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Signals from cell surface receptors are often relayed via
adaptor proteins. NCK1 and NCK2 are Src-Homology (SH)
2 and 3 domain adaptors that regulate processes requir-
ing a remodeling of the actin cytoskeleton. Evidence from
gene inactivation in mouse suggests that NCK1 and NCK2
are functionally redundant, although recent reports sup-
port the idea of unique functions for NCK1 and NCK2. We
sought to examine this question further by delineating
NCK1- and NCK2-specific signaling networks. We used
both affinity purification-mass spectrometry and BioID
proximity labeling to identify NCK1/2 signaling networks
comprised of 98 proteins. Strikingly, we found 30 proteins
restricted to NCK1 and 28 proteins specifically associated
with NCK2, suggesting differences in their function. We
report that Nck2�/�, but not Nck1�/� mouse embryo fi-
broblasts (MEFs) are multinucleated and display extended
protrusions reminiscent of intercellular bridges, which
correlate with an extended time spent in cytokinesis as
well as a failure of a significant proportion of cells to
complete abscission. Our data also show that the mid-
body of NCK2-deficient cells is not only increased in
length, but also altered in composition, as judged by the
mislocalization of AURKB, PLK1 and ECT2. Finally, we
show that NCK2 function during cytokinesis requires its
SH2 domain. Taken together, our data delineate the first
high-confidence interactome for NCK1/2 adaptors and
highlight several proteins specifically associated with
either protein. Thus, contrary to what is generally ac-
cepted, we demonstrate that NCK1 and NCK2 are not
completely redundant, and shed light on a previously
uncharacterized function for the NCK2 adaptor protein
in cell division. Molecular & Cellular Proteomics 17:
1979–1990, 2018. DOI: 10.1074/mcp.RA118.000689.

NCK1 (Noncatalytic region of tyrosine Kinase 1; NCK�)1

and NCK2 (NCK�, GRB4) adaptors (collectively NCK) are
widely expressed proteins that are exclusively composed of
Src-Homology (SH) 2 and 3 interaction domains. NCKs con-
tain three SH3 domains, which generally associate with a
canonical P-X-X-P motif (1), and a single C-terminal SH2
domain that exhibits a preference for variations of the core
pY-D-X-V consensus (2). A comparison of protein sequences
revealed a 68% identity that can for the most part be attrib-
uted to these SH2-SH3 protein interaction domains (3). The
main function of NCK adaptor proteins is to link receptor
tyrosine kinase (RTK) activation to effectors involved in cyto-
skeletal reorganization, such as the Wiscott-Aldrich Syn-
drome Protein (WASP) and its associated proteins (WIPF1 to
�3) (1, 4, 5).

Very few studies reported functions unique to NCK1 or
NCK2. For example, activated Platelet-Derived Growth factor
Receptor (PDGFRB) associates via two different residues to
NCK1 (Y751) and NCK2 (Y1009), and only the latter interac-
tion regulates downstream signaling (6). In addition, NCK2 but
not NCK1 was reported to directly bind to EPH family RTKs
(EphRs) ligands, B-type ephrins, to initiate reverse signals
controlling the actin cytoskeleton (7–9). NCK2 was also found
to specifically associate with Paxilin (PXN) in neuronal cells to
facilitate neurite outgrowth (10). Finally, NCK2 was recently
highlighted as a regulator of adipogenesis, as NCK2- (but not
NCK1)-deficient mice display increased adiposity (11). Al-
though simultaneous inactivation of NCK1 and NCK2 genes is
embryonic lethal in mouse at mid-gestation (E9.5), single
knockout animals did not display any overt phenotype (12).
This suggests the existence of a substantial functional overlap
between NCK1 and NCK2 functions, at least during early
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development, despite reports pointing toward a degree of
specificity for each protein.

The successful analysis of protein complexes under phys-
iological conditions has been spearheaded by affinity purifi-
cation followed by mass spectrometry (AP-MS) (13). Although
this approach has proven useful to isolate and to characterize
intact protein complexes, including those that are dependent
on cell stimulation, it still presents limitations in that it requires
gentle lysis conditions to preserve interactions, which may not
be suitable for proteins with compartmentalized cellular local-
ization. In addition, AP-MS generally fails to capture weak/
transient interactions because of the purification process,
unless crosslinking is performed. Proximity labeling methods
relying on the biotinylation of neighboring proteins by spatially
restricted enzymes, for example BioID, were developed to
circumvent these issues (14). The covalent labeling of proteins
with biotin allows for cell solubilization under stringent condi-
tions and protein isolation without the strict requirement of
them being maintained in a complex for the duration of the
process. However, classical BioID does not allow for temporal
resolution because of long labeling times.

In this study, we used affinity purification-mass spectrom-
etry (AP-MS) and BioID proximity labeling to delineate NCK1
and NCK2 protein networks, which unexpectedly reveal many
interactors specific to each adaptor protein. The NCK2 net-
work is enriched for proteins related to the actin cytoskeleton.
Strikingly, we find that NCK2, but not NCK1, is localized at the
site of furrow ingression and at the midbody during cell divi-
sion, a process displaying the most extensive reorganization
of the actin cytoskeleton. The final stage of cell division,
cytokinesis, is a process during which the cytoplasm of the
parental cell is partitioned between two daughter cells to
terminate their physical separation (15, 16). This process re-
quires the dynamic interplay between components of actin
and tubulin cytoskeletons with the plasma membrane to co-
ordinate both the positioning and assembly of an actomyosin
ring (17). The mechanical constriction of this ring forces the
ingression of the cleavage furrow, leading to the formation of
the midbody. This protein-rich structure forms at the site of
overlap of antiparallel microtubules derived from the central
spindle and serves as an assembly platform and signaling hub
for the abscission machinery. Key factors implicated in for-
mation of the cytokinetic furrow are the kinases Polo-like
kinase 1 (PLK1) and Aurora-B (AURKB), which are collectively
responsible for phosphorylation and recruitment of factors

required for furrow ingression (18, 19). Failure in cytokinesis
can result in an incomplete separation of the two incipient
cells, thus leading to polyploidy or multinucleation (20, 21).

