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ABSTRACT

The SRC Kinase Adaptor Phosphoprotein 2 (SKAP2) is a broadly expressed adaptor 
associated with the control of actin-polymerization, cell migration, and oncogenesis. 
After activation of different receptors at the cell surface, this dimeric protein serves 
as a platform for assembling other adaptors such as FYB and some SRC family kinase 
members, although these mechanisms are still poorly understood. The goal of this 
study is to map the SKAP2 interactome and characterize which domains or binding 
motifs are involved in these interactions. This is a prerequisite to finely analyze how 
these pathways are integrated in the cell machinery and to study their role in cancer 
and other human diseases when this network of interactions is perturbed. In this 
work, the domain and the binding motif of fourteen proteins interacting with SKAP2 
were precisely defined and a new interactor, FAM102A was discovered. Herein, a fine-
tuning between the binding of SRC kinases and their activation was identified. This last 
process, which depends on SKAP2 dimerization, indirectly affects the binding of FYB 
protein. Analysis of conformational changes associated with activation/inhibition of 
SRC family members, presently limited to their effect on kinase activity, is extended 
to their interactive network, which paves the way for therapeutic development.
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INTRODUCTION

The SRC Kinase Adaptor Phosphoprotein 2 
(SKAP2), a broadly expressed protein conserved among 
gnathostomes and recruiting protein partners to specific 
subcellular domains, plays a central role in multiple 
physiological processes, including response to TGFβ [1], 
integrin signaling [2], control of actin-polymerization 
[3, 4], podosome stabilization, metastatic progression 
[5], and cell migration [6]. SKAP2 contains three 
domains: an N-terminal dimerization (DIM) domain, a 
Plekstrin homology (PH) domain, and a SRC homology 
3 (SH3) domain (Figure 1A). Multiple sites of tyrosine 

phosphorylation are found across the entire protein 
[7], some of which match SRC homology 2 (SH2) 
binding motifs [8]. As shown by co-immunoprecitation, 
SKAP2 interacts with FYN, HCK, and LYN, members 
of the SRC kinase family [9, 10]. Murine Skap2 is a 
homodimer containing four-helix bundle dimerization 
(DIM) domains. These helix domains also interact with 
the PH domain of the same molecule, blocking access 
to its phosphatidylinositol [3–5] P3-binding pocket [11]. 
In Skap2-/- mice, functions of dendritic cells and B cells, 
such as migration, are adversely affected [12–14]. In most 
hematopoietic cells, Skap2 interacts with the Riam-Fyb 
complex as Skap1, a paralog playing a non-redundant 
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functional role [15]. This complex stabilizes the TCR 
at the immune synapses. SKAP2 directly interacts with 
FYB and with PTK2B proteins through its SH3 domain 
[16, 17]. Recently SKAP2 has been shown to promote 
podosome formation and to facilitate tumor-associated 
macrophage infiltration and metastatic progression [5]. 
High expression of SKAP2 is also associated with poor 
prognosis in non-small cell lung cancer [18]. This protein 
is also highly expressed in the CNS under the control of 
retinoic acid and during development [9]. In the lens of the 
eye, SKAP2 is a novel target of HSF4b, which associates 
with NCK2 adaptor but not with its NCK1 homolog [19]. 

The SRC kinase family is composed of the SrcA 
subfamily, with FGR, FYN, SRC, and YES, the SrcB 
subfamily with BLK, HCK, LCK, and LYN, and finally 
FRK [20]. A SRC-related kinase family lacking C-terminal 
regulatory tyrosine and N-terminal myristoylation sites 
and containing SRMS has been also described. SRC 
kinases phosphorylate tyrosine residues of proteins, and 
have a modular architecture composed of three domains, 
a SH3 domain, a SH2 domain and a tyrosine kinase 
catalytic domain (TYRKC) (Figure 1C). Their N-terminal 
region contains myristoylation and palmitoylation sites, 
which affect protein localization in different membranous 
subcellular compartments [21, 22]. Most SRC kinases 
are negatively regulated by intra-molecular interactions 
(Figure 1D) where the SH3 domain interacts with a 
proline-rich region located between the SH2 and the 
TYRKC domains, and the SH2 domain interacting with 
a C-terminal binding motif containing a phosphorylated 
tyrosine [23–25]. Dephosphorylation of this tyrosine or 
displacement of the SH3 domain induces conformational 
changes that partially activate the SRC kinases. The trans-
phosphorylation of a tyrosine inside the TYRKC domain 
stabilizes this activation [26]. The SRC kinase HCK has 
the most complete structure, which excludes only the 
N-terminal 79 residues [27, 28]. At least seven groups 
of conformations have been detected for HCK protein, 
with the equilibrium between them modified depending 
on the binding of different signaling peptides [29]. Due 
to the role of SRC tyrosine kinases in oncogenesis, small 
molecule inhibitors of them have been extensively studied 
[30]. Several have become approved drugs for treatment 
of neoplastic disorders [25].

To better understand how adaptor proteins and 
SRC kinases interact with SKAP2, we carried out two 
complementary approaches: binary interaction screening 
by yeast two-hybrid and protein association screening by 
luciferase complementation assay in human cells. Yeast 
two-hybrid screening detected a previously unknown 
interactor of SKAP2, FAM102A, an early estrogen-
induced adaptor which is also a component of the 
RANK signaling pathway essential for differentiation of 
osteoclasts [31, 32]. Luciferase complementation assay 
[33] coupled with site-directed mutagenesis confirmed this 
interaction, and also delineated domains or binding motifs 

for most of the 17 other candidate proteins interacting with 
SKAP2 selected by literature curation. Mutations in the 
HCK kinase known to affect its enzymatic activity also 
modified its binding to SKAP2, suggesting that these 
processes are coupled. Interaction of SRC family members 
with SKAP2 did not mostly involve the SH2 domain as 
previously suggested, but probably the SH3 domain, as 
shown here for HCK. Analysis of conformational changes 
with activation or inhibition of SRC family members was 
limited to their effect on kinase activity [34–36] and the 
present study extends it to their binding properties by 
using the luciferase complementation assay. This report 
opens a new path to analyze the effect of conformational 
changes on protein-protein interaction (PPI) network, with 
possible therapeutic implications [25, 30].

RESULTS

Assembling a set of SKAP2 interactors based on 
yeast two-hybrid screen and literature curation

Yeast two-hybrid screen identified FAM102A 
as a putative SKAP2 interactor. By combining this 
approach and literature curation, we assembled a set 
of 17 proteins as putative SKAP2 interactors. Six were 
adaptor proteins: FAM102A, FYB [10, 16], APBB1IP 
(also known as RIAM) [12], and NCK2 [19]; NCK1 and 
FAM102B because of their homology with NCK2 and 
FAM102A proteins, respectively. Ten putative interactors 
were members of the SRC tyrosine kinase family: FGR, 
FYN, SRC, and YES in the SrcA subfamily, BLK, 
HCK, LCK, and LYN in the SrcB subfamily, and finally 
FRK and one related kinase, SRMS. SRC kinases were 
selected as putative interactors because some of them 
have been described as SKAP2 interactors [9, 10, 16]. 
The last putative interactor is SKAP2 itself because its 
mouse ortholog is known to form a dimer [11]. We used 
luciferase complementation assay GPCA [33] to validate 
the findings of the yeast two-hybrid screen and of the 
literature curation.

