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Abstract

Intersectins (INSTNs) have been defined as scaffold proteins that have several biochemical functions. Initially INSTNs are described
as endocytic regulators and function in different signalling pathways including Ras and Ras-like GTPases, PI3Ks and RTKSs in several
diseases. Recently, INSTNs have been reported in viral endocytosis. INSTNs was found to be upregulated in transcriptomic analysis of
differentially expressed protein from Dengue virus serotype four from our recent data. Hence, this review summarises the role of
INSTNs in viral endocytosis by interaction with signalling pathways. INSTN-2 interact with K15 protein of Kaposi’s Sarcoma-
Associated Herpesvirus by selective SH3 domain, INSTN-1 interaction with Epstein-Barr virus Latent Membrane Protein 2 (LMP2A),
while direct interaction of NPF motifs at C-terminus of A36 with INSTN-1 and Epsinl5 homology domains recruiting AP-2 and
clathrin mediate viral release was reported in Vaccinia virus. Most recent, INSTN-2 was shown to regulate adaptive immune response
during viral infectivity. This was discovered when mice deficient in INSTN-2 exhibited high mortality rate, impaired antibody
responses to vaccination and reduced germinal centre formation in Influenza A virus. This review revealed INSTNs as essential viral
endocytic proteins. The review also highlights INSTNs role in other diseases and the regulation of signalling pathways. Targeting
INSTNSs could be important for the development of pharmaceuticals against viruses and diseases. More study is required to establish
the mechanistic role of INSTNs for viral endocytosis.
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List of Abbreviations

INSTN: Intersectin

EH: Eps15 homology

SHa3: Src homology 3-domain

DH: Dbl homology

PH: Pleckstrin homology

CCP: Clathrin-coated pit

GEF: G-nucleotide exchange factor (GEF)
Ras: Rat sarcoma virus

Sos: Salt Overly Sensitive

EGF: Epidermal growth factor

ERK: Extracellular signal-regulated kinase
EGFR: Epidermal growth factor receptor
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INK: c¢-Jun amino-terminal kinase

PI3K: Phosphatidylinositol 3-kinase

PI3KC26: Phosphatidylinositol 3-kinase Class 2beta
GAP: GTPase activating protein

PDGF: Platelet-derived growth factor

Cdc42: Cell division control protein 42 homolog
RBD: Ras binding domain

GTP: Guanosine triphosphate

Ephb2: EphrinB2

RTKs: Receptor tyrosine kinases

AP2: Adaptor protein 2

WASp: Wiskott-Aldrich syndrome (WASp)
WIP: WASP-interacting protein

LMP2A: Latent Membrane Protein 2

NPFs: Nucleation promoting factors (NPFs)
MMP: Matrix metalloproteinase

DS: Down Syndrome

AD: Alzheimer Disease

MAPK: Mitogen-activated protein kinase.
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1. INTRODUCTION

Intersectins (INSTN) are scaffold proteins
having exceptional multidomain structure. INSTNs
binds to several proteins. Their multimeric complexes
are implicated in clathrin and caveolin mediated
endocytosis, actin cytoskeleton, and cell signalling [1-
5]. INSTNs was first detected in Xenopus [6, 7]. The
genes encode two key protein isoforms arising from
differential splicing. Structural presentation of INSTNs
is shown in Figure 1. INSTN short isoform (INSTN-S)
has two N-terminal Epsl5 homology (EH1 and EHZ2)
domains having a coil-coiled (CC) region along with
five Src homology 3 (SH3A-SH3E) domains. The short
isoforms (INSTN-S) are expressed ubiquitously [8-12].
Additionally, INSTN has a long isoform (INSTN-L), it
is jointed with INSTN-S. INSTN-L has an extended C-
terminal encoding a Dbl homology (DH) domain, a
pleckstrin homology (PH) domain, and a C2 domain.
Two isoforms of INSTN-L were found in mammals
(INSTN1-L and INSTN2-L). INSTNI1-L was
specifically expressed in the brain while INSTN2-L was