We investigated further the striking compartmentalization of
NCK2 at the midbody. We found that Nck2�/� cells delay in
cytokinesis, display longer intercellular bridges and often fail
to complete abscission. We also found that NCK2 regulation
of cytokinesis is dependent on its single SH2 domain, pre-
sumably via its interaction with putative tyrosine-phosphoryl-
ated targets. Together, our findings demonstrate a clear dis-
tinction in NCK1 and NCK2 interaction networks, as well as
unique subcellular localization and role for NCK2 during the
last stages of cell division, further supporting the notion that
NCK1 and NCK2 are not fully redundant in their functions.

EXPERIMENTAL PROCEDURES

Constructs and Sequences—Murine NCK1 (NCBI clone NM010878.3),
murine NCK2 (NCBI clone NM010879.3) and human EIF4B (NCBI
clone NM001300821.2) were subcloned into pMSCVpuro (Clontech)
with a N-terminal 3xFLAG tag, FLAG-BirA*-pcDNA5-FRT-TO (Thermo
Fisher Scientific, Waltham, MA), pcDNA3.1 (Thermo Fisher Scientific)
with a N-terminal 3xFLAG tag (Sigma-Aldrich, St. Louis, MO), or in
pLJM1-EGFP (Addgene, Cambridge, MA, Sabatini lab). Point muta-
tions were introduced using the Q5 mutagenesis kit (New England
Biolabs, Ipswich, MA) according to manufacturer instructions. All
inserts were fully sequenced and protein expression was verified.
siRNA sequences (Integrated DNA Technologies, Coralville, IA) were
as follows: (NCK1, Sense: rGrGrCrCrUrUrCrArCrUrCrArCrUrGrGrAr-
ArArGrUrUrUGC; Antisense: rGrCrArArArCrUrUrUrCrCrArGrUrGrAr-
GrUrGrArArGrGrCrCrUrA) (NCK2, Sense: rUrArArUrArCrArGrArUrGr-
ArUrUrArArGrGrArArArArCAG; Antisense: rCrUrGrUrUrUrUrCrCrUrUr-
ArArUrCrArUrCrUrGrUrArUrUrArGrU). Nontargeting DsiRNA sequences
provided by the manufacturer were used as negative control.

Cell Culture, Transfections, and Virus Infection—Human embry-
onic kidney 293T cells (HEK293T), Flp-In T-REx HEK293, HeLa
cervical carcinoma cells and mouse embryonic fibroblasts (MEF) were
cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Thermo
Fisher Scientific) high glucose supplemented with 10% fetal bovine
serum (Sigma-Aldrich). HEK293T stable cell lines expressing
3xFLAG-tagged NCK1 or NCK2 were selected with 1.5 �g/ml puro-
mycin (Thermo Fisher Scientific). Flp-In T-REx HEK293 stable lines
expressing NCK1 or NCK2 fused with BirA* were generated as de-
scribed (22), and grown in the presence of 150 �g/ml hygromycin
(Thermo Fisher Scientific). Expression was induced with 1 �g/ml
tetracycline for 24 h. For the BioID experiments, 50 �M biotin was
added at the time of induction. MEFs were generated as previously
described (23), then immortalized by the introduction of the SV40 T/t
antigens via transfection of the pBSV0.3T/t plasmid (kindly provided
by E. W. Khandjian, U. Laval) using jetPRIME (Polyplus, Illkirch,
France). HeLa cells were transiently transfected with 3xFLAG con-
structs using Lipofectamine 2000 (Thermo Fisher Scientific). HeLa
cells were synchronized 8 h post-transfection with a double thymidine
block as previously described (24), with a relaxation time of 10 h.
Transfections of siRNAs in HEK293T were performed using RNAiMAX
(Thermo Fisher Scientific). Lentivirus were produced by co-transfec-
tion of pLJM1-GFP constructs, pMD2G and psPAX2 (Addgene, Trono
lab). Viral supernatants were collected after 48h, filtered through a
0.45 �m membrane and supplemented with 8 �g/ml polybrene (Sig-
ma-Aldrich). Stable clonal lines were obtained by transducing
Nck2�/� MEFs and maintaining a 2 �g/ml puromycin selection.

1 The abbreviations used are: NCK, non-catalytic region of tyrosine
kinase; AP-MS, affinity purification-mass spectrometry; AURKB, Au-
rora-B; CIT, citron kinase; DMEM, Dulbecco’s Modified Eagle’s me-
dium; EphR, EPH family receptors; HEK293T, human embryonic kid-
ney 293T cells; MEF, mouse embryonic fibroblasts; PRC1, protein
required for cytokinesis 1; PXN, paxillin; PDGFRB, platelet-derived
growth factor receptor beta; PLK1, polo-like kinase 1; RT, room
temperature; RTK, receptor tyrosine kinase; SH, Src homology;
WASP, Wiscott-Aldrich syndrome protein.
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Cell Lysis and Western Blotting—Cells were grown to confluency
before lysis. Sodium orthovanadate (Sigma-Aldrich) pre-activated
with 30% H2O2 (1: 200) (pervanadate) was added to cell medium at a
final concentration of 100 �M for 20 min, as indicated. Cells were
washed once with ice cold PBS before lysis. For AP-MS and Western
blotting, proteins were extracted by scraping cells in ice-cold lysis
buffer as described elsewhere (25, 26). For BioID, cells were lysed in
cold RIPA buffer followed by benzonase treatment for 1h (Sigma-
Aldrich) and 3 cycles of sonication. Protein concentrations were
measured and normalized using a BCA kit (Thermo Fisher Scientific).
Lysates were incubated under agitation for 2h at 4 °C with M2 affinity
resin (Sigma-Aldrich) for FLAG AP or 3 h at 4 °C with streptavidin
agarose beads (Sigma-Aldrich) for BioID. Beads were washed three
times with lysis buffer.

