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TKS4 scaffold protein is involved in formation of invadopodia, production of reactive oxygen species (ROS)
by tumor cells and other cellular processes. Aim. To identify new TKS4 partners involved in the actin cy-
toskeleton rearrangements and endo-/exocytosis. Methods. The GST pull-down assay was used to identify the
interaction. Results. We revealed that TKS4 SH3 domains interacted with the actin cytoskeleton reorganiza-
tion proteins N-WASP and CR16, as well as with DNM2, SYNJ1 and OPHN1 which are involved in endo-/
exocytosis. We also tested the WIP, WIRE, SHIP2, RhoU, RhoV and NUMB proteins, but their interaction
with the SH3 domains of TKS4 was not found. Conclusions. The SH3 domains of TKS4 interact with
N-WASP, DNM2, SYNJ1, OPHNI1 and weakly with CR16 in vitro.
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Introduction

Adaptor/scaffold proteins play an important role in
the functioning of cells. Adaptor proteins are com-
posed of domains and motifs that mediate molecular
interactions, and can thereby link signaling proteins,
e.g. activated cell-surface receptors to downstream
effectors. The recent data support the notion that
adaptors are not simply coupling devices that hard-
wire the successive components of signaling path-
ways [1]. Scaffold proteins usually consist of multi-
ple domains that bind different cell components and
are believed to be responsible for anchoring scaffold
proteins to various microdomains of the cell.
Adaptors/scaffolds often contain Src-homology 2
and 3 (SH2 and SH3) domains that bind to phospho-
tyrosine residues (pY) and proline-rich motifs
(PxxP) respectively [2]. Usually adaptor/scaffold
proteins consist of domains which can bind different
membrane phospholipids such as Phox homology
(PX) or pleckstrin-homology (PH) domains [3].

TKS4 (Tyrosine kinase substrate with four SH3
domains) scaffold protein, known also as SH3PXD2B
contain one PX domain, four SH3 domains, proline-
rich motifs, mostly concentrated in the linker be-
tween 3 and 4" SH3 domains; and three Src phos-
phorylation sites (Fig. 1) [4]. TKS4 was shown to
play an important role in the formation of functional
invadopodia [4] and lamellipodia [5] — cellular inva-
sive and motion structures, the production of ROS
by tumor cells [6, 7] and in the differentiation of
white adipose tissue [8]. The TKS4 gene mutations
are linked to such pathologies as Frank-Ter Haar
syndrome [9], Borrone dermato-cardio-skeletal syn-
drome [10] and glaucoma [11]. It was shown that
together with the other family member, TKS5
(Tyrosine kinase substrate with five SH3 domains),
TKS4 plays a critical role in the cancer cell invasive-
ness. For instance, after the TKS4 knockdown the
cancer cells lose their ability to form invadopodia
[4]. The detailed mechanisms of TKS4 participation
in these processes are unknown, so the search and
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characterization of the new partners are an important
area of research.

To date only five TKS4 protein partners are
known. One of them is cortactin, a regulator of actin
cytoskeleton [5]. Gianni and co-authors have shown
that TKS4 participates in the ROS production by the
interaction with NoxAl (NOX activating pro-
tein 1) [7]. Another TKS4 partner is metalloprotease
ADAMI15 (a disintegrin and metalloprotease 15)
that takes part in the extracellular matrix degradation
during the cell movement and invasion. The interac-
tion was confirmed by GST pull-down assay [12].
Mass spectrometry revealed two more partners:
scaffold Ruk/CINS5 (regulator of ubiquitous kinase/
Cbl-interacting protein of 85 kDa) and adaptor
GRB2 (growth factor receptor-bound protein 2) [13,
14]. Through the PX domain TKS4 interacts with the

Table 1. Primers used for cloning

Fig. 1. Schematic
presentation  of
the TKS4 domain
structure and its
known partners

membrane phosphatidylinositol phosphates (such as
PtdIns(3,4)P,, PtdIns(3)P and PA) which probably
allow it to recognize endosomes and invadopodia
formation sites (Fig. 1) [4, 15].

In this work we searched for new TKS4 partners
containing proline-rich motifs which could interact
with the TKS4 SH3 domains. The proteins we have
chosen for GST pull-down assay are involved in the
actin cytoskeleton rearrangement, endo-/exocytosis
and formation of invadopodia.

