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Abstract

Understanding the biology of cell surface proteins is important particularly when they are utilized
as viral receptors for viral entry. By manipulating the expression of cell surface receptors that have
been coopted by viruses, the susceptibility of an individual to virus-induced disease or,
alternatively, the effectiveness of viral-based gene therapy can be modified. The most commonly
studied vector for gene therapy is adenovirus. The majority of adenovirus types utilize the
coxsackievirus and adenovirus receptor (CAR) as a primary receptor to enter cells. Species B
adenovirus do not interact with CAR, but instead interact with the cell surface proteins
desmoglein-2 (DSG-2) and cluster of differentiation 46 (CD46). These cell surface proteins
exhibit varying degrees of alternative mRNA splicing, creating an estimated 20 distinct protein
isoforms. It is likely that alternative splice forms have allowed these proteins to optimize their
effectiveness in a plethora of niches, including roles as cell adhesion proteins and regulators of the
innate immune system. Interestingly, there are soluble isoforms of these viral receptors, which
lack the transmembrane domain. These soluble isoforms can potentially bind to the surface of a
virus in the extracellular compartment, blocking the ability of the virus to bind to the host cell,
reducing viral infectivity. Finally, the diversity of viral receptor isoforms appears to facilitate an
assortment of interactions between viral receptor proteins and cytosolic proteins, leading to
differential sorting in polarized cells. Using adenoviral receptors as a model system, the purpose
of this review is to highlight the role that isoform-specific protein localization plays in the entry of
pathogenic viruses from the apical surface of polarized epithelial cells.

Introduction

The diversity of viral pathogens that have been identified is tremendous [1, 2]. Viruses have
evolved to use many different cell surface proteins as viral receptors or co-receptors.
Although the mechanisms behind receptor choice are not well defined, many disparate viral
phylogenies have undergone convergent evolution towards the same cell surface receptor.
Frequently, the cell-based viral receptor has an essential physiological function within the
organism, such as clearance of cytotoxic molecules, or target cell, such as cell-cell adhesion.
This limits the ability of the host cell to alter the presence of these essential proteins to
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circumvent viral entry. However, the aspect potentially under cellular evolutionary control is
the protein expression pattern. Through alternative mRNA splicing, viral receptors may
possess a multitude of protein isoforms with different physiological implications for both
viral tropism and cellular biology. This principle is illustrated below by examining the
biology of 3 distinct adenovirus receptors, the Coxsackievirus and adenovirus receptor
(CAR), cluster of differentiation 46 (CD46), and desmoglein-2 (DSG-2).

Adenovirus

Adenoviruses (AdV) are common human pathogens that generally cause typical cold
symptoms in healthy individuals [3, 4]. However, epidemic AdV outbreaks occur in closed
communities and among young military recruits during basic training. Moreover, AdV
infections can be lethal in highly susceptible immunosuppressed populations, such as in the
transplant setting. Depending on serotype, AdV can also cause gastroenteritis with
prolonged fecal shedding or keratoconjunctivitis that can lead to blindness. Human AdV are
nonenveloped, icosahedral-shaped viruses that contain an approximately 36-kb double-
stranded DNA genome [5, 6]. The outer protein capsid is primarily composed of two distinct
regions (Fig. 1). The penton base region is found at the vertices of the icosahedron, while the
hexon region connects the penton base regions to each other. Attached to each vertex is an
elongated trimeric fiber protein, which attaches to cell surface proteins [6, 7]. The binding of
the trimeric fiber knob to a particular cell surface protein subsequently allows the virus to
interact with co-receptors and enter the host cell. CAR is the primary attachment receptor for
AdV species A and C-G [8-11], while CD46 [12, 13] and DSG-2 [14] are the primary
receptors for species B and some species D AdV [15-17]. Virus uptake is mediated by
binding of the capsid penton-base with the a,Bs/a\fs integrins, which can facilitate cell
entry, leading to infection [18-22]. Several other important co-receptors, such as MHC class
I [23], sialic acid [24], and coagulation factor X [25], have been described. This review will
focus on the protein isoform diversity of the primary AdV receptors.