expressed ubiquitously [13]. INSTNs was reported to
have role in endocytosis due to the existence of EH
domains. Several studies have also denoted the direct
interaction of the EH domain with certain components
of the endocytic machinery including Epsin-1, Epsin-2,
SCAMPL, Stonin2 and Rev interacting protein
(Rip/RAB/Hrb). [7, 14-16]. Furthermore, INSTN was
reported to regulate clathrin-dependent endocytosis,
play conserved role in endocytosis and also found to
localizes clathrin-coated vesicles [12, 17-21]. INSTNs
has been reported to be important components for the
formation of clathrin-coated pit (CCP) [22]. Studies
have shown that INSTNs act as mediators of
Ras/MAPK signalling pathway [5, 23]. Despite the
significant role of INSTNs in endocytosis, little is still
known on the INSTNs function in viral endocytosis.
Hence, this review discussed the recent findings on
INSTNs role in viral endocytosis, their interacting
partners and different signalling pathways utilized by
INSTNs that enhanced viral infectivity.
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Figure 1: Structure of Intersectin (INSTN). INSTN consist of Eps 15 homology domains tagged EH, a coil-coil domain tagged CC and multiple Src homology 3
domain tagged SH3. Each domain has distinct ligands. Many organisms have longer splice product labelled INSTN-L which shares the domains with a shorter
splice product labelled INSTN-S. Additionally, it has a C-terminus encoding Rho exchange factor domain (DH) that activate Cdc42 in connection with the PH
domain. INSTN ortholog revealed nearly all INSTNs have two EH domains and five SH3 domains. Lower organisms like C. neoformans INSTN Cinl has only one
EH domain and two SH3 domains but no C2 domain in the longer INSTN-L. Additionally, the Cinl has an attached WH2 domain which bind actin
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2. INSTN signalling pathways

Up till now INSTNs uses mainly three
signalling pathways for regulating its activities. Here,
this review therefore discussed in brief these signalling
pathways.

2.1 Regulation of Ras and Ras-like GTPases

O’Bryan in one of his famous articles depicted
INSTNs regulating Ras and Ras-like GTPases [21].
Tong and colleagues reported that INSTN-1 SH3
domains bind Ras, GEF and Sos proline rich regions
while overexpression of INSTN SH3 domain result in
blockade of growth factor-mediated Ras activation [23,
24]. Contrary, Mohney and group reported INSTN-1S
overexpression activate H-Ras on perinuclear vesicles
[3]. Furthermore, overexpression of SH3 domains of
INSTN-1 hinders EGF activation of Ras and ERK [23].
This may signify INSTN-1 activating ERK pathway,
although overexpression of INSTN-1S does not
stimulate ERK pathway, [17] alternatively INSTN-1S
indirectly affects ERK activation through stimulating
EGFR internalization [25] and results in the activation
of ERK by EGFR [26-27]. Despite the fact that INSTN-
1 interaction with the Ras family members has not been
completely discovered, however, interaction of Sos
therefore indicate that INSTN-1 may be regulating N-
Ras and K-Ras. Mor and Philips [28] reported H-Ras
and N-Ras function in both plasma membrane and
intracellular compartment while K-Ras was recently
reported for its role in intracellular vesicles and plasma
membrane [29]. It will be important if INSTNs function
can be further investigated in all Ras isoforms.
Although the importance of INSTN-H-Ras is still
undefine, INSTN-1-H-Ras does not activate ERK or
JNK pathways [3]. This may also mean that INSTN-1-
H-Ras stimulates different signalling pathway.
Activation of PI3K class 23 (PI3K-C2p) by INSTNs on
vesicles [4], interaction of INSTN with Ras and PI3K-