Materials and Methods

RT-PCR and expression constructs

cDNA was synthesized from 1 to 5 pg of total
RNA using oligo(dT ;) primer and Expand Reverse
Transcriptase from Roche. Five percent of the cDNA

Constructs® Primers Sequence® Sites Shifts
pCMVmyc-CR16 f tgac[gaattc]cagtgccaccgeca EcoRI G956 to A;
(aa 2-483) r_gac[ctcgag]ttcatctgtcttcte Xhol C1039(Ala) to T(Val)
pRKS5myc-WIRE f ca[ggatcc]ccaattcetectececcgee BamHI T228 to C
(aa 2-440) r_ccltctagalacgggaccaagccaggette Xbal
pcDNA4maxB-N-WASP f at[gaattc]cgtccageageagecg EcoRI C39% t0 T
(aa 3-505) r_ta[gatatc]agtcttcccactcatc EcoRV
pGEX4T3-SH3 1(TKS4) f agt[gaattc]catggtcctggagea EcoRI
(aa 152-212) r_ctc[ctcgag]caccccatectggee Xhol
CONTRATSY | Dl okl sz oo
pGEX4T3-SH3 3(TKS4) f atc[ggatcc]caagtggaggaaga BamHI
(aa 368-426) r_tgc[ctcgagltcttgtacttgtcaa Xhol
pGEX4T3-SH3 4(TKS4) f tgc[gaattc]cctgaaggactcttt EcoRI
(aa 850-911) r_gaa[ctcgag]tcggctacggcettct Xhol

a aa, amino acids;

b f, forward; r, reverse; brackets indicate restriction enzyme sites into the primers
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obtained was used as a template for PCR as de-
scribed previously [16]. The coding sequence of
CRI16 (NM_001080529 nucleotides [nt] 186 to
1647), WIRE (NM _133264; nt 244 to 1581),
N-WASP (NM_003941.3; nt 344 to 1853), and four
SH3 domains of 7KS4 (NM_001017995; nt 624 to
807, 831 to 1016, 1273 to 1450 and 2718 to 2911
respectively), were PCR amplified from human
c¢DNA using the primers listed in Table 1.

The plasmids encoding human GST-fused SH3A
domain of ITSNI1, omni-SYNJ1-PRD isoform d
[17], HA-WIP [18] and HA-OPHNI1 [19] were de-
scribed previously. Flag-NUMB was a kind gift of
Dr. P. P. Di Fiore [20], flag-SHIP2 was received from
Dr. C. A. Mitchell [21], myc-RhoU, myc-RhoV were
obtained from Dr. P. Aspenstrom [22, 23] and GFP-
DNM2 was from Dr. S. Gasman [24].

Antibodies

Monoclonal anti-HA antibodies were purchased
from Covance, USA; monoclonal anti-flag (clone
M2) antibodies were purchased from Sigma, USA;
monoclonal anti-omni (D-8) sc-7270 and polyclonal
anti-OPHN C-19 (sc-8374) antibodies were pur-
chased from Santa Cruz Biotechnology, USA;
monoclonal anti-myc 7E10 antibodies were pur-
chased from LifeSpan Biosciences, USA; polyclonal

anti-GFP  antibodies were a kind gift of
Dr. V. V. Filonenko. Secondary horseradish peroxi-
dase-labeled anti-rabbit, anti-mouse and anti-goat
antibodies were purchased from Promega, USA.

Cell culture and transfection

MDA-MB-231 or 293 cell lines were maintained
in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10 % fetal bovine serum, 50 U/
ml penicillin and 100 pg/ml streptomycin. The cells
were transiently transfected with PEI (polyethyle-
neimine) according to the manufacturer’s instruc-
tions and processed 24 h after transfection.

GST pull-down assay and Western blot analysis

The recombinant GST-fused proteins were ob-
tained in Escherichia coli Top10A cells and affinity
purified using glutathione-Sepharose 4B (GE
Healthcare) according to the manufacturer’s instruc-
tions. Lysates of transiently transfected MDA-
MB-231 or 293 cells were prepared in extraction
buffer containing 20 mM Tris-HCI pH 7.4, 150 mM
NaCl, 0.5 % Nonidet P40, 1 mM EDTA, 1 mM
phenylmethylsulfonylfluoride (PMSF) and protease
inhibitor cocktail from Roche and centrifuged for 10
min at 12.000 g at 4°C. For pull-down experiments,
5-10 pg of GST or GST-fused proteins were bound
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Fig. 2. The SH3 domains of TKS4 interact with the proteins involved in the actin cytoskeleton reorganization N-WASP (4), CR16