For Western blotting, beads were resuspended in 4x Laemmli
buffer. A total of 15 �g of whole-cell lysates were resolved by SDS-
PAGE and transferred to nitrocellulose membranes (GE Healthcare).
Loading was verified with Ponceau S (Sigma-Aldrich) staining. West-
ern blotting was performed as previously described (27). Primary
antibodies were as follows: rabbit anti-NCK1 (Cell Signaling Technol-
ogy, Danvers, MA, #2319), mouse anti-NCK2 (Abnova, Taipai, Taiwan,
#MAB2727), rabbit anti-NCK (gift from T. Pawson, Toronto), rabbit
anti-FLAG (Sigma-Aldrich, #F7425), mouse anti-actin (Cell Signaling
Technology, #3700), mouse anti-tubulin (DSHB, Iowa City, IA, #E7)
and mouse anti-GFP (Abcam, Cambridge, UK, #290). Secondary
antibodies were the following: horse anti-mouse IgG (Cell Signaling
Technology, #7076), goat anti-rabbit (Cell Signaling Technology,
#7074) and streptavidin-HRP (Life Technologies, Carlsbad, CA
#434323). Signal was revealed using BioRad (Hercules, CA) Clarity
Western ECL substrate and detected with an Amersham Biosciences
Imager 600RGB (GE Healthcare).

Immunofluorescence, Cell Labeling, and Microscopy—Cells were
fixed with 4% paraformaldehyde (BioShop, Toronto, ON) for 15 min,
washed with PBS and permeabilized with 0.5% Triton X-100 (Sigma-
Aldrich) for 15 min at room temperature. Cells were blocked in 10%
goat serum (Wisent, St. Jean. Baptiste, QC) and 0.1% NP-40 (Sigma-
Aldrich) and incubated with the following primary antibodies diluted
in blocking solution for 1h: rabbit anti-tubulin (Abcam, #ab18251),
rabbit anti-FLAG (Sigma-Aldrich, #F7425), mouse anti-AURKB (BD
Biosciences, Franklin Lake, NJ, #611082) and mouse anti-PLK1 (28).
Following 3 washes in PBS with 0.1% NP-40 (Sigma-Aldrich), cells
were incubated for 1h with the following secondary antibodies: Alexa
Fluor 488-goat anti-rabbit IgG (Jackson ImmunoResearch, West
Grove, PA, #111–545-003), Alexa Fluor 568-goat anti-rabbit IgG
(Thermo Fisher Scientific, #A11011), Alexa Fluor 647-goat anti-mouse
IgG (Thermo Fisher Scientific, #A21235), Alexa Fluor 647-goat anti-
rabbit IgG (Thermo Fisher Scientific, #A21245) and Alexa Fluor 594-
sptreptavidin (Thermo Fisher Scientific, #S11227). Actin was visual-
ized using Alexa Fluor 555-phalloidin (Cell Signaling Technology,
#8953) or Alexa Fluor 647-phalloidin (Cell Signaling Technology,
#8940). Slides were washed 3 times with 0.1% NP-40 (Sigma-Aldrich)
in PBS and twice with PBS before being mounted in ProLong Gold
Antifade with DAPI (Thermo Scientific). Confocal images were ac-
quired using a FV1000 system (Olympus, Shinjuku, Japan) via the
Fluoview 3.0 software.

For fluorogenic labeling and live imaging microscopy, cells were
plated into 8-well �-Slides (Ibidi, Martinsried, Germany) and treated
with 90 nM SiR-Actin and 7 �M Verapamil (Cytoskeleton Inc, Denver,
CO). Acquisition was performed using an UltraView spinning disc
confocal microscope (Perkin-Elmer, Waltham, MA) equipped with an
EMCCD camera (Hamamatsu Photonics, Hamamatsu City, Japan), a
humidified 5% CO2 thermo-regulated chamber. Images were ac-
quired with the Volocity software (version 6.01, Perkin-Elmer) at 5 min

intervals with low laser power at 647 nm for 18–24 h starting at 24 h
post-seeding.

For phase contrast live imaging, images were acquired every 5
min for 18–24 h starting at 24 h post-seeding. Images were obtained
with a Nikon TE2000 inverted microscope equipped with a humidified
5% CO2 thermo-regulated chamber and a Photometrix Coolsnap FX
CCD camera (Roper Scientific, Tucson, AZ) driven by the MetaView
software (Version 4.5, Universal Imaging Corp, Bedford Hills, NY).

Experimental Design and Statistical Rationale—Each AP-MS and
BioID experiment was performed in biological triplicate (n � 3). Affin-
ity purifications were performed on different days, using cells from
successive passages. Controls for each experiment were treated
concomitantly to experimental samples. 3xFLAG-GFP was used as a
control for 3xFLAG-NCK1/2 in AP-MS experiments, and BirA*-FLAG-
GFP for BirA*-FLAG-NCK1/2 BioID experiments. Biological triplicates
were required and sufficient to perform SAINT analyses, as reported
(29, 30), to distinguish background from bona fide protein associa-
tions. Statistical significance for cell imaging-based phenotypes was
determined via unpaired t-student test (95% confidence intervals,
two tails) or Fisher’s exact test (95% confidence intervals, two tails)
using Prism 7 software (GraphPad, La Jolla, CA).