This luciferase complementation protein-protein 
interaction (PPI) detection assay, done in HEK293T 
human cells, is based on complementation of split 
Gaussia princeps luciferase (GPCA). Each of the two 
hemi-luciferases is fused to SKAP2 and its putative 
interactor at either the N-terminal or C-terminal end. In 
the rest of the paper, we used the following nomenclature 
for hemi-luciferase fused proteins: N or C determines 
its localization, and 1 or 2 the hemi-luciferase chosen. 
Interaction is monitored by the luminescence induced 
by the reconstituted active Gaussia princeps enzyme. To 
minimize the possibility that the fusion position affects 
the stability of the SKAP2 dimer, we first tested the four 
possible configurations of the SKAP2-SKAP2 interacting 
pair (Supplementary Figure 1A). The results indicate 
that dimerization is not affected by the position of the 
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Gaussia hemi-luciferase tag, as measured by normalized 
luminescence ration (NLR) values. The accuracy and the 
sensitivity of GPCA were evaluated against a set of ten 
random human proteins and a positive reference set of 
three known interacting partners, FYB, FYN, and LYN [9, 
10, 16]. The signal of each of the three positive proteins 
interacting with SKAP2 is higher than those of each 
of the ten random proteins, as indicated by NLR values 
(Supplementary Figure 1B, left panel). The signal detected 
for FAM102B interaction with SKAP2 was always below 
that of the three positive controls but among the highest 
of the random controls (Supplementary Figure 1B, right 
panel). For that reason in the rest of the experiments, we 
decided to use FAM102B as a negative control associated 
with one or two random human proteins chosen among 
STAP1, SGTB, CRSP3, ZC3, and PCMT1. This approach 
defined a threshold for positive PPI in each experiment as 
the highest value of the NLR mean + SEM among negative 
controls. To test the effect of cell activation, HEK293T 
cells were also treated for 2 h 15 min with 5 µM A23187 
molecule, a calcium ionophore, before PPI measurements.

GPCA validation of SKAP2 interactors

A positive interaction was defined as repeatable 
NLRs above the threshold in at least one of the two 

localizations of Gaussia princeps fusion on SKAP2, with 
or without activation by A23187 calcium ionophore. Of 
the 17 putative interactors of SKAP2, 14 were validated 
(Figure 2A). Only APBB1IP, FAM102B, and NCK1 did 
not show interaction with SKAP2 in these conditions. A 
heat map summarizes the interaction of SKAP2N2 with 
the 17 putative SKAP2-interacting proteins (Figure 2B. 
Supplementary Table 1). Three proteins, FYB, SKAP2, 
and FAM102A, showed the strongest interactions with 
SKAP2. There was great variability of NLRs among 
members of SRC kinase family, with three of those 
proteins positive only after activation, YES, FRK and 
FGR. The interaction signals for the APBB1IP and 
NCK1 proteins were similar to those of the a priori non-
interacting proteins FAM102B, PCMT1, SGTB, and 
ZC3. The interaction signal detected for some proteins 
increased with activation. Results were similar with 
SKAP2C2 (Supplementary Figure 1C, Supplementary 
Table 1). Again the interaction strengths for APBB1IP, 
and NCK1 proteins were similar to those of the a priori 
non-interacting proteins FAM102B, PCMT1, and SGTB. 
The interaction signal of FYB protein was similar 
regardless of the N-terminal or C-terminal localization 
of the SKAP2 fusion. For the remaining proteins tested, 
interaction with SKAP2 was greatly reduced when SKAP2 
was fused C-terminal to the Gaussia princeps fragment 2 

Figure 1: Structural domain organization of SKAP2 and HCK proteins. For each protein, the delineation of domain 
boundaries is indicated. Wild type and replacement amino acid identities at the mutated position involved in domain or motif inactivation 
are indicated in red and blue respectively. (A) Schematic of SKAP2 organization with its three domains: dimerization domain (DIM), 
Plekstrin homology (PH) domain, and SRC homology 3 (SH3) domain. (B) Schematic of major SKAP2 mutants with their point mutations 
(star). (C) Schematic of HCK protein organization with its three domains: SRC homology 3 (SH3) domain, SRC homology 2 (SH2) 
domain and tyrosine kinase catalytic domain (TYRKC). (D) Schematic illustrating inactive (bottom) and active (top) forms of HCK.
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(SKAP2C2), with total loss of signal for FRK and SRC 
kinases. Based on this observation for SKAP2, N-terminal 
fusion was mainly used for further interaction experiments, 
and C-terminal fusion when mentioned was reserved to 
test few specific interactomic configurations. In contrast, 
for the different SRC kinase members, interactions were 
detected regardless the fusion position. We observed a 
strongest interaction for the SrcB subfamily members 
and the SRMS related kinase than for the SrcA subfamily 
members and FRK kinase (Figure 2B and Supplementary 
Figure 1C). 

Role of the dimerization domain of SKAP2

In the mouse Skap2 ortholog the triplet mutations 
V24D, F27D, and V28E affects dimerization of Skap2 
[11]. We introduced the corresponding triplet mutation into 
SKAP2 to generate the ∆DIM SKAP2 mutant (Figure 1A 
and 1B). Dimerization of ∆DIM SKAP2, as detected with 
GPCA, was specifically perturbed compared to SKAP2 
wild type, independently of the activation by the calcium 
ionophore A23187 (Figure 3A, Supplementary Table 2). As 
figured in this differential interaction scatterplot, comparing 
the NLR values of proteins interacting with the ΔDIM 
SKAP2 mutant (y-axis) to that of proteins interacting with 
the SKAP2 wild-type protein (x-axis) with (red square) and 
without (blue circle) activation, the NLRs values of SKAP2 
were located in the lower right-hand quadrant illustrating a 
strong decrease of SKAP2 dimerization signal with ΔDIM 
SKAP2. A robust linear regression used to detect outliers 
is in agreement with this result. Similar results were 
obtained with SKAP2C2 or C1-fused SRC kinase members 
(Supplementary Figure 2A and 2B). 

Binding of SKAP2 with FAM102A, and FYB or 
with SRC family members is affected differently 
by its dimerization

In addition to SKAP2, the NLR values of FAM102A 
and FYB were not aligned with SRC kinase members or 
the negative controls (Figure 3A), suggesting that SKAP2 
dimerization differentially affects the binding of these 
two adaptors with SKAP2 as compared to the binding of 
SRC kinase members. The strength of the interaction with 
FAM102A and FYB seemed stronger than that with the SRC 
kinase members for the ΔDIM SKAP2 mutant compared to 
SKAP2 wild-type protein. C1-fused SRC kinase members 
(Supplementary Figure 2A and Supplementary Table 3) or 
SKAP2C2 (Supplementary Figure 2B and Supplementary 
Table 4) gave similar results, ruling out an effect of position 
of the hemi-luciferase on the results. 

We decided to construct a SKAP2 mutant that still 
dimerizes with similar efficiency than SKAP2 wild-type 
but has lost its capacity to bind to FYB, FAM102A, and 
SRC family members. We constructed a mutant with the 
first 222 amino acids of SKAP2, the DIMPH segment, 
containing both the DIM and the PH domains and 
removing not only the SH3 domain but also two of the 
three tyrosines of putative SH2 binding motifs (Figure 
1B). We first compared interaction with the DIMPH 
deletion mutant to interaction with SKAP2 wild-type 
protein (Figure 3B and Supplementary Table 5). The 
DIMPH deletion mutant interacted with SKAP2 similarly 
to SKAP2 wild-type protein (or slightly weaker), 
independently of the activation by A23187 molecule (see 
also Supplementary Table 5). In contrast, the strength 
of the interaction with FYB strongly decreased, and no 

Figure 2: Literature curated interactions recovered with Gaussia princeps luciferase complementation assay.  
(A) Cytoscape [46] schematic of SKAP2 protein-protein interactions (PPI) interactome network highlighting domains and their binding 
motifs. Node color indicates SRC family members (green), adaptors (blue) and non-interacting proteins (grey). PPIs that have been 
recovered are indicated with black edge, and lack of interaction with grey dotted edge. (B) Heatmap showing the protein-protein interactions 
of SKAP2N2 with putative partners detected by luciferase complementation assay. Scoring is based on logtransformation of normalized 
relative luminescence (NLR) intensity and the null value corresponds to the threshold. Interacting pairs are ranked high to low with 
strongest in green and lowest in red. Interactions are monitored on non-stimulated (NT) or A23187 calcium ionophore activated (A) cells.
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interaction or very weak interaction occurred between 
the DIMPH deletion mutant and N1-fused SRC family 
members, although some weak binding was detectable 
with C1-fused SRC family members (Supplementary 
Figure 3 and Supplementary Table 5). 