C2B and the appearance of Ras binding domain in
PI3K-C2pB, showed that INSTN-1-H-Ras regulate the
activation of PI3K-C2B on vesicles [3]. The Rac-
specific DH-PH module on Sos results in additional
possibility that INSTN-Sos complex may similarly
regulate Rac activation [30]. INSTN-1 may indirectly
regulate Rac activation via the hampering CAGAP, Rac
and Cdc42-specific GTPase activating protein (GAP)
[31]. Expression of INSTN hampered CAGAP activity
in vitro and in vivo resulting in heightening lamellipodia
formation following platelet-derived growth factor
(PDGF) stimulation. Hence, INSTN-1 may regulate
Cdc42 through activation and increased exchange of
GTP (GEFs) or by preventing its inactivation through
hampering of GTPase activity. It could be deduced
therefore that INSTN may be a link for the regulation of
multiple Ras-like GTPases [32].

2.2 Regulation of receptor tyrosine kinases

Studies have shown that INSTN interacts with
EphB2 for regulation of dendritic spine morphogenesis
via activation of Cdc42 and modulation of the actin
cytoskeleton [33, 34]. Furthermore, INSTN combines
with EGFR and trigger gene expression via INK MAPK
pathway [3, 17]. Since INSTN does not directly activate
ERK, INSTN knockdown decreases ERK activation
and EGF stimulation [3,17, 25], leading to decrease in
EGFR internalization [25, 27]. INSTN similarly reduces
RTK activity through enhancing ubiquitylation of
EGFR by ubiquitin E3 ligase Cbl due to growth factor
stimulation [25]. Even though the INSTN Cbl
regulatory mechanism is still unknown, INSTN
however showed no alteration in the phosphorylation
position of Cbl and its relation with EGFR. Since Cbl
regulation is a complex process [35]. INSTN may boost
its relation with Cbl and activators or block Cbl
interaction with inhibitors [25]. Regulation of RTKs by
INSTN is summarized in Figure 2.
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Figure 2: Regulation of receptor tyrosine kinases. INSTNs interact with EphB2 through activation of Cdc42. ITSNs interact
with EGFR and stimulate gene expression via the INK MAPK pathway. INSTNs also interact with ERK pathway through
EGF stimulation. INSTN enhancing Cbl association with activators or block interaction of Cbl with inhibitors

2.3 Regulation of phosphatidylinositol 3-kinase Class
2beta (PI3KC2p)

PI13Ks are family of conserved lipid kinases
known to  phosphorylate  3'  position  of
phosphatidylinositol. PI3Ks belonging to class 1l which

include PI3K-C2pB. It comprises of a single 175-200
kDa catalytic subunits that mostly associates with
endocytic vesicles and are deficient in adaptor
regulatory subunit [36-38]. PI3Ks are involved in
signalling downstream of activated RTKs [39]. PI3K-
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C2B hence may mediate lipid signalling cascade in
endocytic vesicles in feedback to receptor activation.
PI3K-C2a and PI3K-C2B have been shown to interact
with clathrin, an endocytic component. These
interaction results in heightened lipid kinase activity as
well as the production of Pls,sPsin vitro [36, 38]
signifying that PI3K-C2B may convert PI,P and
PlysP,to Pl34P,and Plg,sPsin vivo [40]. The ideal
substrate for class Il PI3Ks is PI in vitro. Das and
colleagues demonstrated that INSTNSs interact directly
with new isoform of phosphoinositide 3-kinase (P13K)
through activation of PI3K-AKT pathway [4].
Precisely, INSTN-1 binding and activation of PI3K-
C2B is essential for neural cells survival during
differentiation in vitro [4]. INSTN-1 knockdown in
neural cells rises apoptosis and phenocopied by
impediment of PI3K and AKT pathways and salvaged
overexpression of PI3K-C2p or AKT. Decline survival
of INSTN-1-knockdown in neuronal cells may not be
attributed defective endocytosis because internalization
of transferrin is not hampered in INSTN-1 knockdown
cells. Proliferation of existing cells is unaltered by
INSTN-1 knockdown implying that INSTN-1-PI3K
pathway is necessary for only processing of
differentiation [4]. Predescu and group also
demonstrated that knockdown of INSTN-1 in human
microvascular endothelial cells activates mitochondrial
apoptosis pathway thru a yet undefined mechanism [5].
In a similar manner, PI3KC2p has been reported to have
a canonical Ras binding domain (RBD) and co-localizes
Ras and INSTN-1 on vesicles [41]. Nevertheless, Ras
effectors PI3KC2f3 showed no interaction with activated
Ras rather it is linked with inactive Ras.
Characterization of the interaction showed nucleotide-
free Ras bound to RBD of PI3KC2fB and inhibition
of lipid kinase activity in vitro. Furthermore, interaction
of PI3KC2f with nucleotide-free Ras prohibited loading
with nucleotide. Studies by Wong et al., also revealed
that INSTN-1 interaction with PI3KC2p resulting in the
dissociation of nucleotide-free Ras-PI3KC2pB complex
emanating in rapid GTP loading onto Ras leading to its
activation. The above studies therefore support the
hypothesis that INSTN-1 may serves as essential
regulator of cell survival in many cell types.