Viral receptors

AdV has been identified as both a pathogen and a potential vector for gene therapy. Thus,
the interactions between these viruses and the cell membrane molecules they have adopted
as viral receptors have been studied intensely. Through convergent evolution, most
adenoviruses and group B coxsackieviruses use CAR as a major receptor [8-10]. In contrast,
species B AdV can be divided into three groups based on receptor usage. Group B1 (AdV 16,
AdV21, AdV35 and AdV50) use CD46 as a primary receptor while group B2 (AdV3, AdV7
and AdV14) primarily utilize DSG-2 and group B3 (AdV11) use both DSG-2 and CD46 as
viral receptors [14, 26]. Three AdV-D viruses, AdV-26, 37, and 49 have also been found to
use CD46 as a receptor [15-17]. The Edmonston strain of the measles virus and certain
serotypes of herpesvirus have also co-evolved to utilize CD46 as a receptor [27, 28]. In
addition to being viral receptors, these cell membrane proteins serve other biological
functions including roles in cell-cell adhesion and the innate immune system.

Alternative splicing plays a major role behind the incredible diversity in these viral receptors
and likely plays an evolutionary role in the selection of these proteins as primary receptors
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by the viruses. Alternative splicing is a mechanism that allows multiple isoforms of a protein
to be synthesized from a single gene by changing which fragments of the messenger RNA
(mRNA) are removed as introns and which fragments are sent to the ribosomes for
translation into protein as exons. While DSG-2 does not exhibit alternative splicing, its
unique interaction with group B2 adenoviruses demonstrates the diversity of viral-cell
interactions. The alternative splicing of CAR and CD46 alters their physiological
interactions with cytosolic and extracellular proteins, their cellular localization, as well as
their functionality as viral receptors. These novel splice forms have major implications for
the interactions between these proteins and the viruses that have adopted them as primary
receptors.

The Coxsackievirus and Adenovirus Receptor

CAR is a transmembrane cell-adhesion protein that is utilized as a viral receptor by
coxsackie B viruses (CVB) and all major genera of adenovirus excluding group B [8-10,
29]. Located on human chromosome 21, genomic CAR, CXADR, consists of 8 separate
exons (Fig. 2) [30-33]. Depending on which exons are transcribed, the amino acid sequence
of the resultant peptide is between 89 and 365 amino acids (aa) [34, 35]. There are five
splice forms of CAR described in humans, but only 3 in mice [34, 36, 37]. The diversity of
isoforms has led to great confusion in nomenclature within the literature (Fig. 2B, 3). Three
isoforms, CAR B, vy, and §, lack the transmembrane domain and are soluble proteins secreted
into the extracellular space. In addition to the three soluble isoforms, CAR possesses two
transmembrane isoforms which we have recently renamed in order to clarify by exon usage
[32]. The 7 exon-encoded isoform, CAREX, is also named hCAR, hCAR1, SIV, or a CAR,
and is the protein equivalent of murine CAR2 (MCAR?2). The 8 exon-encoded isoform,
CARB8 is also named hCARS5 or TVV, and is the murine CAR1 equivalent (NCAR1). A
unified nomenclature for these isoforms would facilitate literacy in this field, particularly in
light of the novel “chimeric antigen receptor” (CAR) that is receiving significant clinical
interest and the calcium-sensing receptor (CaR) [38, 39].