We tested whether the dimerization of SKAP2 
affects the binding of FYB and FAM102A as compared 
to that of the SRC family members. First, a competition 
experiment (Supplementary Figure 4A) showed that 
the strength of the interaction of SKAP2 for FYB and 
possibly FAM102A was slightly stronger than that of 
the other proteins tested (SKAP2, SRC family members, 
negative controls) in presence of the DIMPH deletion 
mutant compared to its absence (Supplementary Figure 
4B, Supplementary Table 6). This effect is weaker than 
that of the ΔDIM SKAP2 mutant (Supplementary Figure 
4C, Supplementary Table 6). These first results are in 
agreement with a differential binding due to SKAP2 
dimerization even if the effect is weak.

Second, to detect ternary protein complexes, we used 
HaloTag technology [37] (Promega Wisconsin). In the 
strategy, one protein is fused to HaloTag as a standardized 
“hook”, used to capture on HaloLinkTM resin in which a 
HaloTag ligand has been covalently bound the protein pair 
generating the luciferase signal. The goal is to compare the 
binding of FYB to either SKAP2 homo-dimer or SKAP2-
DIMPH mutant hetero-dimer, where only the SKAP2 
chain is able to bind both SRC kinase family members and 
FYB (Supplementary Figure 5). Complexes with FYB and 
SKAP2 homo-dimers had lower luminescence ratio than 
those with FYB and SKAP2-DIMPH hetero-dimers (Table 
1) in agreement with differential interaction scatterplot 
data (Figure 3A). This result has been repeatedly found 
independently of the protein fused to HaloTag, either 
SKAP2 or FYB. Although, the luminescence of the 
complex between HaloTag-SKAP2, SKAP2, and FYB 
was repeatedly lower than that of the complex between 
HaloTag-DIMPH, SKAP2, and FYB. In contrast in Figure 
3B (Supplementary Table 5), the luminescence of DIMPH-
SKAP2 hetero-dimer was similar or slightly lower that of 
SKAP2 homo-dimer. These opposite results do not support 
that the difference of luminescence detected during the 
ternary protein complex experiment is due to a difference 
of efficiency to form dimer between DIMPH and SKAP2 
wild-type. In summary, these experiments strongly support 
that FYB interacts with a higher efficiency to the SKAP2-
DIMPH hetero-dimer than to the SKAP2 homo-dimer. 
As described below, the W336K SKAP2 mutant has no 
SH3 function and no or poor interaction with FYB and 
FAM102A proteins. Complexes with FYB and SKAP2-
W336K SKAP2 hetero-dimers, in which only SKAP2 
chain is able to bind FYB but both chains bind SRC 
kinase members, had similar luminescence ratio than the 
complexes with FYB and SKAP2 homo-dimers (Table 1), 
suggesting that the increase of the luminescence ratio for 
complexes with FYB and SKAP2-DIMPH hetero-dimer is 

not due to the binding of FYB but to other proteins such as 
the SRC family members. 

Proteins interacting with the SH3 domain of 
SKAP2

A W336K point mutation in the double tryptophan 
of the SH3 domain is known to impair its binding to 
proline-rich proteins such as FYB [38]. This mutation 
was generated on both SKAP2N2 and SKAP2C2 fusion 
protein. Due to a noisy signal of the W336K SKAP2N2 
mutant, interaction strength was measured only for 
SKAP2C2. The sensitivity of the assay was also increased 
by using C1-fused SRC family members. Interaction of 
FAM102A and FYB adaptors with SKAP2 was specifically 
reduced in the W336K SKAP2 mutant compared to 
SKAP2, independently of the activation by the A23187 
calcium ionophore (Figure 3C, Supplementary Table 7). 
These results confirmed that the binding of SKAP2 to FYB 
occurred mainly through the SH3 domain of SKAP2, and 
lends support to a similar role of this SKAP2 SH3 domain 
for binding to FAM102A. We excluded a position effect 
by comparing interaction strength of N2-fused W336K 
SKAP2 mutant with FYB, SKAP2, FAM102A proteins 
and HCK mutants, all chosen for their strong interaction 
with SKAP2, to those of SKAP2N2 (Supplementary 
Figure 6A). A P149L mutation of the FAM102A adaptor 
protein, which is located inside two putative SH3 binding 
motifs (PxxP149LxR and PxxP149LxxP) [8], decreased 
interaction signal between FAM102A and SKAP2 
adaptors, independently of the activation by A23187 
molecule (NT: z = 6.07 P < 0.001; A: z = 5.25 P < 0.001; 
Supplementary Figure 6B, see also Supplementary 
Table 8). A 21-aa deletion of the second proline-rich 
region of FYB (amino acid 354 to 375) drastically reduced 
interaction signal between FYB and SKAP2 (NT: z = 6.50 
P < 0.001; A: z = 11.93 P < 0.001) as previously reported 
[39]. The P370A mutation of FYB, which is located inside 
a putative SH3 binding motif in the same region of the 
protein, only partially diminished interaction (NT: z = 5.21 
P < 0.001; A: z = 10.42 P < 0.001).

Proteins interacting with the three SH2 binding 
motifs of SKAP2 

Phosphorylation of the three tyrosines Y75, Y237, 
and Y261 has been reported to create SH2 binding motifs 
for SKAP2 [7, 8]. Co-immunoprecipitation experiments 
have affirmed that the Y261 phosphorylation is 
necessary for interaction between some SRC kinase 
members and SKAP2 [1]. We generated three SKAP2 
mutants, each bearing one of the Y261F, Y237F, and 
Y75F mutations (Figure 1A). The binding of SRC 
family members to SKAP2 was not modified for any of 
these mutants (data not shown). In contrast, interaction 
of the NCK2 adaptor was decreased in the Y75F SKAP2 
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mutant compared to SKAP2 [19] (Supplementary Figure 
7A, see also Supplementary Table 9). A role in protein-
protein interaction of this SH2 binding motif of SKAP2 
was confirmed with the NCK2-R311A mutation, in 
which the SH2 domain of NCK2 is inactivated.  The 
R311A NCK2 mutant interacted weaker with SKAP2 
than NCK2 wild type (NT: z = 1.98 P < 0.05; A: z = 
2.86 P < 0.01; Supplementary Figure 6B). We also 
studied the triplet 3YF SKAP2 mutant bearing the 
three mutations, Y261F, Y238F, and Y75F. The binding 
strength of the different SRC family members to SKAP2 

was not affected by this triplet mutation (Figure 3D, 
Supplementary Table 10).