3. New insight into INSTNSs role in viral endocytosis

The role of INSTNs has been well reported in
several diseases and regulating signalling pathways;
however, few studies have highlighted the function of
INSTNSs in viral endocytosis. Recently, INSTNs were
reported for mediating viral infectivity through various
pathways such as AP-2, Cdc42 and N-WASP
regulation. This review described recent insightful role
of INSTNs in the regulation of viral endocytosis.
Although INSTNs exhibits much of its functions in
lower organisms, it is also implicated in viral
endocytosis. Earlier in 2007, Lim and group showed

that intersectin-2 interact with K15 protein of Kaposi’s
Sarcoma-Associated Herpesvirus by selective SH3
domain. They showed that PPLP motif binds to SH3-C
domain of intersectin-2 in selective manner, K15
protein and intersectin-2 colocalized distinct segment of
the B-cells [42]. They proposed new role of K15 viral
protein in intracellular trafficking. This was the first
report on INSTN role during pathogenic endocytosis.
Secondly, Dergai and group in 2013 showed INSTN-1
interaction with Epstein-Barr virus Latent Membrane
Protein 2 (LMP2A). The interaction is mediated by SH3
domains of INSTN-1 at the N and C-tails of LMP2A.
They found Shb adaptor and the Syk kinase as new
INSTN-1 binding ligands. Their findings revealed
INSTN-1 interaction with LMP2A occurred through
Shb adaptor interacting with phosphorylated tyrosines
of LMP2A and INSTN-1 SH3 domains. Their findings
also showed that LMP2A affect other signalling
pathways through INSTN-1 and Shb adaptors
phosphorylation [43]. Thirdly, Snetkov and group in
2016 showed that direct interaction of NPF motifs at C-
terminus of A36 with INSTN-1 and Epsin15 homology
domains recruit AP-2 and clathrin mediate viral release
and subsequent spreading as indicated in vaccinia virus
[44]. Recently, Burbage and group in 2018 showed that
mice deficient in INSTN-2, a G-nucleotide exchange
factor (GEF) for Cdc42 interact with WASp and WIP
exhibited high mortality rate, impaired antibody
responses to vaccination, and reduced germinal centre
formation during primary infection in Influenza A virus.
B cells deficient in INSTN-2 revealed decreased in
CD84, SLAM and ICOSL expression that correlated
with the reduction in forming conjugates with T-cells
and differentiation into germinal centre cells. Their
findings revealed the significance of INSTN-2 in
regulating adaptive immune response during viral
infectivity [45]. INSTN-2 is a multi-channel adaptor
protein expressed as two INSTN-2S and INSTN-2L.
isoforms. Both isoforms comprise of SH3 domains
which support direct interactions with WASp and WIP
and other multiple partners [46]. However, INSTN-2L
has GEF domain containing DH (Dbl homology)
domain attached to a PH (Pleckstrin homology) domain
[13]. Remarkably, ITSN2-L GEF activity is selective
for Cdc42 [47]. Figure 3 depict the interacting patterns
with INSTN-1 and INSTN-2 during viral endocytosis.
Furthermore, our recent findings from transcriptomic
analysis of differentially expressed proteins of dengue
virus depict INSTNs to be upregulated and utilised
endocytic associated proteins and signalling pathways
for their function (data not shown). We conclude that
INSTNs are essential for viral endocytosis and as
adaptive proteins that may mediate either viral entry,
internalization or fusion in collaboration with other
endocytic accessory proteins, hence the need for more
study.
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Figure 3: INSTNs interact with different viral proteins. (a) Direct interaction of NPF motifs at C-terminus of A36 with INSTN-
1 recruiting AP-2 and clathrin in vaccinia virus. INSTN-1 interaction is mediated by SH3 domains at N- and C-tails of Latent
Membrane Protein 2 (LMP2A) in Epstein-Barr virus. (b) INSTN-2 interact with K15 protein of Kaposi’s Sarcoma-Associated