Morphology of CAR

CAR is a member of the CTX subfamily of the immunoglobulin superfamily [40]. CAR is
composed of 8 separate exons (Fig. 2A). Exon 1 comprises the leader sequence (LS)
necessary for translocation to the endoplasmic reticulum (ER) after protein translation is
initiated. The next four exons compose the extracellular region, which include two
immunoglobulin (lg)-like domains known as D1 or Ig1 and D2 or 1g2, separated by a J
segment [34, 35, 41]. D1 is an immunoglobulin-like variable domain (IgV) that is essential
for viral attachment; D2 is structurally similar to an immunoglobulin-like constant domain
type 2 (1gC2) [42—-44]. D1 is encoded by exons 2 and 3, while D2 is encoded by exons 4 and
5 [41]. These extracellular immunoglobulin-like domains are also essential for CAR’s role
as a cell adhesion protein [45, 46]. The first half of exon 6 encodes the transmembrane
domain of CAR, bridging the extracellular and cytoplasmic regions of the viral receptor. The
remaining exons, the second half of exon 6 and exons 7 and 8, compose the cytoplasmic
domain that is not essential for viral infection but is essential for cellular localization and
signaling [32, 47-52].
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Soluble isoforms of CAR

There are three soluble splice forms of CAR: B, v, and 8. Soluble CAR originates from the
de novo synthesis of alternatively spliced mMRNAs from the same segment of genomic DNA
as the transmembrane CAR isoforms [34, 35]. All three soluble forms of CAR share the
same leader sequence and the complete sequence for exon 1. However, the three splice
variants differ significantly in size and morphology. p CAR, the largest of the three, is 252
aa long, while y CAR is 200 aa, and 8 CAR is 89 aa long [35]. The B splice form is also
referred to as CAR 4/7 since it is created when small nuclear ribonucleic particles (SnRNPs)
cleave out a segment from the end of exon 4 to a point in the middle of exon 7. § CAR
contains a complete copy of the D1 domain and only part of the D2 domain. As it lacks
exons 5 and 6 completely, B CAR does not have a transmembrane region. Due to a splicing
event in the middle of exon 7, B CAR experiences a frame shift within its truncated fragment
of exon 7, leading to a unique 62 aa C-terminus. y CAR, also known as CAR 3/7, is the
product of a splicing event that cleaves from the end of exon 3 to a site in the middle of exon
7, which it shares with § CAR. y CAR only contains a complete copy of the D1 domain and
the same 62 aa C terminus as B CAR. The smallest of the three splice forms of CAR, § CAR
(CAR 2/7) only contains exons 1 and 2, 21 nucleotides from exon 3, and 19 aa from exon 7.
8 CAR has a distinct 19 aa C terminus, resulting from a different splicing site within exon 7
when compared with CAREX7, 8 CAR, and y CAR. Although the ability of p CAR to block
viral infection is described below [53, 54], the biological importance of these isoforms
remains to be fully elucidated.

Soluble isoforms of CAR and adenovirus infection

Alternative splicing results in soluble CAR protein isoforms that are secreted from the cell
and can interact with coxsackievirus and AdV. Thus, it is possible that soluble isoforms of
CAR could potentially be decoy viral receptors and lead to a decrease in viral infectivity.
Possessing a complete D1 domain and a partial D2 domain, f CAR can bind to
coxsackievirus B3 (CVB3) and AdV, whereas 6 CAR cannot [35]. When § CAR is applied
to HeLa cells prior to exposure to CVB3, B CAR binds to the canyon-like receptor binding
sites of CVB3, reducing the amount of virus entering the cells [35]. Adding B CAR prior or
at the same time as inoculating mice with CVB3 leads to a significant decrease in CVB3
infection in the myocardium and pancreas of mice in vivo, as compared to the control [53-
55]. However, using p CAR as a treatment for myocarditis caused by CVB3 in mice leads to
increased inflammation of the myocardium and exaggerated tissue damage [53]. The
paradoxical increase in tissue damage and severity of the myocarditis in subjects where
CAR was added daily emphasize the importance of the immune response in the severity of
myocarditis and limits its potential therapeutic use. In contrast, knock-out of all isoforms of
CAR specifically in the adult heart or pancreas ablates CVB3 pathogenesis in the CAR-
deficient tissue [56]. To our knowledge, AdV infection has never been evaluated in either
model system likely due to the fact that human AdV does not replicate in murine cells and
murine AdV does not use CAR as a receptor [57].
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Transmembrane isoforms of CAR

