cells were
lysed in 0.5 ml of lysis buffer (50 mM Tris-Cl,
pH7.4, 250 mM NaCl, 1 mM EDTA, 1 mM EGTA,
0.5% Triton X-100, cOmplete protease inhibitor
cocktail and PhosSTOP phosphatase inhibitor
cocktail) on ice for 20 minutes prior to clarification
by centrifugation at 14,000 rpm at 4 °C for 15
minutes. 30 ll of supernatant was taken and used
as input control, and the remaining sample was
incubated with 20 ll of HA agarose beads
(ThermoScientific) for 6 hours at 4 °C. Then the
beads were washed four times with lysis buffer
and boiled in 40 ll of 1 SDS sample buffer. Both
input lysates and immunoprecipitation products
were separated by 9% SDS-PAGE gel and blotted
with antibodies indicated in the figures.
ALK-driven neuroblastoma CLB-BAR cells in 6cm dishes were stimulated with 0.5 lg/ml of
ALKAL2 for 10 minutes prior to lysis. To inhibit
ALK activity, 250 nM of crizotinib was added to

Computational analysis
Previously detected and predicted ALK partners
were obtained from IID47 version 2021–05. Proteins
were annotated with kinase activity (GO:0016301),
phosphatase activity (GO:0016791), and signaling
adaptor activity (GO:0035591) using Gene Ontology annotations48,49 release 2021-02-01, downloaded from the Gene Ontology Consortium
(http://geneontology.org/). Disease, pathway, and
tissue annotations were based on DisGeNET50 version 6.0, pathDIP35 version 4.0.21.4, and IID47 version 2021-05, respectively. Pathway enrichment
was determined using pathDIP35 version 4.0.21.4,
and results were plotted using the ggplot2 library
version 3.3.5 in R version 4.0.5.
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