How SRC family members interact with SKAP2

Our data strongly suggest that the interactions 
between SKAP2 and the different SRC-kinase family 
members were not affected by tyrosine to phenylalanine 
mutations known to destroy putative SH2 binding motifs. 
We next studied different mutations in HCK protein, 
a SRC family member which has a well-documented 

Figure 3: Edgetic effect of SKAP2 domain or binding motif inactivating mutations. Differential interaction scatterplot of 
SKAP2 mutant (y-axis) versus SKAP2 wild-type (x-axis) using normalized luminescence ratios are displayed in (A–D). Interactions not 
affected by the mutation are aligned on the diagonal. PPI disruptive mutations are located in the lower right-hand quadrant in contrast to 
mutations stabilizing interaction that are located on the upper left-hand one. PPI affected by the mutation are annotated. Interactions are 
monitored on non-stimulated (blue circle) or A23187 calcium ionophore activated (red square) cells. Error bar: Standard Error to the Mean 
(SEM). A robust linear regression, which takes account of outliers, was performed on data using mmregress Stata module. (A) Scatterplot 
comparing the interactome of SKAP2N2 and its N2-fused ΔDIM mutant. Linear regression equations are respectively log10(ΔDIM) = 
0.563 * log10(SKAP2) – 0.232 for samples without A23187 stimulation (blue line) and log10(ΔDIM) = 0.661 * log10(SKAP2) – 0.518 for 
samples with A23187 stimulation (red line). (B) Characterization of the DIMPH mutant. Scatterplots compare the interactome of SKAP2N1 
and its N1-fused DIMPH mutant with N1-fused SRC family members. Threshold for data without (blue line) and with (red line) activation 
by A23187. (C) Scatterplot comparing the interactome of SKAP2C2 and its C2-fused W336K mutant. Linear regression equations are 
respectively log10(W336K) = 0.733 * log10(SKAP2) + 0.124 for samples without A23187 stimulation (blue line) and log10(W336K) = 
1.072 * log10(SKAP2) – 0.269 for samples with A23187 stimulation (red line). (D) Scatterplot comparing the interactome of SKAP2C2 
and its C2-fused 3YF mutant. Linear regression equations are respectively log10(3YF) = 0.775 * log10(SKAP2) – 0.001 for samples 
without A23187 stimulation (blue line) and log10(3YF) = 0.968 * log10(SKAP2) – 0.111 for samples with A23187 stimulation (red line). 
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3D structure [27, 28] (Figure 1C). It was shown that an 
inactive form of HCK protein is stabilized by an intra-
molecular interaction between Trp114 of the SH3 domain 
and Pro249, or by an intra-molecular interaction between 
Arg171 in the SH2 domain and the phosphorylated 
Tyr522. Furthermore, phosphorylation of Tyr411 was 
described to stabilize HCK conformation and its kinase 
activation [26, 40] (Figure 1C and 1D). We tested 
whether mutations of these five amino acids alone or in 
combination will affect the binding to SKAP2. Results 
are displayed on a PPI-mutation plot, which shows the 
wild-type HCK-normalized NLRs of the different HCK 
mutants depending on mutation position. Interestingly, 
most HCK mutants had stronger interaction with SKAP2 
than wild type HCK (Figure 4A, Supplementary Table 
11). Only mutations W114K and Y411F decreased the 
interaction signal between HCK and SKAP2. The SH3 
domain of HCK plays a role in the binding to SKAP2, 
since the signal of P249A HCK mutant with a mutation 
inside the internal SH3 binding site was higher than that 
of W114K HCK mutant with a mutation inactivating 
its SH3 domain (NT: z = 11.49 P < 0.001; A: z = 11.24  
P < 0.001; Figure 4A left-hand image and Supplementary 
Table 11). The increase in interaction strength with 
SKAP2 after SH3 domain displacement depends at least 
partially on the activation of HCK and its stabilization by 
phosphorylation of its Trp411 since the signal of P249A-
Y411F HCK double mutant was lower than that of P249A 
HCK mutant (NT: z  = 9.54 P < 0.001; A: z = 7.02 P < 
0.001) and higher than that of Y411F HCK mutant (NT: 
z = 1.20 ns; A: z = 4.67 P < 0.001). Y522F and R171A 
HCK mutations affect the conformation of HCK protein 
and argue against a role of the SH2 domain for binding 
to SKAP2 since the signal of R171A HCK mutant with a 
mutation inactivating the SH2 domain was at least similar 
to that of Y522F HCK mutant with a mutation inactivating 
its internal SH2 binding site (NT: z = 2.79 P < 0.01; A: 
z = 6.22 P < 0.001) and both were greater than that of 
HCK wild type. Modification of the HCK conformation 

induced by each of the three mutations P249A, R171A, 
and Y522F changed how HCK interacts with SKAP2 
for the following reasons. Firstly, the W114K R171A 
HCK double mutant, which has its two binding domains 
inactivated, bound SKAP2 similarly to HCK wild type. 
Secondly, W114K Y522F HCK double mutant interacts 
with SKAP2 similarly to Y522F HCK mutant, suggesting 
that its SH3 domain plays a minor role for the binding to 
SKAP2 after activation of HCK. These results supported 
appearance of new interacting sites between HCK and 
SKAP2 after the modifications of HCK conformation, one 
of which might be in its SH2 domain. Similar results were 
obtained by studying interactions between HCK mutants 
and SKAP2 fused with hemi-luciferase at its C-terminal 
end (Supplementary Figure 7B and Supplementary Table 
12), excluding a position effect. The great differences in 
strength of binding to SKAP2 of SRC family members 
was not modified by mutating its three tyrosines, in 
opposition to previous results [1]. Most HCK mutations 
increased the binding to SKAP2, and support a direct 
role of the SH3 domain for interaction with SKAP2, at 
least in the initial step of the binding, without excluding 
a role for the SH2 domain in more active conformations. 
Most importantly, HCK mutations increasing the binding 
to SKAP2 are known to increase its kinase activity  
[26–28, 40] supporting that both functions are linked.

HCK binding modifies the interaction strength 
between FYB and SKAP2

Dimerization status, which affects differently 
interactions between FYB or FAM102A and SKAP2 
from those between the SRC family members and SKAP2 
(Figure 3A), strongly decreased when HCK mutants 
replaced SRC family members (Figure 4B, Supplementary 
Table 12). These results suggest that the binding of SRC 
kinases to SKAP2 modifies the strength of binding for 
FYB and FAM102A. A direct proof for FYB and HCK 
is shown in Figure 4C. Both binding of HCK protein 

Table 1: Detection of ternary protein complexes

Complex name
Experiment 1

Luminescence ratio*,°

Experiment 2
Luminescence ratio*,°

Experiment 3
Luminescence ratio*,°

HTSKAP2_SKAP2_FYB 1.33 8.63 1.05
HTSKAP2_DIMPH_FYB 6.38 (480%) 26.78 (310%) 11.68 (1112%)
HTSKAP2_SKAP2W336K_FYB ND ND 4.05
HTDIMPH_SKAP2_FYB 14.45 15.69 ND
HTFYB_SKAP2_SKAP2 49.08 134.99 51.78
HTFYB_DIMPH_SKAP2 124.78 (254%) 308.45 (229%) 160.29 (310%)
HTFYB_SKAP2W336K_SKAP2 ND 63.79 11.08
Control ND 0.89 ND
*ND: not done
°Percent of increased compared to the complex in which SKAP2 replace DIMPH
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to SKAP2 and the calcium influx affected interaction 
strength between FYB and SKAP2. Without activation, 
NLR of FYB showed a U shaped curve suggesting that 
the binding of HCK protein to SKAP2 affects that of 
FYB. After activation, NLR showed a bell shaped curve 
suggesting a significant role of the activation status in 
binding. This combined effect of calcium and P228A 
HCK mutant on the interaction between FYB and SKAP2 
occurred both with wild type SKAP2 and ΔDIM SKAP2 
mutant. 

We defined the domains or binding motifs of SKAP2 
that interact with fourteen proteins. Dimerization of SKAP2 
fine-tunes binding to SRC kinases and their activation that 
secondarily affects the binding of FYB protein.