CAR has two transmembrane isoforms, which we have named CARFX” and CAR®*8 in
order to reflect exon inclusion and simplify nomenclature. CAREX7 js also called o CAR
[34] or SIV since it ends with the amino acids SIV [36, 58], and is the human equivalent to
murine CAR2 (MCAR?2). CARE*8 does not have a Greek letter designation but is also called
TVV since it ends in those amino acids, and is the human equivalent to mCAR1. The two
mouse isoforms were named based on the order in which they were discovered, whereas the
human isoforms have been classified based on the exons expressed in the cytoplasmic tail
[32, 36]. Both of the transmembrane isoforms of CAR are identical for the first 339 aa. They
share a common extracellular domain. Therefore, both isoforms are predicted to have the
same affinities and binding preferences in regards to extracellular molecular interactions,
and no differences have been shown to date. These isoforms differ only at the last portion of
the cytoplasmic domain. Both exon 7 and 8 have 3’ untranslated regions (UTR) downstream
from the stop codon. By virtue of a cryptic splice site within exon 7 that splices to exon 8,
CAREX7 contains 26 unique aa that are not found within the 8 exon isoform and exon 8
encodes 13 aa unique to CARE*8 [32]. It is because of their different C termini that CAREX7
and CARF*8 possess differential localizations in mice [58, 59], and radically different
physiologies in polarized airway epithelial cells [32]. In polarized epithelial cells, CAREX’
localizes within the basolateral portion of the tight junctions and within the adherens
junctions where it behaves as a homophilic or heterophilic adhesion protein between
epithelial cells or leukocytes, respectively [46, 60—63]. However, CARE*8 |ocalizes within a
subapical compartment and at the apical surface of polarized cells [32, 33]. We have
demonstrated that side-stream tobacco smoke, the smoke that emanates from the lit end of a
cigarette and comprises the majority of second-hand smoke, specifically upregulates
CAREX8 hut not CAREX? [64]. When CARE*8 was upregulated in this study, apical AdV
infection of polarized epithelia increased. It is likely that other environmental factors, such
as air pollution, also upregulate this apical form of CAR making CAREX8 a major factor that
increases the susceptibility of the airway to viral infection upon pollutant exposure.

The differential localization of CAREX” and CARE*8 in polarized epithelial cells is most
likely due to interactions between their last 26 or 13 aa, respectively, and cytosolic proteins.
Both CAREX” and CARE*8 contain type | PDZ-binding domains, a 4 aa protein interaction
motif at the extreme end of their respective C-termini (X-(S/T)-X-¢, where X represents any
amino acid and ¢ represents any hydrophobic amino acid; GSIV and ITVV, respectively)
[32, 62, 65, 66]. PDZ-binding domains interact with PDZ domains, which are named after
the first three proteins discovered to contain these domains, PSD-95, DIg1, and ZO-1 [67].
PDZ domains are approximately 90 aa in size and occur within of a variety of scaffolding
proteins [68, 69]. While both isoforms have the ability to bind to numerous PDZ domain
containing proteins, the upstream amino acids, which also differ between the two isoforms,
can modify the interactions between the CAR splice forms and a PDZ-domain containing
protein [32]. Our data suggest that the differential interaction between CAREX”, CAREX8,
and PDZ-domain containing proteins is most likely responsible for the differential
localization in polarized epithelial cells [33].
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A novel pathway that appears to be responsible for absence of CAR®X8 from the basolateral
membrane involves the complex relationship between CAREX?, membrane-associated
guanylate kinase with inverted domain structure 1 (MAGI-1), and CAREX® (Fig. 4). CAREX?
is dominant to the PDZ-domain containing cellular-scaffolding protein, MAGI-1, and
traffics MAGI-1 to the basolateral cell-cell junctions of polarized epithelial cells (Fig. 4A)
[62]. In contrast, MAGI-1 negatively regulates the cellular protein levels of CAR®*8 (Fig.
4B) [32, 33]. Whereas upregulation of MAGI-1 decreases CAREX8 |evels and apical AdV
infection, sSiRNA-mediated decrease of MAGI-1 allows increased apical CARE*8 and
increased AdV infection (Fig. 4C). Our data suggest MAGI-1 renders CAR®*8 highly
susceptible to endoplasmic reticulum-associated degradation (ERAD) (data not shown).
MAGI-1 contains up to 6 PDZ domains (0-5), of which PDZ-1 and PDZ-3 interact with
CAREX8, PDZ-3 is able to suppress cell surface CARE*8 protein levels, while paradoxically,
PDZ-1 rescues CARF*8 from MAGI-1-mediated degradation [33]. CAREX® has
approximately 17x stronger affinity for PDZ-3 than PDZ1. It is likely this stronger affinity
causes CAREX® to interact more frequently with MAGI-1-PDZ3 and may lead to the ERAD-
mediated degradation of CAREX8,