(B) but do not interact with WIRE (C) and WIP (D)
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to 30 ul of 50 % glutathione-Sepharose 4B beads
and incubated with the cell lysates for 1 h at 4°C.
After extensive washing, the beads were boiled in
Laemmli sample buffer. The proteins were resolved
in SDS-PAGE, transferred to nitrocellulose mem-
branes (Bio-Rad) and blocked in 5 % nonfat milk.
The membranes were incubated with primary anti-
bodies for 1 h followed by incubation with peroxi-
dase-conjugated secondary antibodies for 40 min.
Immunoreactive bands were detected using ECL re-
agents. Chemiluminescence was captured with
Molecular Imager ChemiDoc™ XRS+ (Bio-Rad).

Results and Discussion

A GST pull-down assay was performed to test the
interaction of TKS4 with the chosen protein partners
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in vitro. For analysis we chose the actin cytoskeleton
reorganization proteins such as N-WASP (neural
Wiskott-Aldrich syndrome protein), CR16 (cortico-
steroids and regional expression 16), WIP (WASP-
interacting protein) and WIRE (WIP-related); pro-
teins involved in endo-/exocytosis such as DNM2
(dynamin 2), SYNJ1 (synaptojanin 1), OPHNI1 (oli-
gophrenin 1), SHIP2 (SH2 domain-containing inosi-
tol phosphate S5-phosphatase 2), NUMB (protein
numb homolog) and two Rho GTPases: RhoU (Ras
homolog gene family, member U) and RhoV (Ras
homolog gene family, member V). Breifly, the re-
combinant GST-fused SH3 domains of TKS4 were
immobilized on the glutathione sepharose and incu-
bated with the lysates of MDA-MB-231 or 293 cell
lines overexpressing one of the target proteins. GST
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Fig. 3. The SH3 domains of TKS4 interact with proteins DNM2
(4), OPHNI1 (B) and SYNJ1-PRD isoform d (C) but do not in-
teract with SHIP2 (D), RhoU (£), RhoV (F) and NUMB (G),
involved in endo-/exocytosis processes
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alone was used as a control. The amount of the GST-
fused SH3 domains was detected with Coomassie or
Ponceau staining. Precipitated proteins were detect-
ed by Western blot analysis. For the previously de-
scribed ITSN1 partners, GST-fused ITSN1 SH3A
domain was used as a positive control [17-19, 25].

First, we have tested the interaction of the TKS4
SH3 domains with the proteins involved in the actin
cytoskeleton reorganization such as N-WASP and
the verprolin family (WIP, WIRE and CR16) [26].
We have shown that N-WASP binds to the second
TKS4 SH3 domain (Fig. 24). CR16 demonstrated a
weak interaction with the 2", 3 and 4" TKS4 SH3
domains (Fig. 2B), whereas no interaction was ob-
served for WIRE and WIP (Fig. 2C, D).

The group of endo-/exocytosis proteins included
OPHN1, GTPase activating protein for the Rho fam-
ily small GTPases [27], GTPase DNM2, phosphati-
dylinositol phosphatases SYNJ1 and SHIP2, and
scaffold protein NUMB [28]. We have also chosen
two atypical members of the Rho family GTPases:
RhoU and RhoV. These two atypical GTPases are
highly conserved across vertebrates and involved in
the adhesion and migration of many cell types [29].

After a series of GST pull-down experiments we
have demonstrated the interaction of the third TKS4
SH3 domain with DNM2 and OPHNI1 (Fig. 34, B).
The proline-rich domain of SYNJ1 isoform d de-
scribed in 2008 in our lab [17] binds to the third and
weakly to the fourth TKS4 SH3 domains (Fig. 3C).
No interaction was shown for SHIP2, RhoU, RhoV,
and NUMB (Fig. 3D-G).

The obtained results on the TKS4 binding to
N-WASP and CR16 indicate the TKS4 potential in-
volvement in the actin cytoskeleton reorganization,
which is in line with the previously demonstrated
TKS4 interaction with the nucleation promoting fac-
tor cortactin [5]. TKS4 may regulate the interaction
between N-WASP and CR16 which highly cooper-
ate in the regulation of the actin cytoskeleton rear-
rangement [26].

