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Interactome of invadopodia scaffold protein TKSS
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TKSS is a scaffold protein that takes part in invadopodia functioning and reactive oxygen species (ROS) pro-
duction. TKSS is a critical component of invadopodia as its absence results in the loss of cancer cells ability to
form these invasive structures. TKSS5 is phosphorylated by SRC kinase and consequently interacts with the
membrane phosphatidylinositol phosphates launching the invadopodia formation process. At later stages
TKSS regulates the actin cytoskeleton reorganization and extracellular matrix degradation. TKSS5 also regu-
lates the production of ROS, which are the important signal regulators of different cellular functions.
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Introduction

Scaffold proteins play an important role in all cellular
processes. These proteins usually do not have enzy-
matic activity and their main function is the protein
complex assembly to provide the coupling of differ-
ent cellular compartments and processes. This func-
tion is realized by a variety of protein-protein and
protein-lipid interaction domains such as Phox ho-
mology (PX), pleckstrin-homology (PH) domains
that bind to different membrane phospholipids [1] or
Src-homology 2 and 3 (SH2 and SH3) domains that
bind to phosphotyrosine residues (pY) and proline-
rich motifs (PxxP) respectively [2]. One of these pro-
teins discovered in 1998 is invadopodia scaffold pro-
tein TKS5 (Tyrosine kinase substrate with five SH3
domains) known also as SH3PXD2A [3]. Invadopodia
and podosomes are specialized actin-rich cellular
structures. They promote the cell migration and inva-
sion together with the extracellular matrix (ECM)
degradation which makes them an important research
object. The term “podosome” is used to define the
structures in normal cells such as osteoclasts, macro-

phages, endothelial cells and vessel smooth muscle
cells. The term “invadopodium” is used to define the
structures of invasive cancer cells. [4].

The key features of podosomes and invadopodia
are the F-actin polimerization and ECM degrada-
tion. These transient structures are localized at the
ventral part of the cellular membrane and contain a
multitude of different proteins. They promote cellu-
lar adhesion and their proteolytic activity is indis-
pensable for the ECM degradation, which makes
them key players in the cell invasion [4]. TKS5 is a
key scaffold of invadopodia. In its absence the cells
completely lose the ability to form invadopodia [5].
This fact makes TKSS5 a potential target for cancer
cure [6, 7] and one of the central proteins in the in-
vestigation of cancer cell invasion.

TKSS phosphorylation

TKSS5 scaffold protein contains one PX domain, five
SH3 domains, proline-rich motifs, and three SRC
phosphorylation sites (Fig. 1). TKS5 was discovered
as a tyrosine kinase substrate. TKSS5 is phosphory-
lated by SRC tyrosine kinase (Rous sarcoma virus
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tyrosine kinase), which is a well-known oncogene
and one of the key components of invadopodia and
podosomes. SRC kinase is indispensable for the in-
vadopodia formation as it phosphorylates (and acti-
vates) main proteins of these structures [4]. The tyro-
sines 552, 557 and 619 of TKSS5 are phosphorylated
(Fig. 1). As a result of phosphorylation, TKSS5 is acti-
vated and enters the invadopodia formation process
[3]. TKS5 dephosphorylation, therefore its inhibi-
tion, is performed by SHP2 (Src homolog domain-
containing phosphatase 2), which inhibits the podo-
some formation [8]. Besides, the TKSS5 activity can
be regulated through dimerization. Oikawa et al.
have shown the possibility of TKS5 dimerization and
proposed a model, according to which TKSS5 forms a
dimer in inactive state: TKS5/TKSS5. Following the
induction of invadopodia formation, TKS5 is phos-
phorylated by SRC kinase, which leads to the disso-
ciation of TKS5/TKS5 dimer, and TKS5 acquires an
open conformation that allows it to interact with oth-
er proteins, e.g. actin polymerization regulators such
as WASP (Wiskott-Aldrich syndrome protein) and
GRB2 (growth factor receptor-bound protein 2). The
activation and breaking of TKS5/TKS5 dimer may
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also occur due to the TKSS5 interaction with the mem-
brane phosphatidylinositol phosphates that leads to
its localization on the invadopodia formation sites
where the complex formation begins [9].

Interaction of TKSS with membrane and
involvement in actin cytoskeleton rearrange-
ments

PX domain of TKS5 binds phosphatidylinositol-3,4-
bisphosphate (PtdIns(3,4)P,) and phosphatidylinosi-
tol-3-phosphate (PtdIns3P), that are shown to regu-
late the actin cortex and cell migration [10]. The in-
teraction of TKSS5 with PtdIns(3,4)P, and PtdIns3P
is necessary for the beginning of invadopodia forma-
tion [11]. According to some authors, these phospho-
lipids are the markers for the invadopodia formation
sites [12, 13]. A TKS5 mutant lacking the PX do-
main inhibits the podosome formation [14].