CAR as a component of the tight junction

CARFX is a transmembrane protein that is involved in the regulation of tight junctions [60,
61]. Chinese hamster ovary (CHO) cells transfected with CAREX7 results in CAREX7
localization at cell-cell contacts and causes this normally non-polarized cell line to form
junctions with other CHO cells [61, 62]. CAR®X7 also interacts with numerous tight and
adherens junction proteins, such as MAGI-1, PICK1, ZO-1, B-catenin, MUPP-1, and
connexin 45 at the intercalated discs within the heart [60-62, 65, 70]. The cytoplasmic tail
of CAREX is important for the localization of CAREX7 at the tight junctions in polarized
cells. When the cytoplasmic tail of CAR is removed, the protein no longer localizes to the
tight junction [48, 61]. This abrogation of proper polarization of CAREX is likely due to the
removal of the Yxx® tyrosine-based motif, where Y stands for tyrosine, x represents any
amino acid, and @ represents any hydrophobic amino acid [71-73]. In CAREX7, the specific
tyrosine based motif, YNQV, interacts with the clathrin adaptor complexes AP-1A and
AP-1B, which sorts CAREX7 to the basolateral surface [71-73]. The AP-1B clathrin adaptor
complex is unique to epithelial tissue and is involved in the basolateral sorting of other
proteins, including the human poliovirus receptor (CD155) [73, 74].

Transmembrane isoforms of CAR as viral receptors

CAR functions as a viral receptor for CVB and for all types of AdV except those in species
B. Although there are significant morphological differences between coxsackieviruses and
AdV, the two classes of virus interact with the D1 domain of the extracellular domain of
CAR [42-44, 75]. In contrast to the protruding trimeric fiber-knobs attached to each of the
12 vertices of AdV, CVB use a depression around the fivefold axes of their capsid, often
referred to as a “canyon-like” receptor binding site [7, 29, 75]. However, the site of CVB
interaction with CAR is on the opposite side of the D1 domain as compared to the AdV
binding site [75]. While the direct interaction between CAR and the two classes of viruses
occurs at the D1 domain, neither virus can infect host cells in the absence of D2 domain [45,
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75]. This may be due to steric interactions or an effect of CAR glycosylation on binding
cooperativity [46, 76].