DISCUSSION

We developed a luciferase complementation assay 
to analyze interaction between SKAP2 and 17 putative 
protein partners. The normalized luminescence ratio 
depends not only on the strength of the interaction but 
also on the localization of each fragment of the Gaussia 
princeps luciferase. To minimize position effects, we 
analyzed the interaction of SKAP2 fused to Gaussia 
princeps fragment 2 at both the N and C terminus. Protein 
functions might be compromised by the position of the 
fusion protein, such as the plasma membrane localization 
of SRC family members by the fusion at their N-terminal 
end (Supplementary Figure 3). Fusion at the C-terminal 

Figure 4: Impact of HCK mutations on SKAP2 interactions. (A) The PPI-mutation plot summarizes results. Y-axis represents 
NLR of each N1-fused HCK mutant and X-axis, the position of the mutation without (left) and with (right) A23187 molecules. NLR are 
normalized according to that of HCK-N1. (B) Role of HCK mutants on the difference of binding due to SKAP2 dimerization. Scatterplot 
compares ΔDIM SKAP2 mutant (y-axis) and SKAP2 (x-axis) using HCK mutants instead of SRC family members. See legend of Figure 
3 for details on scatterplot. Previous annotated PPI are reported on this graph. Linear regression equations are respectively log10(ΔDIM) = 
1.035 * log10(SKAP2) – 0.273 for samples without A23187 stimulation (blue line) and log10(ΔDIM) = 1.282 * log10(SKAP2) – 0.529 for 
samples with A23187 stimulation (red line). (C) Role of HCK titration on the interaction between FYB and SKAP2. The NLR of FYB with 
SKAP2 and its ΔDIM mutant is shown according to different quantities (ng) of P249A HCK mutant. NLR of activated and non-activated 
samples were compared using a z-test. Circle: NLR of SKAP2; square: NLR of ΔDIM mutant with (red) and without (blue) A23187 
activation. Error bar: SEM. P < 0.05 (*); P < 0.01 (**); P < 0.001 (***); Non-Significant (NS).
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end of SRC family members possibly affects their 
activation by interfering with phosphorylation of Trp522. 
To account for such effects, we studied SRC family 
members fused to Gaussia princeps fragment 1 at both 
ends. We used activation by A23187 molecule, a calcium 
ionophore, to test its effect on interaction strength. This 
effect was limited except for the interaction between 
FYB and SKAP2 with the P228A HCK mutant present. 
By examining mutants with point mutations, alone or 
in combination, we were able to precisely define the 
domain and its binding motifs necessary for these protein 
interactions (Supplementary Figure 8). 

We confirmed the well-known interaction between 
the second proline-rich region of FYB adaptor and the 
SH3 domain of SKAP2 [10, 16, 39]. We also confirmed 
the interaction between the SH2 domain of NCK2 
adaptor and the phosphorylated Tyr75 binding motif 
of SKAP2 [19]. We extrapolated from mouse Skap2 
to the human SKAP2 that it can dimerize through its 
N-terminal region [11] and showed that the FAM102A 
adaptor interacts with the SH3 domain of SKAP2 by 
a binding motif containing Pro149. This result is in 
agreement with a previous report [41] showing that 
FAM102A protein interacts with SKAP1 protein, a 
paralog of SKAP2 mainly expressed in hematopoietic 
cells. We re-evaluated how SKAP2 interacts with SRC 
family members. We determined that the role of the 
different SH2 binding motifs of this protein has been 
over-estimated and that the SH3 domain of HCK and 
probably those of other SRC family members play an 
important role. Mutation of the three tyrosines, Y75F, 
Y237F, and Y261F, which inactivated putative binding 
motifs [7, 8], did not affect the great variability of 
interaction strength amongst SRC family members 
(Figure 3D and Supplementary Table 10). The results 
with HCK mutants strongly argue that the different 
conformations associated with kinase activation are 
responsible for the binding differences between SRC 
family members, with HCK activation directly affecting 
binding (Figure 4A and Supplementary Table 12). The 
stronger interaction strength for HCK mutants than for 
HCK protein could be explained by two non-exclusive 
events: increase in the number of HCK molecules able to 
interact with SKAP2 or increase in the binding capacity 
of each HCK molecule for SKAP2. 

With the ΔDIM SKAP2 mutant, which does not 
dimerize, we detected a more subtle effect: dimerization 
increased the interaction strength of SRC family members 
compared to that of FYB and FAM102A proteins, 
independently of the orientation of the fused hemi-
luciferase on SKAP2. Competition experiments with the 
DIMPH deletion mutant supports this hypothesis and 
also excludes a structural role for dimerization in the 
interaction. Results with HCK mutants argue that HCK 
activation affects its binding properties to SKAP2 (Figure 

3A versus Figure 4B) and that Tyr411 phosphorylation is 
necessary for the interaction (Figure 4A). 

We propose the following model (Figure 5) for 
SKAP2 interaction. When two SRC family members 
bind to the same SKAP2 dimer, they activate in trans 
via phosphorylation of Tyr411 [26, 40]. This activation 
induces conformational changes that increase the binding 
of the SRC kinase or tyrosine phosphorylation of SKAP2, 
which increases the number of SH2 binding motifs. A 
similar model coupling activation of Src kinase with its 
binding to the integrin β cytoplamic domain has been 
already proposed [42]. This model has several notable 
consequences: 1) over-expression of SKAP2 induces 
a decrease of activity for trans-activated enzymes not 
because it inactivates these enzymes but because of 
titration; 2) Differences of binding among SRC kinases 
for SKAP2 might be explained not only by differences 
of binding capacity but also by differences of efficiency 
for conformational changes. This effect of SRC family 
members also modified the strength of FYB binding to 
SKAP2 even if the molecular events are unclear. Detection 
of ternary protein complexes definitively excluded the 
proposition that the strength of binding for FYB protein 
to SKAP2 depends on its SH3 domain and suggested a 
role of SRC family members. We definitely confirmed this 
role by studying the titration effect of P249A HCK mutant 
on the binding of FYB to SKAP2 and its ∆DIM mutant 
(Figure 4C).

From COSMIC cancer database [43], we extracted 
seven non-synonymous mutations detected repeatedly 
in SKAP2 gene (Table 2). The SKAP2E235* allele codes 
for a protein similar to the DIMPH deletion mutant but 
with twelve additional amino acids. In the heterozygous 
state, the DIMPH deletion mutant has a dramatic effect 
supporting a functional role of the E235* mutation. Also, 
a R140M mutation inactivates the PH domain [11], so 
the R140W mutation might have a similar effect. We 
evaluated the effect of two other mutations, V240I and 
I345V, but without any success. This negative result for 
the V240I SKAP2 mutation excludes the only potential 
SH3 binding motif for SRC family members predicted 
by ELM [8], and instead argues for a non-canonical SH3 
binding motif mediating the interaction.

The luciferase complementation assay [33], 
developed for its good performance in the high-
throughput setting, also enables fine exploration of 
complex PPIs. This assay combined with site-directed 
mutagenesis allowed us to validate protein-protein 
interaction, to precisely resolve the mechanisms of 
binding and to finely analyze protein conformations 
affecting the interactions. We evaluated the role of the 
different sub-domains of SRC family members on the 
binding to SKAP2 and we propose a model in which 
activation and conformational changes play a major role 
in controlling these interactions [44]. 
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MATERIALS AND METHODS

Plasmids, mutagenesis, and BP cloning

The ORF of SKAP2 (NM003930), FYB 
(NM001243093), SRC (NM005417), APBB1IP 
(NM019043) followed by a stop codon and flanked by 
two gateway sites have been synthesized and cloned 
in PUC57 plasmid (GenScript, Hong Kong). These 
four clones were individually transferred by Gateway 
recombinational cloning into pDONR207 vector. The 
ORF of SKAP2 without stop codon and flanked by 
two gateway sites was also amplified by PCR, cloned 
into pCR-II TOPO® vector using TOPO TA cloning kit 
(Thermo Fisher Scientific, Waltham) and transferred into 
pDONR207 vector. A similar procedure was developed 
for the DIMPH mutant, which contains the 5ʹ part of 
SKAP2 ORF from the first to 666 bp and codes for the 
dimerization and the pleckstrin homology domains. 
Mutagenesis of FAM102A, FYB, NCK2, SKAP2 and HCK 
ORFs were performed using QuickChange Lightning Site-
Directed Mutagenesis kit (Agilent Technologies, Les Ulis) 
according to the manufacturer’s protocol. Supplementary 
Table 13 shows the primers used for all these purposes. 
After each mutagenesis and PCR amplification, the insert 
was completely sequenced using BigDye Terminator 

v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, 
Waltham) and 3130xl Genetic Analyzer (Applied 
Biosystems, Foster City).