Mass Spectrometry Analyses—For MS experiments, beads were
additionally washed twice with 20 mM Tris pH 7.4 and proteins were
eluted by incubating with agitation at 4 °C with 50 mM H3PO4 before
digestion with trypsin, as described (31). A 5600� TripleTOF mass
spectrometer (Sciex, Concord, ON) equipped with a nanoelectrospray
ion source and coupled with an Agilent 1200 HPLC system (Agilent,
Santa Clara, CA) was used to acquire data for AP-MS experiments.
Peptides from tryptic digest were resolved using a New Objective
PicoFrit column (15 cm�0.075 mm I.D.) (Scientific Instrument Ser-
vices, Ringoes, NJ) packed with Jupiter 5 �m C18 (Phenomenex,
Torrance, CA) stationary phase. A 65-min linear gradient of a 5–35%
mixture of acetonitrile, 0.1% formic acid injected at 300 nL/min was
used to elute peptides. Data dependent acquisition mode was used in
Analyst version 1.7 (Sciex) to acquire mass spectra. Full scan mass
spectrum (400 to 1250m/z) were acquired and followed by collision-
induced dissociation of the twenty most intense ions. A period of 20 s
and a tolerance of 100 ppm were set for dynamic exclusion. Protein
Pilot version 5.0 (Sciex) was used to generate MS/MS peak lists.
Mascot (Matrix Science, London, UK; version 2.4.0) and X! Tandem
(The GPM, thegpm.org; version CYCLONE (2010.12.01.1) were used
to analyze MGF sample files. The Uniprot Homo sapiens reference
proteome (March 2014 release, 69150 entries) was used assuming
tryptic peptides. Two missed cleavages were allowed. The protein
sequences of the GFP and NCK1/2 FLAG-tagged constructs were
added to the database to estimate protein sequence coverage.
Searches were performed using a fragment ion mass tolerance and a
parent ion tolerance of 0.100 Da. Cysteine carbamidomethylation was
specified for all samples as a fixed modification. Variable modifica-
tions specified were oxidation of methionine, phosphorylation of ser-
ine, threonine and tyrosine, conversion of glutamate and glutamine to
pyroglutamate, deamidation of asparagine and glutamine.

For BioID, peptide identification was carried out on an Orbitrap
Fusion spectrometer (Thermo Fisher Scientific) equipped with a
nanoelectrospray ion source (Thermo Scientific) and coupled to a
UltiMate 3000 nanoRSLC (Dionex, Sunnyvale, CA). Data dependent
acquisition of mass spectra was performed using XCalibur software
version 3.0.63 (Thermo Scientific). Full scan mass spectra (350 to
1800 m/z) were acquired in the orbitrap at a resolution of 120,000
using a maximum injection time of 50 ms and automatic gain control
target of 4e5. The quadrupole analyzer allowed for the isolation of
selected ions in a window of 1.6 m/z and fragmentation by higher
energy collision-induced dissociation (HCD) with 35% energy. The
resulting fragments were detected by the linear ion trap at a rapid
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scan rate. Dynamic exclusion of previously fragmented peptides was
set for a period of 20 s and a tolerance of 10 ppm. All MS/MS peak
lists were generated using Thermo Proteome Discoverer version
1.4.0.288 (Thermo Scientific). MGF sample files were analyzed using
Mascot (Matrix Science, London, UK; version 2.4.0) and X! Tandem
(The GPM, thegpm.org; version CYCLONE (2010.12.01.1). Both soft-
wares were programmed to search Uniprot Homo sapiens reference
proteome (March 2014 release, 69150 entries) assuming trypsin di-
gestion. Searches were carried out with a fragment ion mass toler-
ance of 0.60 Da and a parent ion tolerance of 10 ppm. Carbamidom-
ethyl of cysteine was specified as a fixed modification. Variable
modifications were deamidation of asparagine and glutamine, oxida-
tion of methionine and phosphorylation of serine, threonine, and
tyrosine. Two miscleavages were allowed.

For both AP-MS and BioID, Scaffold version 4.7.5 (Proteome Sof-
ware Inc., Portland, OR) was used to validate MS/MS-based peptide
and protein identifications. Criteria for protein identifications were
fixed at greater than 99% probability to achieve a FDR less than 1%
and required at least 1 peptide to be identified. Peptide and protein
probabilities were assigned via the Protein Prophet algorithm (32, 33).
Principle of parsimony was applied for proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis
alone. Spectral counts were exported from Scaffold and were format-
ted according to SAINT algorithm guidelines. SAINT express statisti-
cal analyses were carried out including 3xFLAG-GFP controls for
AP-MS. For BioID, the maximal spectral count value from Flag-BirA*-
GFP (� biotin) for each prey was used as control. Proteins with a
SAINT score �0.9 were deemed genuine interactors.

Network Modeling and Clustering Analysis—Interaction networks
were modeled using Cytoscape v3.1.1. For clustering analysis,
ClueGO plug-in v2.1.7 set for GO Biological process and GO Molec-
ular function analysis with upper medium network specificity was
used (34). Venn diagrams were prepared using Venn Diagram Plotter
(https://omics.pnl.gov/software/venn-diagram-plotter).