After the TKS5-membrane interaction, the assem-
bly of complexes which induce the membrane protru-
sion begins. TKS5 may take part in the membrane
deformation through the interaction with IRTKS
(Insulin receptor tyrosine kinase substrate) — BAR
domain-containing protein, which has the membrane
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Fig. 1. Schematic presentation of the TKS5 domain structure and its known partners. ™ — mass spectrometry analysis; ¢ — GST pull-

down assay
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deforming activity [15]. The actin cytoskeleton for-
mation also plays an important role in this process.
According to Oser et al., TKSS5 and regulator of actin
nucleation CTTNI (cortactin 1) recruitment is the first
event in the invadopodia formation [16]. The interac-
tion of CTTN1 with TKS5 was not shown [17], where-
as another family member, TKS4 (Tyrosine kinase sub-
strate with four SH3 domains), interacts with CTTN1
and enters the invadopodia formation process at later
stages [4, 18]. However, it was shown that TKS5 re-
cruits CTTNI together with AFAP-110 (actin fila-
ment-associated protein of 110kDa)andp1 90RhoGAP
(p190) to the podosome formation sites [14].

TKSS interacts with a multitude of other proteins
involved in the actin cytoskeleton rearrangements,
such as WASP, N-WASP (neural Wiskott-Aldrich
syndrome protein) [9, 13], guanine nucleotide ex-
change factor which activates RAS — SOS1 (son of
sevenless 1) [19]. It also interacts with the adaptor
proteins NCK1 (noncatalytic region of tyrosine ki-
nase 1), NCK2 (noncatalytic region of tyrosine ki-
nase 2), and GRB2, which are implicated in the inva-
dopodia formation through different signaling path-
ways [13, 17, 20]. Oikawa et al. have shown with a
comprehensive mass spectrometry analysis that
TKS5 was associated with the actin-regulatory pro-
teins such as WIP (WASP-interacting protein), ABI1
(Abl interactor-1), WAVE2 (WASP family verpro-
lin-homologous protein 2), cofilin 1, filamin A and B
and others [9]. TKS4 also interacts with some of
these proteins [18, 21, 22] that may indicate a col-
laboration of two TKS family members in actin cy-
toskeleton rearrangements during the invadopodia
formation.

TKSS involvement in interaction and degra-
dation of ECM

An important invadopodia function is an interaction
with the ECM and its degradation. TKSS5 interacts
with ECM through dystroglycan [23], which is a
transmembrane adhesion receptor that binds ECM
proteins containing laminin G (LamG) domains, such
as laminin, neurexin, and agrin, in a calcium-depen-
dent manner [24]. Dystroglycan consists of a- and

B-subunits and is described as one of the important
adhesion proteins in the invadopodia formation [23].

The ECM degradation is realized by different pro-
tease families including a metalloprotease family. Its
member, MTIMMP (metalloprotease membrane
type 1 matrix metalloprotease) also known as
MMP14, is a central metalloprotease of invadopo-
dia [4]. ADAM (a disintegrin and metalloprotease)
transmembrane proteins form another zinc protease
superfamily, which takes part in the ECM degrada-
tion during the invadopodia formation, characterized
by metalloprotease activities and interaction with the
integrin receptor. Some family members interact
with different signal transduction proteins through
the cytoplasmic domain [25]. Many family members
have multiple PxxP motifs in their cytoplasmic do-
mains, which allow the interaction with the SH3
domain-containing proteins. In particular, Abram et
al. have shown that TKSS binds proteases ADAM
12, 15, and 19 [11].

Production and regulation of reactive oxy-
gen species (ROS)

Reactive oxygen species (ROS), such as superoxide
(O,) and peroxide (H,0O,), were first considered as
toxic metabolic products [26]. Now it is widely ac-
cepted that ROS are important signal regulators of
many cellular functions, such as signal transduction,
gene expression, cell growth and apoptosis [27].
Additionally, it was revealed that the ROS produc-
tion increases during oncotransformation and metas-
tasis [27, 28]. The majority of ROS in the cell are
synthesized as a by-product of oxidative phosphory-
lation in mitochondria or as a result of the NADPH
oxidase NOX family functioning. This family in-
cludes NOX1-5 (NADPH oxidase 1-5) and DUOX1-
2 (dual oxidase 1-2) and generates the major portion
of signal ROS in the cell [4, 29]. SRC-induced ROS
production by NOX1 plays an important role in in-
vadopodia formation and ECM degradation [4].
Gianni et al. have shown that TKS5 and TKS4 func-
tion as organizers for Nox oxidases and can induce
NOXI1 and NOX3 activity [30]. This hypothesis is
supported by the paper of Diaz ef al. where a direct
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interaction of TKS5 with a small transmembrane
protein p22°hx (CYBA; cytochrome b-245, alpha
polypeptide) was shown [29]. This protein functions
as a skeleton for the maturing and folding of cata-
lytically active NOX [26, 31]. TKS5 and TKS4 also
bind the proline motif of NADPH oxidases activator
NOXA1 (NOX activating protein). Moreover, in the
case of TKS5/NOXALI this interaction is indispens-
able for the Tks5-mediated ROS generation by Nox!1
[32]. The mechanism of ROS influence on the podo-
some formation is unclear yet. As the TKS family
members are obligatory components of invadopodia
and podosomes, they might play an exceptional role
in the ROS localization to invadopodia, unlike other
NOX organizers. Alissa Weaver proposed a model
that the SRC-induced ROS production by NOX oxi-
dases in invadopodia is secondary, being a response
to the TKS4 and TKS5 phosphorylation by SRC ki-
nase; whereas TKS4 and TKSS5, in turn, serve as the
organizers and activators of NOX oxidases in inva-
dopodia [27].