The yeast two-hybrid screening

We screened about 2 × 107 yeast cells transfected 
with Human ORFeome v3.1 from which 4 106 were 
diploids  (17.7%) with SKAP2 pNY2H-GBK at 10 
mM 3-aminotriazole (3-AT). One hundred and ninety 
two clones were randomly amplified and their insert 
sequenced. One hundred and forty six sequences out 
of 149 with a significant homology match FAM102A 
sequence. The 3 others single clones were considered as 
false positive.

LR cloning and luciferase complementation 
assay

The four ORFs synthesized at GenScript and 
the thirteen ORFs from Human ORFeome 2011 were 
transferred by Gateway recombinational cloning into 
pSPICA-N1 vector. An ORF of SKAP2 without stop 
codon was also similarly transferred into pSPICA-C1 
vector as the nine ORFs of the SRC kinase family from 
the Human ORFeome 2011. The ORFs of SKAP2 with and 

Figure 5: A model coupling binding of the SRC family members to SKAP2 to their activation. (A) At the steady step, SRC 
kinase members are located to membrane and SKAP2 is mainly located to the cytoplasm. (B) At the beginning of activation, SKAP2 is 
now localized at the membrane after dissociation of chemical bond between its DIM and PH domains and binds one SRC kinase member. 
(C) SRC kinase members are fully activated when 2 molecules bind together SKAP2 dimer inducing trans-phosphorylation of a tyrosine 
stabilizing the activation of the kinase domain. Black rectangle: phosphorylation on tyrosine residue located at the C-terminal part of the 
SRC kinase member and inhibiting the kinase activity. Red rectangle: Activation of the TYRKC domain.
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without stop codon were also transferred into pSPICA-N2 
and pSPICA-C2, respectively. The pSPICA vectors are 
mammalian expressing vectors designed for luciferase 
complementation assay. They expressed Gaussia princeps 
Luciferase fragment 1 (amino acid residues 18 to 109) 
or 2 (amino acid residues from 110 to 185) at the N or 
C-terminal part of the fusion protein.

The luciferase complementation assay was performed 
according to [33] with minor modifications. Briefly the 
first day, 30 000 HEK293T cells are cultured in 100 μl 
of DMEM supplemented with 10% Fetal Bovine Serum 
and antibiotics per well of microplate 96 wells (Greiner, 
Kremsmünster). One day later, cells were transfected with 
100 ng GPCA plasmid pair using polyethylenimine (PEI) 
method. The third day, confluent HEK293T cells were 
stimulated if necessary by 5 µM A23187 during 2 h 15 min. 
Culture medium was discarded, cells were washed once 
with 150 μl of Phosphate Buffer Saline without calcium 
and magnesium (PBS) and incubated for 25 min in 40 μl 
of lysis buffer. Luminescence monitoring was performed 
after addition of native Coelenterazine on a Centro XS3 
LB 960 microplate luminometer (Berthold Technologies, 
Thoiry). Transfections were performed at least in triplicate. 
Protein-protein interactions were monitored by measuring 
interaction-mediated normalized luminescence ratio 
(NLR). Approximations for mean and variance of a ratio 
were derived from Taylor expansion. For competition 
experiments, the ORF of DIMPH mutant was transferred 
by Gateway recombinational cloning into pCNeo vector. 
Transfection by PEI method was performed with 50 μg of 
each of GPCA vectors and 100 μg of the pCNeo vector 
containing either the ORF of DIMPH mutant or empty. 
Similar procedures were performed for titration experiment 
except that P249A HCK pCNeo was mixed with empty 
pCNeo. We used four quantities of P249A HCK pCNeo 
vector, 0 ng, 25 ng, 50 ng, 100 ng, completed to 100 ng 
using empty pCNeo vector. 

Detection of ternary protein complexes using a 
HaloTag vector

A gateway HaloTag vector (Promega, Madison) 
has been constructed by inserting the gateway cassette 
B at the blunted PvuI restriction site of pHTN HaloTag 

CMV-neo vector (Promega, Madison). The first day, 
500 000 HEK293T cells were cultured in 2 ml DMEM 
supplemented by 10% FBS and antibiotics per well of 
plate 6 wells. The second day, cells were transfected by 
PEI method with 1 μg each of the HaloTag vector and the 
two GPCA vectors in 500 μl DMEM. For each sample, we 
used as control cells transfected with 1 μg pCNeo vector 
expressing the same protein than the HaloTag vector 
and the same two GPCA vectors. The third day, culture 
medium was discarded, cells were washed once with 2 ml 
Phosphate Buffer Saline without calcium and magnesium 
(PBS), incubated for 5 to 10 min in 900 μl of lysis buffer, 
and scraped. The medium is transferred to an Eppendorf 
tube and centrifuged 5 min at 5 K rpm to eliminate cellular 
debris. Forty μl of the supernatant was transferred into a 
96 well microplate (Greiner, Kremsmünster). The rest of 
the supernatant was transferred to a new Eppendorf tube 
containing 40 μl HaloLink resin (Promega, Madison), and 
mixed during one hour on a wheel at maximum speed. 
Magnetic beads were purified on a DynaMagTM-2 magnet 
(Thermo Fisher Scientific, Waltham), and submitted to 6 
cycles of wash with 900ml PBS containing 0.1% Tween 
followed by magnet purification. The pellet was diluted in 
40 μl lysis buffer and transferred into a 96 wells microplate 
(Greiner, Kremsmünster). Luminescence monitoring was 
performed as described above. Ternary protein complexes 
were monitored by the ratio of the luminescence from 
cells transfected with the HaloTag vector to that from cells 
transfected with the pCNeo vector.

Graphic presentation and statistics

Approximations of the mean and the variance of a 
ratio were performed using Taylor expansions with a null 
covariance between the numerator and the denominator. 
Two-sample z-test is used to compare two of these ratios. 
Log-transformed NLRs of different proteins from the 
same experiment were compared using a histogram. 
Specific effects of mutations have been extensively 
studied using scatterplots: log-transformed NLRs of 
proteins interacting with SKAP2 mutant on the y-axis 
and those interacting with SKAP2 on the x-axis. NLRs 
of proteins not affected by the mutation were aligned in 
contrast to those interacting preferentially with SKAP2, 

Table 2: Non-synonymous mutations detected repeatedly in SKAP2 gene

Mutation* Count* putative mechanism
L118Q 2  
R126C 2  
R140W 2 R140M mutaion inactivates PH domain
E235* 3 Similar effects of DIMPH mutant
V240I 2  
I345V 2  
*from COSMIC cancer database
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which are located in the lower right-hand quadrant and 
those interacting preferentially with SKAP2 mutant, 
which are located in the upper left-hand quadrant. A 
robust linear regression using the rreg function of Stata/
IC 10.1, a reweighted least squares algorithm based on 
M-estimators and Cook distances, was performed to define 
weight associated with each sample. Undefined or lower 
weights were used to confirm outliers by an automatic 
process. We also used a diagnostic plot of standardized 
robust residuals versus robust Mahalanobis distances 
from the mmregress function (data not shown). Linear 
regression equations shown in the different scatter plots 
are those obtained by using the mmregress module of 
Stata. The heatmap graphics were generated with a script 
in R [45]. The genes were ordered by the mean value of 
the log of NLR values. Positive log NLR values are shown 
in green going from dark green (weak positive) to light 
green (strong positive) and Negative log NLR values are 
shown in red going from dark red (weak negative) to light 
red (strong negative). To compare different experiments, 
we used modified NLR defined as the ratio between the 
NLR and the present threshold, the highest value of the 
NLR mean + SEM among negative controls. Three levels 
of significance were used for the P-value lower than 0.05 
(*), 0.01 (**), and 0.001 (***).

Author contributions

J.F.B., A.S., and Y.J. designed research; J.F.B., L.G., 
J.D., Y.J. performed research; P.C., and C.D. contributed 
new reagents or analytic tools; J.F.B., and Y.J. analyzed 
data; J.F.B., L.J., A.S., and Y.J. wrote the paper.