RESULTS

AP-MS and BioID Proximity Labeling Delineate NCK1/2
Adaptor Protein Interactomes and Identify Specific Partners
for Each NCK1 and NCK2—To systematically delineate pro-
tein interaction networks nucleated by NCK1 and NCK2 adap-
tor proteins, we generated clonal HEK293T cells stably ex-
pressing 3xFLAG-tagged NCK1 or NCK2 at near endogenous
levels (supplemental Fig. S1A). We performed FLAG AP-MS
identification of NCK-associated proteins. Asynchronous cells
were treated with sodium pervanadate, a phosphatase inhib-
itor that broadly elevates the total level of endogenous tyro-
sine phosphorylation, to obtain the full complement of phos-
pho-dependent (SH2) interactions. Using data from three
independent AP-MS experiments including a 3xFLAG-GFP
line as a negative control, we performed a significance anal-
ysis using SAINT to focus on high-confidence interactions
(supplemental Table S1–S2) (29, 30). Our analysis identified a
total of 66 proteins associated with NCK1 and NCK2 (Fig.
1A–1B).

To complement our AP-MS dataset, we further explored
NCK1/2 interaction maps via BioID proximity labeling (14). To
achieve this, we generated Flp-In T-REx HEK293 stable lines
expressing NCK1 or NCK2 fused with BirA*, a promiscuous
mutant biotin ligase enzyme that favors covalent biotin bind-

ing to adjacent proteins. We validated that the expression
levels, function and localization of the chimeras following
tetracycline addition were indistinguishable for FLAG-BirA*-
NCK1 and FLAG-BirA*-NCK2 (supplemental Fig. S1B–S1D).
We affinity-purified biotinylated proteins from cell lysates and
identified them by MS, using a FLAG-BirA*-GFP control. We
performed biological triplicates and eliminated nonspecific
interactions using SAINT (supplemental Table S1, S3) (29, 30).
This BioID analysis identified 56 proteins associated with
NCK1 and NCK2 (Fig. 1A–1B).

The combination of AP-MS and BioID data revealed a total
of 98 proteins associated with NCK1/2. Among them, we
found 45 targets previously reported to be NCK1- and/or
NCK2-associated proteins, including PAK2 (35), CHN1 (36),
CBL (37), WASL (38) and GIT1 (2). In addition, we discovered
53 NCK-associated proteins that were not previously reported
in the BioGRID database (Fig. 1A) (39), suggesting previously
uncharacterized functions for NCK adaptors. We used the
SH2PepInt tool to identify putative NCK1/2 SH2 binding sites on
33 proteins identified in the NCK1/2 network (40, 41), of which
only GIT1 (2) and DOK1 (42) were previously reported. As ex-
pected, only a subset of NCK-associated proteins was discov-
ered by both AP-MS and BioID. Indeed, 24% of the NCK1
interactome (17/70 proteins) and 23% of the NCK2 interactome
(16/68 proteins) were revealed using either approach (Fig. 1A).

To define the specificity landscape of NCK interaction net-
works, we compared the distinct NCK1 and NCK2 interac-
tions. Strikingly, we found 30 proteins specifically associated
with NCK1, and 28 with NCK2 (Fig. 1A). Interestingly, AP-MS
revealed more NCK2-specific partners whereas BioID dis-
played more NCK1-specific interactions. To delineate puta-
tive specialized functions for NCK1 or NCK2, we performed
gene ontology and pathway term analysis from the proteins
specifically associated with NCK1 or NCK2 using the ClueGO
(gene ontology) plugin via Cytoscape software (34, 43). This
analysis highlighted a strong enrichment for proteins involved
in endocytosis for NCK1. In addition, we found that actin
polymerization and epidermal growth factor signaling were
functions that best represented the NCK2-specific compo-
nents (Fig. 1C). Together, our findings demonstrate nonredun-
dant protein association profiles for NCK1 and NCK2, sup-
porting the idea that each displays a certain level of
specificity. Furthermore, our data highlight several biological
processes that may differentially implicate NCK1 or NCK2.

Nck2�/� Cells Are Multinucleated and Display Long Inter-
cellular Bridges—To evaluate the relative contribution of
NCK1 and NCK2 to cellular morphology and cytoskeleton
dynamics given the discrepancy between their protein net-
works with regards to actin cytoskeleton regulators, we es-
tablished primary mouse embryo fibroblasts (MEFs) using
animals bearing Nck1 and Nck2 gene targeting (12). Using
antibodies that do not cross-react between NCKs, we con-
firmed that these cell lines specifically lacked NCK1 or NCK2
proteins, respectively (Fig. 2A). Nck1�/� MEFs were morpho-
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logically indistinguishable from wild-type cells. Surprisingly,
most Nck2�/� MEFs were elongated and displayed extended
protrusions that often maintained contact with adjacent cells,
reminiscent of intercellular bridges (Fig. 2B). Staining for actin
and tubulin did not reveal obvious disparities between the
different lines that may explain the phenotype. However, we
found that a significant proportion of Nck2�/� MEFs were
multinucleated, suggesting a defect in cytokinesis (Fig. 2B–
2C). We confirmed our observations using HEK293T cells,
which also displayed intercellular bridge-like structures as
well as significant multi-nucleation when depleted of NCK2,
but not NCK1 using siRNA (supplemental Fig. S2A–S2C).
Collectively, these NCK2-specific phenotypes are consistent

with a defect in cytokinesis (44), and reinforce the idea that
NCK1 and NCK2 adaptors have nonredundant functions.