Other processes

The TKSS participation in other cellular processes is
poorly investigated. It may take part in the endocyto-
sis through the interaction with GTPase DNM2 (dy-
namin 2) [19], which is one of the key components of
this process. DNM?2 is involved in the invadopodia
formation as well [4]. Other TKSS5 partner — adaptor
GRB2 - also takes part in endo-/exocytosis [33].

Moodley et al. suggest that TKSS, similar to scaf-
fold protein XB130, plays a role in the cell prolifera-
tion and cell survival and that the interaction be-
tween XB130 and TKSS5 appears to be critical for the
regulation of SRC-mediated cellular homeostasis
[34]. XB130 (also called AFAP1L2, for actin fila-
ment associated protein 1 like 2) is an adaptor/scaf-
fold protein involved in many cellular functions,
such as the cell survival, cell proliferation, migra-
tion, gene and miRNA expression [35].
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IntepakTom ckadosnHoro 0inka inBagononiii TKSS
C. B. Kpomnusko

TKSS5 cxadonmauii 610K, SKuii puiiMae yqacTb y QyHKLIOHYBaH-
Hi iHBaJOMOIH Ta poyKuii akTuBHKUX (opM kucHio (ROS). TKSS
KPUTHYHO B)KIUBHH KOMITIOHEHT 1HBAJIOIOII OCKLUIBKH 3a HOro
BIJICYTHOCTI PaKoBi KJIITHHH BTPA4arOTh MOXJIMBICTb YTBOPIOBATH
i cTpyKTypH iHBasuBHOCTI. Bin pochopumoerses SRC-kina30r0
B HACITIIOK 4OTO B3aemomie 3 docorumuniHo3ut GocharamMu
MeMOpaHH 3allyCKalo4d IpOLEeC YTBOPEHHs iHBajomnonii. Ha
6inbmn mizHix eranax TKSS peryrmioe peopranizaiito akTHHOBOTO
IIUTOCKEJNETY Ta JeTpajallifo No3aKIiTHHHOTo Marpukcy. TKSS ta-
KOX peryitoe npoxaykuiro ROS, siki € BXIHBUME peryisitopamu
CHTHAJIIB Pi3HOMAHITHUX KIITHHHUX (yHKIIH

Kawuori caosa: TKSS, intepakrom, iHBamonois, ckahoi-
HUH OLITOK.

HutepakTom ckadpongnoro deaxa uaBagonoauii TKS5
C. B. Kpomneko

TKSS ckaddonmabii Oerok, KOTOpHII NPUHIMAEeT ydJacTHE B
(yHKIIMOHMPOBAHUH MHBAIONIOANH ¥ MPOLYKIMH aKTUBHBIX (GOpM
kuciopona (ROS). TKSS kpuTiyecky BaKHbBIH KOMIIOHCHT HHBA-
JIOTIOZIHHA TTIOCKONBKY IPH €70 OTCYTCTBUH PAKOBBIE KIIETKH yTPauH-
BAIOT BO3MOXXHOCTH 0OPa30BBIBATE 3TH CTPYKTYPHI HHBA3HBHOCTH.
O ¢ochopmmmpyercst SRC-KiHa30 B CIIEACTBAN 9€ro B3anMMO-
neiictByet ¢ dpochorummmuoznTu dpocharamu MeMOpaHbI 3arty-
CcKast iporiecc oOpa3oBaHms HHBagonoauii. Ha Gonee mozmHux sTa-
nax TKSS perynupyeT peopraHuzaluio akTHHOBOIO IIUTOCKeNIeTa
U JIeTpaJaluio BHEKIeTouHoro Marpukca. TKS5 taxke perymupy-
eT nponykuuto ROS, KoTopeIe ABISIOTCS BayKHBIMH PETYIISTOpaMu
CHTHAJIOB Pa3HOOOPA3HBIX KIIETOUHBIX (BYHKITIH.

KnwueBsie caosa: TKSS5, unrepakrom, uHBajmonoaus,
ckaPoNIHBINA OEIOK.
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