ACKNOWLEDGMENTS

We thank Cedric Diot, Guillaume Fournier, and 
Marion Declercq, for regularly providing HEK 293T cell 
culture and Mélanie Dos Santos for technical help. We also 
thank the Center for Cancer Systems Biology (CCSB) at 
the Dana-Farber Cancer Institute (Boston, MA, USA) for 
providing us with ORFs. We are grateful to Richard Paul 
and Michael Cusick who greatly improved our manuscript. 
We would like also to thank two anonymous reviewers for 
their help to clarify this paper.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

Funding was provided by Institut Pasteur; Paris, 
Centre National de la Recherche Scientifique, Université 
Paris Diderot, and René and Andrée Duquesne Price 

(2016). This article is linked to a project funded by ANR-
11-BSV1-027-01.

REFERENCES

 1. Curtis DJ, Jane SM, Hilton DJ, Dougherty L, Bodine DM,  
Begley CG. Adaptor protein SKAP55R is associated 
with myeloid differentiation and growth arrest. Exp 
Hematol. 2000; 28:1250–59. https://doi.org/10.1016/
S0301-472X(00)00537-3.

 2. Wang H, Rudd CE. SKAP-55, SKAP-55-related and 
ADAP adaptors modulate integrin-mediated immune-cell 
adhesion. Trends Cell Biol. 2008; 18:486–93. https://doi.
org/10.1016/j.tcb.2008.07.005.

 3. Alenghat FJ, Baca QJ, Rubin NT, Pao LI, Matozaki T,  
Lowell CA, Golan DE, Neel BG, Swanson KD. 
Macrophages require Skap2 and Sirpα for integrin-
stimulated cytoskeletal rearrangement. J Cell Sci. 2012; 
125:5535–45. https://doi.org/10.1242/jcs.111260.

 4. Bourette RP, Thérier J, Mouchiroud G. Macrophage colony-
stimulating factor receptor induces tyrosine phosphorylation 
of SKAP55R adaptor and its association with actin. 
Cell Signal. 2005; 17:941–49. https://doi.org/10.1016/j.
cellsig.2004.11.009.

 5. Tanaka M, Shimamura S, Kuriyama S, Maeda D, Goto A,  
Aiba N. SKAP2 Promotes Podosome Formation to 
Facilitate Tumor-Associated Macrophage Infiltration and 
Metastatic Progression. Cancer Res. 2016; 76:358–69. 
https://doi.org/10.1158/0008-5472.CAN-15-1879.

 6. Ayoub E, Hall A, Scott AM, Chagnon MJ, Miquel G, Hallé M,  
Noda M, Bikfalvi A, Tremblay ML. Regulation of the Src 
kinase-associated phosphoprotein 55 homologue by the 
protein tyrosine phosphatase PTP-PEST in the control of 
cell motility. J Biol Chem. 2013; 288:25739–48. https://doi.
org/10.1074/jbc.M113.501007.

 7. Hornbeck PV, Zhang B, Murray B, Kornhauser JM, Latham V,  
Skrzypek E. PhosphoSitePlus, 2014: mutations, PTMs 
and recalibrations. Nucleic Acids Res. 2015; 43:D512–20. 
https://doi.org/10.1093/nar/gku1267.

 8. Dinkel H, Michael S, Weatheritt RJ, Davey NE, Van 
Roey K, Altenberg B, Toedt G, Uyar B, Seiler M, Budd 
A, Jödicke L, Dammert MA, Schroeter C, et al. ELM—the 
database of eukaryotic linear motifs. Nucleic Acids Res. 
2012; 40:D242–51. https://doi.org/10.1093/nar/gkr1064.

 9. Kouroku Y, Soyama A, Fujita E, Urase K, Tsukahara T, 
Momoi T. RA70 is a src kinase-associated protein expressed 
ubiquitously. Biochem Biophys Res Commun. 1998; 
252:738–42. https://doi.org/10.1006/bbrc.1998.9637.

10. Marie-Cardine A, Verhagen AM, Eckerskorn C, 
Schraven B. SKAP-HOM, a novel adaptor protein 
homologous to the FYN-associated protein SKAP55. 
FEBS Lett. 1998; 435:55–60. https://doi.org/10.1016/
S0014-5793(98)01040-0.



Oncotarget13114www.impactjournals.com/oncotarget

11. Swanson KD, Tang Y, Ceccarelli DF, Poy F, Sliwa JP, Neel 
BG, Eck MJ. The Skap-hom dimerization and PH domains 
comprise a 3′-phosphoinositide-gated molecular switch. 
Mol Cell. 2008; 32:564–75. https://doi.org/10.1016/j.
molcel.2008.09.022.

12. Königsberger S, Peckl-Schmid D, Zaborsky N, Patzak I, 
Kiefer F, Achatz G. HPK1 associates with SKAP-HOM to 
negatively regulate Rap1-mediated B-lymphocyte adhesion. 
PLoS One. 2010; 5:5. https://doi.org/10.1371/journal.
pone.0012468.

13. Reinhold A, Reimann S, Reinhold D, Schraven B, Togni 
M. Expression of SKAP-HOM in DCs is required for an 
optimal immune response in vivo. J Leukoc Biol. 2009; 
86:61–71. https://doi.org/10.1189/jlb.0608344.

14. Togni M, Swanson KD, Reimann S, Kliche S, Pearce AC, 
Simeoni L, Reinhold D, Wienands J, Neel BG, Schraven 
B, Gerber A. Regulation of in vitro and in vivo immune 
functions by the cytosolic adaptor protein SKAP-HOM. 
Mol Cell Biol. 2005; 25:8052–63. https://doi.org/10.1128/
MCB.25.18.8052-8063.2005.

15. Timms JF, Swanson KD, Marie-Cardine A, Raab M, 
Rudd CE, Schraven B, Neel BG. SHPS-1 is a scaffold 
for assembling distinct adhesion-regulated multi-protein 
complexes in macrophages. Curr Biol. 1999; 9:927–30. 
https://doi.org/10.1016/S0960-9822(99)80401-1.

16. Liu J, Kang H, Raab M, da Silva AJ, Kraeft SK, Rudd CE. 
FYB (FYN binding protein) serves as a binding partner 
for lymphoid protein and FYN kinase substrate SKAP55 
and a SKAP55-related protein in T cells. Proc Natl Acad 
Sci USA. 1998; 95:8779–84. https://doi.org/10.1073/
pnas.95.15.8779.

17. Takahashi T, Yamashita H, Nagano Y, Nakamura T, 
Ohmori H, Avraham H, Avraham S, Yasuda M, Matsumoto 
M. Identification and characterization of a novel Pyk2/
related adhesion focal tyrosine kinase-associated protein 
that inhibits alpha-synuclein phosphorylation. J Biol 
Chem. 2003; 278:42225–33. https://doi.org/10.1074/jbc.
M213217200.

18. Kuranami S, Yokobori T, Mogi A, Altan B, Yajima T, 
Onozato R, Azuma Y, Iijima M, Kosaka T, Kuwano H. Src 
kinase-associated phosphoprotein2 expression is associated 
with poor prognosis in non-small cell lung cancer. 
Anticancer Res. 2015; 35:2411–15.

19. Zhou L, Zhang Z, Zheng Y, Zhu Y, Wei Z, Xu H, Tang Q, 
Kong X, Hu L. SKAP2, a novel target of HSF4b, associates 
with NCK2/F-actin at membrane ruffles and regulates actin 
reorganization in lens cell. J Cell Mol Med. 2011; 15:783–
95. https://doi.org/10.1111/j.1582-4934.2010.01048.x.

20. Ingley E. Src family kinases: regulation of their activities, 
levels and identification of new pathways. Biochim 
Biophys Acta. 2008; 1784:56–65. https://doi.org/10.1016/j.
bbapap.2007.08.012.