NCK2, but Not NCK1, Localizes to the Midbody During
Cytokinesis—To examine a possible role for NCK during cell
division, we first sought to analyze NCK1/2 expression in
synchronized HeLa cells undergoing mitosis and cytokinesis.
We were unable to detect the endogenous proteins under our
fixation conditions (data not shown); we therefore transfected
HeLa cells with 3xFLAG-NCK1 or 3xFLAG-NCK2 and as-
sessed their localization during mitosis and cytokinesis. We
found that both 3xFLAG-NCK1 and -NCK2 were distributed
uniformly in the cytoplasm of daughter cells (Fig. 3A). How-
ever, we also detected 3xFLAG-NCK2, but not 3xFLAG-NCK1

FIG. 1. NCK adaptor proteins AP-MS and BioID interactome reveals targets specifically associated with NCK1 or NCK2. A,
NCK1/2-associated proteins were identified using AP-MS and BioID and combined to map the NCK1/2 interaction landscape. Previously
reported interactions (known) from the BioGRID database were manually annotated. Putative NCK1/2 SH2 binders (underlined) were identified
using SH2PepInt. B, Venn diagram representation of the overlap between NCK1- and NCK2-associated proteins found via AP-MS or BioID.
C, Gene ontology (GO) and functional pathway analysis via ClueGO of NCK1- and NCK2-specific interactors.
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or a 3xFLAG-EIF4B negative control, at the midbody in divid-
ing cells (Fig. 3A). This was confirmed by quantifying the
3xFLAG signal across midbody length, the so-called dark
zone (45) (Fig. 3B). Exogenous expression of 3xFLAG-NCK1
or -NCK2 did not alter tubulin localization relative to controls
(Fig. 3B) and did not lead to cytokinesis defects (data not
shown). The observation that NCK2, but not NCK1 localizes at
the midbody agrees with the multi-nucleation and extended
protrusions phenotypes specific to NCK2-deficient cells. Our
observations also represent, to our knowledge, the first evi-
dence of differential subcellular compartmentalization for the
two NCK adaptor proteins.

NCK2 Is Required to Complete Cytokinesis and Abscis-
sion—To investigate possible midbody defects in the
Nck2�/� MEFs model, we analyzed midbody morphology at
different stages of cytokinesis. Although midbody morphol-
ogy appeared comparable in wild-type and Nck1�/� cells, it
was clearly extended in length and persisted between nas-
cent daughter cells for a longer period in Nck2�/� MEFs (Fig.
4A). To quantify this observation, we performed live-cell im-
aging of mitosis and cytokinesis, using the same lines (sup-
plemental Fig. S3) or in NCK1/2-depleted HEK293T cells
(supplemental Fig. S4). We found that Nck2�/� cells (34 � 7
min) underwent mitosis in a timeframe that was like wild-type
(36 � 4 min) and to Nck1�/� cells (30 � 9 min) (Fig. 4B).
However, we found that Nck2�/� cells required on average
50% more time (156 � 9 min) to complete cytokinesis com-
pared with wild-type (104 � 4 min) or Nck1�/� (97 � 11 min)
MEFs (p � 0.001, unpaired t test) (Fig. 4C). In addition,

Nck2�/� cells presented on average a significant increase in
midbody length (25.8 � 5.4 �m) during abscission when
compared with wild-type (12.2 � 2.7 �m) and Nck1�/�

(13.9 � 3.6 �m) controls (Fig. 4D). Furthermore, we deter-
mined that 30.8% of NCK2-deficient cells failed to fully com-
plete abscission (Fig. 4E). This led to a rise in the proportion of
multinucleated cells to 16.2% in Nck2�/� cells, compared
with 5.1% in wild-type and 4.7% in Nck1�/� MEFs (p �

0.0001) (Fig. 2C). This also explained the presence of ex-
tended intercellular bridges that frequently maintained con-
tact with adjacent cells following division (Fig. 2B).

To Further Delineate Midbody Defects in Nck2�/� MEFs,
we examined the localization of midbody markers AURKB and
PLK1 in our NCK-deficient lines. These kinases are recruited
early in cytokinesis to the central spindle and site of furrow
ingression and play a crucial role in the recruitment of com-
ponents of the midbody. In wild-type and Nck1�/� cells un-
dergoing cytokinesis, both proteins localized to the ingressing
furrow and midbody in �98% of the cells, as described pre-
viously (18, 19). Conversely, we did not detect AURKB (15.4 �

2.6%) and PLK1 (21.7 � 2.6%) in a significant proportion of
Nck2�/� MEFs, respectively (p � 0.001, Fisher’s exact test)
(Fig. 4F–4I). PLK1 activity promotes the recruitment of the
RhoGEF ECT2 to the central spindle, thereby establishing
localized RhoA activation (46). In agreement with the loss of
PLK1 at the central spindle and midbody, we observed a
concomitant decrease in ECT2 recruitment (supplemental Fig.
S5). Collectively, these numbers are consistent with the pen-
etrance of the multi-nucleation and abscission failure pheno-

FIG. 2. Nck2�/� cells are multi-nucleated and display long protrusions. A, Mouse embryonic fibroblasts (MEFs) bearing Nck1 or Nck2
gene inactivation were analyzed by Western blotting to confirm NCK1/2 protein expression. B, Wild-type, Nck1�/� and Nck2�/� MEFs were
analyzed by immunofluorescence for actin (red), tubulin (green) and DAPI (blue) to assess cellular morphology. Multi-nucleation (asterisks) and
intercellular bridges (arrows) are indicated. Representative images are presented (scale bar � 40 �m). C, The penetrance of the multi-
nucleation phenotype was calculated for each genotype. Mean values and standard deviation from three independent experiments with �100
cells each are presented (WT, n � 374; Nck1�/�, n � 325; Nck2�/�, n � 372) (****p � 0.0001, Fisher’s exact test).
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FIG. 3. NCK2 but not NCK1 localizes to the midbody during cytokinesis. A, HeLa cells were transiently transfected with 3xFLAG-EIF4B
(control), 3xFLAG-NCK1 or 3xFLAG-NCK2 and synchronized. Cells were fixed at the cytokinesis stage and immunostained for tubulin (red),
3xFLAG (green) and DAPI (blue) to analyze 3xFLAG-tagged chimeras localization during cell division, as indicated. Representative images are
shown (scale bar: 10 �m). B, Quantification of pixel intensity as a function of position within the midbody of images processed as in (A).
Distance was measured from a 6 �m line selection over the midbody. Intensity of the 3xFLAG (top panels, green) or tubulin (bottom panels,
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types in Nck2�/� MEFs (Fig. 4C–4E). Together, these findings
suggested that NCK2, but not NCK1 is required for the for-
mation of a fully functional midbody in dividing cells.