The TKS4 interaction with such endo-/exocytosis
components as DNM2, SYNJ1 and OPHNI [28, 27]
may bring new evidence for its participation in these

membrane transport processes, which has been dem-
onstrated for the first time. Besides, our data suggest
that TKS4 is likely involved in the invadopodia for-
mation: N-WASP and DNM2 are the key compo-
nents of these invasive structures, and phosphoti-
dylinositol phosphates (PtdInsP) that bind to the
TKS4 PX domain are the markers for the invadopo-
dia initiation sites [15]. This process, in turn, may be
regulated by the TKS4 interaction with the SYNJ1
phosphatidylinositol phosphatase which dephos-
phorylates phosphatidylinositol bis- or trisphos-
phates localized in plasma membranes [30].

Conclusions

The SH3 domains of TKS4 interact with N-WASP,
DNM2, SYNJ1-PRD isoform d, OPHN1 and weakly
with CR16 in vitro. The interaction of the TKS4 SH3
domains with WIP, WIRE, SHIP2, RhoU, RhoV and
NUMB has not been found. These results suggest
the TKS4 participation in the invadopodia formation
including the actin cytoskeleton rearrangements and
indicate its potential involvement in endo-/exocyto-
sis. The analysis of their co-localization in a cell and
the functions of TKS4/partners complexes to con-
firm the identified interaction are in progress.
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Hogi naptHepu ckadoaanoro 6isika TKS4
C. B. Kponusko

Ckadomnn TKS4 npuiimae ygacts y popMyBaHHI iHBaIONOMIH, ITPo-
nykuii aktuBHEX (opM kucHio (ROS) B pakoBHX KITITHHAX Ta iH-
IIMX KIITHHHKX nporiecax. Meta. InentugikyBaTy HOBUX napTHe-
piB TKS4, 3anisinux B nepeOyoBax aKTHHOBOTO LIUTOCKENETY Ta
eHno-/exzomuro3i. Meromu. In vitro GST pull-down assay.
Pesyabrarn. [lokazano, mo SH3 nomenn TKS4 B3aemomnirots 3
OlIKaMU-peopraHizaTopaMy aKTHHOBOTO IuTockenety N-WASP ta
CR16, a takox 3 DNM2, SYNJ1 ta OPHNI, siki 3a/1is1Hi B €H10-/
ek3ormTo3i. [Ipote B3aemonii WIP, WIRE, SHIP2, RhoU, RhoV ta
NUMB, 3 SH3 nomenamu TKS4 ne 3naiineno. BucnoBku. SH3

nomenn TKS4 B3aemoitors 3 Oinkamu N-WASP, DNM2, SYNJI,
OPHNI Ta cnabko 3 CR16 in vitro.

Kawuosi caosa: TKS4, ananrepni/ckadonasi Giku, akTu-
HOBHUH LIUTOCKEJIET, EHJI0-/EK30LIUTO3

Hosbie napTHeps! ckaddongnoro deaxa TKS4
C. B. Kponusko

Cxaddong TKS4 npurnmaer yyactre B GOpMUPOBAHHN HHBAJIOMO-
Wi, TIPOIYKLMK aKTHBHBIX (hopM Krciopoza (ROS) B pakoBbIX Ki1eT-
Kax ¥ IPyrux KIeTOYHBIX nporeccax. Llemn. Vinentndukarys HOBbIX
naprHepoB TKS4, yuacTByromux B nepecTpoiikax aKTHHOBOIO M-
TOCKesIeTa M 3HIO-/AK3o1mTo3e. Meronbl. In vitro GST pull-down
assay. Pesynbrarsl. [lokazaHo, uto SH3 nomensr TKS4 B3anmoneii-
CTBYIOT C OeNIKaMH-pEeopraHn3aTopaMl aKTHHOBOTO IUTOCKENETa
N-WASP u CR16, a Tarke ¢ DNM2, SYNJ1 u OPHNI, koropsie
3aJ1eHCTBOBAHLI B 3H10-/3K301MT03€e. B3anmonericreus WIP, WIRE,
SHIP2, RhoU, RhoV 1 NUMB, ¢ SH3 nomenamu TK S4 He BBISIBIICHO.
BoiBonbl. SH3 nomensr TKS4 B3ammozeiicTByror ¢ OenkaMu
N-WASP, DNM2, SYNJ1, OPHNI u cia6o ¢ CR16 in vitro.

KawueBbie ciaoa: TKS4; anantopusie/ckaddonaabie 6emn-
KH; aKTHHOBHH IIUTOCKEIIET ; DHJI0~/3K30IUTO3
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