21. Patwardhan P, Resh MD. Myristoylation and membrane 
binding regulate c-Src stability and kinase activity. Mol 

Cell Biol. 2010; 30:4094–107. https://doi.org/10.1128/
MCB.00246-10.

22. Sato I, Obata Y, Kasahara K, Nakayama Y, Fukumoto 
Y, Yamasaki T, Yokoyama KK, Saito T, Yamaguchi N. 
Differential trafficking of Src, Lyn, Yes and Fyn is specified 
by the state of palmitoylation in the SH4 domain. J Cell Sci. 
2009; 122:965–75. https://doi.org/10.1242/jcs.034843.

23. Bradshaw JM. The Src, Syk, and Tec family kinases: 
distinct types of molecular switches. Cell Signal. 2010; 
22:1175–84. https://doi.org/10.1016/j.cellsig.2010.03.001.

24. Engen JR, Wales TE, Hochrein JM, Meyn MA 3rd, Banu 
Ozkan S, Bahar I, Smithgall TE. Structure and dynamic 
regulation of Src-family kinases. Cell Mol Life Sci. 2008; 
65:3058–73. https://doi.org/10.1007/s00018-008-8122-2.

25. Roskoski R Jr. Src protein-tyrosine kinase structure, 
mechanism, and small molecule inhibitors. Pharmacol Res. 
2015; 94:9–25. https://doi.org/10.1016/j.phrs.2015.01.003.

26. Cooper JA, MacAuley A. Potential positive and 
negative autoregulation of p60c-src by intermolecular 
autophosphorylation. Proc Natl Acad Sci USA. 1988; 
85:4232–36. https://doi.org/10.1073/pnas.85.12.4232.

27. Schindler T, Sicheri F, Pico A, Gazit A, Levitzki A, Kuriyan 
J. Crystal structure of Hck in complex with a Src family-
selective tyrosine kinase inhibitor. Mol Cell. 1999; 3:639–48. 
https://doi.org/10.1016/S1097-2765(00)80357-3.

28. Sicheri F, Moarefi I, Kuriyan J. Crystal structure of the Src 
family tyrosine kinase Hck. Nature. 1997; 385:602–09. 
https://doi.org/10.1038/385602a0.

29. Yang S, Blachowicz L, Makowski L, Roux B. Multidomain 
assembled states of Hck tyrosine kinase in solution. Proc 
Natl Acad Sci USA. 2010; 107:15757–62. https://doi.
org/10.1073/pnas.1004569107.

30. Poh AR, O’Donoghue RJ, Ernst M. Hematopoietic cell 
kinase (HCK) as a therapeutic target in immune and 
cancer cells. Oncotarget. 2015; 6:15752–71. https://doi.
org/10.18632/oncotarget.4199.

31. Choi HK, Kang HR, Jung E, Kim TE, Lin JJ, Lee SY. 
Early estrogen-induced gene 1, a novel RANK signaling 
component, is essential for osteoclastogenesis. Cell Res. 
2013; 23:524–36. https://doi.org/10.1038/cr.2013.33.

32. Wang DY, Fulthorpe R, Liss SN, Edwards EA. Identification 
of estrogen-responsive genes by complementary 
deoxyribonucleic acid microarray and characterization of a 
novel early estrogen-induced gene: EEIG1. Mol Endocrinol. 
2004; 18:402–11. https://doi.org/10.1210/me.2003-0202.

33. Cassonnet P, Rolloy C, Neveu G, Vidalain PO, Chantier T, 
Pellet J, Jones L, Muller M, Demeret C, Gaud G, Vuillier 
F, Lotteau V, Tangy F, et al. Benchmarking a luciferase 
complementation assay for detecting protein complexes. 
Nat Methods. 2011; 8:990–92. https://doi.org/10.1038/
nmeth.1773.

34. Alvarado JJ, Betts L, Moroco JA, Smithgall TE, Yeh JI. 
Crystal structure of the Src family kinase Hck SH3-SH2 
linker regulatory region supports an SH3-dominant 



Oncotarget13115www.impactjournals.com/oncotarget

activation mechanism. J Biol Chem. 2010; 285:35455–61. 
https://doi.org/10.1074/jbc.M110.145102.

35. Huculeci R, Cilia E, Lyczek A, Buts L, Houben K, Seeliger 
MA, van Nuland N, Lenaerts T. Dynamically Coupled 
Residues within the SH2 Domain of FYN Are Key to 
Unlocking Its Activity. Structure. 2016; 24:1947–1959. 
https://doi.org/10.1016/j.str.2016.08.016.

36. Kornev AP, Taylor SS. Dynamics-Driven Allostery in 
Protein Kinases. Trends Biochem Sci. 2015; 40:628–47. 
https://doi.org/10.1016/j.tibs.2015.09.002.

37. Los GV, Encell LP, McDougall MG, Hartzell DD, Karassina 
N, Zimprich C, Wood MG, Learish R, Ohana RF, Urh M, 
Simpson D, Mendez J, Zimmerman K, et al. HaloTag: a 
novel protein labeling technology for cell imaging and 
protein analysis. ACS Chem Biol. 2008; 3:373–82. https://
doi.org/10.1021/cb800025k.

38. Yu H, Rosen MK, Shin TB, Seidel-Dugan C, Brugge JS, 
Schreiber SL. Solution structure of the SH3 domain of Src 
and identification of its ligand-binding site. Science. 1992; 
258:1665–68. https://doi.org/10.1126/science.1280858.

39. Kuropka B, Witte A, Sticht J, Waldt N, Majkut P, 
Hackenberger CP, Schraven B, Krause E, Kliche S, 
Freund C. Analysis of Phosphorylation-dependent Protein 
Interactions of Adhesion and Degranulation Promoting 
Adaptor Protein (ADAP) Reveals Novel Interaction 
Partners Required for Chemokine-directed T cell Migration. 
Mol Cell Proteomics. 2015; 14:2961–72. https://doi.
org/10.1074/mcp.M115.048249.

40. Veillette A, Fournel M. The CD4 associated tyrosine protein 
kinase p56lck is positively regulated through its site of 
autophosphorylation. Oncogene. 1990; 5:1455–62.

41. Rolland T, Taşan M, Charloteaux B, Pevzner SJ, Zhong 
Q, Sahni N, Yi S, Lemmens I, Fontanillo C, Mosca R, 
Kamburov A, Ghiassian SD, Yang X, et al. A proteome-
scale map of the human interactome network. Cell. 2014; 
159:1212–26. https://doi.org/10.1016/j.cell.2014.10.050.

42. Arias-Salgado EG, Lizano S, Sarkar S, Brugge JS, Ginsberg 
MH, Shattil SJ. Src kinase activation by direct interaction 
with the integrin beta cytoplasmic domain. Proc Natl Acad 
Sci USA. 2003; 100:13298–302. https://doi.org/10.1073/
pnas.2336149100.

43. Forbes SA, Beare D, Boutselakis H, Bamford S, Bindal N, 
Tate J, Cole CG, Ward S, Dawson E, Ponting L, Stefancsik 
R, Harsha B, Kok CY, et al. COSMIC: somatic cancer 
genetics at high-resolution. Nucleic Acids Res. 2017; 
45:D777–D783. https://doi.org/10.1093/nar/gkw1121.

44. Kung JE, Jura N. Structural Basis for the Non-catalytic 
Functions of Protein Kinases. Structure. 2016; 24:7–24. 
https://doi.org/10.1016/j.str.2015.10.020.

45. R Development Core Team (2011), R: A Language and 
Environment for Statistical Computing. Vienna, Austria : the 
R Foundation for Statistical Computing. ISBN: 3-900051-
07-0. Available online: http://www.R-project.org/.

46. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, 
Ramage D, Amin N, Schwikowski B, Ideker T. Cytoscape: a 
software environment for integrated models of biomolecular 
interaction networks. Genome Res. 2003; 13:2498–504. 
https://doi.org/10.1101/gr.1239303