To confirm that our observations were because of the NCK2
loss-of-function, we re-expressed wild-type NCK2 from a sta-
bly inserted transgene in Nck2�/� MEFs (Fig. 5A). Expression

red) staining is reported following normalization over the most intense pixel. Mean values and standard deviation from three independent
experiments with �10 cells each are shown (3xFLAG-EIF4B cells: FLAG staining n � 34, tubulin n � 38; 3xFLAG-NCK1 cells: FLAG n � 33,
tubulin n � 40; 3xFLAG-NCK2 cells: FLAG n � 30, tubulin n � 42).

FIG. 4. NCK2 is required to complete cytokinesis and abscission. A, Wild-type, Nck1�/� and Nck2�/� MEFs were fixed at different stages
of cytokinesis and analyzed by immunofluorescence for actin (red), tubulin (green) and DAPI (blue) to evaluate midbody morphology.
Multi-nucleation is indicated with asterisks and extended midbodies with arrows. Representative images are presented (scale bar: 20 �m). B–E,
Wild-type, Nck1�/� and Nck2�/� MEFs were stained with SIR-ACTIN and analyzed by live imaging (supplemental Fig. S2). Average time spent
in mitosis (B), in cytokinesis (C), average midbody length (D) and abscission failure (E) were calculated for each genotype, from three
independent experiments with �20 cells each (WT, n � 70; Nck1�/�, n � 76; Nck2�/�, n � 63) (**p � 0.01; *** p � 0.001; **** p � 0.0001;
unpaired t test). F–G, Wild-type, Nck1�/� and Nck2�/� MEFs were fixed at different stages of cytokinesis and analyzed by immunofluorescence
for actin (red), tubulin (green) and AURKB (insert, panel F) or PLK1 (insert, panel G). Representative images from four experiments are shown
(scale bar: 5 �m). H–I, The penetrance of the AURKB/PLK1 mislocalization was calculated for each genotype. Cells in which the AURKB or
PLK1 signal at the midbody (identified via the tubulin signal) was barely detectable or not detected at all, relative to WT cells under identical
acquisition settings, were considered to display altered staining. Mean values and standard deviation from four independent experiments with
�10 cells each are presented (WT, n � 53; Nck1�/�, n � 59; Nck2�/�, n � 81) (*** p � 0.001; Fisher’s exact test).
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of GFP-NCK2, but not GFP alone, led to a significant de-
crease in the proportion of multi-nucleated cells (Fig. 5B–5C).
We also discovered that expression of GFP-NCK2 in Nck2�/�

cells restored the localization of PLK1 to the midbody during
cytokinesis, when compared with cells expressing GFP alone
(Fig. 5D–5E). To determine the domain requirement of NCK2
for the regulation of cytokinesis, we introduced point muta-
tions that inactivate the conventional binding of its three SH3
domains (W38K, W148K, W234K; W/K) or single SH2 domain
(R311M) and repeated the rescue experiments (47). Interest-
ingly, only the SH3-inactive NCK2 mutant was able to revert

multi-nucleation; thus, a functional SH2 domain was required
to support NCK2 function during cytokinesis (Fig. 5B–5C).

DISCUSSION

In this work, we report the first high-confidence protein-
protein interaction and proximity network for NCK family
adaptors. We stressed the complementarity of the AP-MS
and BioID approaches by highlighting that �25% of the NCK-
associated proteins were revealed by both methods. This
observation is consistent with previous reports in which
AP-MS and BioID were directly compared (48, 22). We found