Herpesvirus by selective SH3 domain. PPLP motif binds to SH3-C domain of INSTN-2. INSTN-2 interact with WASp and
WIP in Influenza A virus

4. INSTN role in neurodegenerative diseases and
Cancer

INSTNs have been reported in
neurodegenerative diseases commonly in Alzheimer
Disease (AD), Down Syndrome (DS), Huntington
diseases and cancer [48]. Briefly, INSTN-1 was
overexpressed in patients reported with Down
Syndrome. Human type INSTN-1 was found localized
to 21g22.2 chromosome, a region closely related to
phenotypic Down Syndrome. In vitro study from
Drosophila showed that overexpression of the gene
resulted in inhibition of endocytosis in neural and non-
neural cells [49]. INSTN-1 was also reported as one of
the most expressed genes in Alzheimer Disease [50,
51]. These diseases are characterized by early
endosomal compartment [52]. In Huntington disease,
elevated INSTN-1 lead to an increased accumulation of
mutant hungtintin (htt) protein resulting to heightened
neural dysfunction [53]. Russo and O’Bryan also
demonstrated that INSTN-1 is required for
neuroblastoma tumorigenesis. Silencing of INSTN-1 in
vitro highly inhibited the independent growth of tumor
cells and formation of tumor in xenograft assays
independent of MYCN status. Their findings revealed
that ITSN-1-PI3K-C2f3 pathway is important in
neuroblastoma tumorigenesis and has specific role in
neuroblastomas, a type of human cancer [54]. Their
findings also showed that there may be additional
INSTN-1 pathway for neuroblastoma tumorigenesis
regulation since its function was not depicted as
INSTN-1. Furthermore, Ma and colleagues also found
that INSTN-1 is involved in migration and invasion of
human glioma cells [55]. Their result revealed that
INSTN-1 contribute to glioma cells movement and
invasion through regulation of cytoskeletal formation,
inducing adhesion as well as elevating the expression of
MMP-9. The finding revealed INSTN-1 as a new target
for therapeutic intervention in gliomas. Another study
also revealed the essential role of INSTN-1 in the
regulation on glioblastoma cells proliferation through
the Raf/MEK/ERK pathway [56].

5. CONCLUSION

INSTNs been scaffold proteins has been
shown to have multiple functions and regulate many
biochemical pathways. INSTNs have earlier been well
reported in neurodegenerative diseases. Recently they
have been shown to be significance in viral endocytosis.
So far, Herpesvirus, Epstein Barr virus, Vaccinia virus
and Influenza A virus utilised INSTNs as endocytic
adaptor proteins for multifunction purpose which may
be responsible for viral entry, internalization or fusion.
INSTNSs function as endocytic adaptor, collaborate with
other endocytic machineries and several signalling
pathways for executing these tasks. Further
investigation could provide new insight into other roles
of INSTNs in enhancing viral infectivity through
endocytosis, association with other endocytic proteins
and the multifaceted signalling pathways.
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