FIG. 5. NCK2 regulation of cytokinesis is dependent on its SH2 domain. A, Mouse embryonic fibroblasts (MEFs) bearing Nck2 gene
inactivation were infected with GFP, GFP-NCK2 wild-type, SH3-inactive (W38K, W148K, 234K; W/K) or SH2-inactive (R311M) mutants. Lysates
were analyzed by Western blotting to confirm GFP or GFP-NCK2 protein expression. B, Nck2�/� MEFs expressing GFP or GFP-NCK2 wild-type
and mutants (as indicated) were analyzed by immunofluorescence for actin, tubulin, DAPI and GFP to assess cellular morphology. Multi-nucleation
is indicated with asterisks. Representative images are presented (scale bar: 40 �m). C, The penetrance of the multi-nucleation phenotype was
calculated for each tentative rescue condition. Mean values and standard deviation from three independent experiments with �100 cells each are
presented (�GFP, n � 409; �GFP-NCK2, n � 335; �GFP-NCK2-W/K, n � 328; �GFP-NCK2-R311M, n � 392) (****p � 0.0001; Fisher’s exact
test). D, Nck2�/� MEFs expressing GFP or GFP-NCK2 wild-type were fixed at different stages of cytokinesis and analyzed by immunofluorescence
for tubulin (green), DAPI (blue) and PLK1 (insert panel, white) to assess cellular morphology. Representative images from four experiments are
shown (scale bar: 10 �m). E, The penetrance of the PLK1 mislocalization was calculated for each condition. Mean values and standard deviation
from four independent experiments with �20 cells each are presented (�GFP, n � 120; �GFP-NCK2, n � 106) (*** p � 0.001; Fisher’s exact test).
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that the best characterized NCK-associated proteins, such as
PAK1/2, CHN1, CBL, WASL and TNIK are common to both
NCK1 and NCK2. Interestingly, our AP-MS and BioID data
also led to the identification of 30 NCK1- and 28 NCK2-
specific partners, the majority of which being new NCK-as-
sociated proteins. The large number of NCK1- and NCK2-
restricted associations is striking, given that the in vitro
binding preference of the respective SH2 domains of NCK1
and NCK2 are virtually indistinguishable (2). However, the
analysis of NCK-associated proteins for putative NCK1/2 SH2
binding sites (Y-D/E-X-V/P) revealed several potential targets
(Fig. 1A), which suggests that the NCK1 and NCK2 SH2
binding specificities determined in vitro using synthetic pep-
tides might not be reflected in vivo with native proteins in a
complex environment. In addition, to our knowledge the bind-
ing specificities of corresponding SH3 domains of each NCK
have not been explored and may also explain, at least in part,
the presence of specific interactions. Differences between the
repertoires of NCK1 and NCK2 interactomes are consistent
with studies that have described a function specific to one of
the two adaptors. NCK2 was previously found to regulate
EPH receptor-mediated cell adhesion during early vertebrate
development (49) and adipogenesis in a mouse model (11).
Yet, no specific NCK2 target was defined in either study. The
differential subcellular compartmentalization that we discov-
ered in dividing HeLa cells may also occur in other cell types
and/or under different conditions, thus explaining in part the
disparities between NCK1- and NCK2-associated proteins.
Nonetheless, it is likely that our description of the NCK1/2
signaling network specificity landscape will contribute to pro-
viding mechanistic explanations to functional distinctions be-
tween NCK1 and NCK2.

We also report for the first time a role for NCK2 in the
regulation of cell division that is not redundant with NCK1
function. Interestingly, the function of NCK2 appears to be
early during cytokinesis as loss of NCK2 attenuates the re-
cruitment of PLK1 and AURKB to the central spindle, a struc-
ture required to position the cleavage plane. Two protein
complexes play key roles in central spindle assembly: PRC1
(Protein required for cytokinesis 1) and Centralspindlin (50).
The latter consists of a hetero-tetramer of RACGAP1 and
KIF23/MKLP1 (51). Their phosphorylation by AURKB and
PLK1, respectively, leads to Centralspindlin activation at the
onset of anaphase (52, 53). This promotes the recruitment of
ECT2 and the subsequent accumulation of active RhoA,
which promotes the assembly and stimulates contraction of
the actomyosin ring and thus furrow ingression. How the loss
of NCK2 prevents PLK1 and AURKB recruitment remains to
be explored. Because NCK adaptors play an important role in
the assembly and reorganization of the actin cytoskeleton, it is
conceivable that they have a similar function during early
cytokinesis. Our MS analyses led to the identification of a few
proteins previously described to regulate cytokinesis, such as
GIT1 (54) and PKP4 (55). Interestingly, the latter was specifi-

cally identified in NCK2 complexes, thus suggesting that they
may be contribute to NCK2-dependent regulation of the
process.

Moreover, considering the requirement for the NCK2-SH2
domain for rescue of the cell division defects, our data sug-
gest that the NCK2 adaptor is a strong candidate for nucle-
ation of essential phospho-tyrosine signaling networks during
cytokinesis. Interestingly, the unique Drosophila ortholog of
NCK1/2, Dock, localizes at ring canals structures that are
assembled from arrested cleavage furrows following incom-
plete cytokinesis of male germ cells (56). These structures
share most of their constituents with contractile rings of di-
viding cells and display strong phospho-tyrosine signals (57).
The subcellular localization of Dock at ring canals was sug-
gested to be dependent on its SH2 domain (56), which sup-
ports an evolutionary-conserved SH2-dependent function for
NCK adaptors in cytokinesis. Remarkably, a more prominent
role for tyrosine phosphorylation during cell division than pre-
viously recognized has been recently reported in mammalian
cells (58–60). Moreover, tyrosine phosphorylation has been
shown to increase at the cleavage furrow of dividing cells (61),
suggesting the presence of localized phospho-tyrosine sig-
naling during furrow ingression and cytokinesis. Consistent
with this, tyrosine kinases ABL and SRC were shown to
localize at the midbody in dividing cells where their functions
are required to complete cytokinesis (62–64). The require-
ment for the tight regulation of phospho-tyrosine signals dur-
ing cytokinesis is also supported by the findings that PTPN12
and PTPN13 tyrosine phosphatases also contribute to cyto-
kinesis (25, 26). More recently, receptor tyrosine kinase
EPHB2-dependent phosphorylation of CIT (Citron kinase) was
shown to impair cytokinesis (65). Strikingly, EPHB2 bears a
bona fide binding site for NCK adaptors SH2 domains in its
juxtamembrane domain when tyrosine phosphorylated
(66), thus suggesting a possible mechanism for cytokinesis
regulation.

In summary, the NCK1 and NCK2 interaction profiles re-
vealed a plethora of new candidates that may pave the way
for the mechanistic dissection of NCK1 and NCK2 contribu-
tion to biological processes. The data led to the discovery that
NCK2 but not NCK1 is present at the midbody in dividing
cells, where it is required for proper cytokinesis and abscis-
sion. This supports the very few previous reports showing that
NCK1 and NCK2 functions are not completely redundant.
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