The two transmembrane isoforms of CAR have identical extracellular domains. Both
CAREX7 and CARE*8 hind to AdV fiber knob and the canyon-like receptor binding site of
CVB and function similarly as viral receptors [8, 32]. However, the physiological
implications of CAREX” and CARE*8 being at different surfaces in polarized cells have
important ramifications for the role of CAR as a viral receptor. Localization of CAREX® at
the apical surface in polarized airway epithelium allows it to be accessible to airborne CVB
and AdV, and may be the reason behind tight MAGI-1-mediated regulation. The presence of
CARE*8 |ocated on the apical surface of a minority of epithelial cells within a cultured
polarized primary human airway epithelium correlates well with infrequent apical AdV
transduction (Fig. 5) [32, 64, 77]. In contrast, basolateral localization of CAREX” presents
the challenge of breaking through the tight junctions for viruses entering the lungs, but is
able to facilitate basolateral AdV spread and egress from the airway after replication [48].
Experiments performed on polarized human airway epithelial tissue cultures have
demonstrated that increasing the expression of CAREX® results in an increase of apical
CARE*8 and the amount of AdV entering the cell [32, 64, 77]. Therefore, by modifying the
concentration of CARE*8 at the apical surface, one could modify the susceptibility of the cell
to AdV and CVB infection. A mechanism to increase or decrease the levels of apical
CARF*8 may increase the effectiveness of AdV-based gene therapy or reduce an
individual’s risk of contracting the diseases caused by AdV infection, respectively.

CD46: “The Pathogen’s Magnet”

Utilized by a larger and more diverse group of pathogens than CAR, CD46 deserves its
epithet as “the pathogen’s magnet”. Able to bind to the Edmonston strain of measles virus,
herpesvirus, group B1, B3, and some group D AdV, as well as bacterial pathogens, CD46 is
a remarkably versatile gateway for microbial infection [14, 27, 28, 78]. Its nearly ubiquitous
nature, appearing in virtually all tissues except for erythrocytes, is likely the impetus that
encouraged so many pathogens to evolve mechanisms for utilizing this transmembrane
glycoprotein for cell entry [79]. Although it is found in a wide spectrum of human tissues,
homologues for CD46 are only found in primate species [80]. In addition to being used for
entry into the cytoplasm by a plethora of pathogens, CD46 plays an important role as a
negative regulator of the complement system of innate immunity and CD46 dysfunction is
associated with several diseases, such as asthma, multiple sclerosis, and rheumatoid arthritis
[81, 82].

The 14 isoforms of CD46

CD46, also known as complement regulatory protein and membrane cofactor protein
(MCP), is composed of 14 separate exons that are alternatively spliced to create a total of 14
unique isoforms [79, 83] (Fig. 6). Exon 1 encodes the leader peptide sequence (LS) and
exons 2—6 are translated into the four extracellular short consensus repeats (SCR), also
known as complement control protein repeat domains (CCP). Each SCR contains 3 N-linked
glycosylation sites. The SCR region interacts directly with viruses and complement proteins
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[78, 81, 82, 84-86]. The next 3 exons, exons 7-9, contain 3 extracellular domains rich in
serine, threonine, and proline residues, referred to as STP domains [80]. STP domains serve
as sites of O-linked glycosylation, which can affect viral binding efficiency. The 3 STP
domains are labeled A, B, and C in descending order and are subject to alternative splicing,
which can remove any of the three STP domains from the full length sequence [79]. Exon 10
forms a 10 aa bridge between the extracellular domain and the hydrophobic transmembrane
region encoded by exons 11 and 12. Finally the last two exons encode for a short
cytoplasmic tail (Cyt). If exon 13 is present, a 28 aa cytoplasmic tail (Cyt-1) is present.
However, if exon 13 is absent, exon 14 is translated into a 35 aa cytoplasmic tail (Cyt-2)

[79, 87].

The 14 alternatively spliced isoforms of CD46 differ in size, location, and protein expression
levels in the human body. There are two major regions of alternative splicing in CD46: the
STP region and the cytoplasmic tail [79, 80]. The nomenclature of CD46 splice forms
reflects this by first describing which STP regions are present and then which of the two
cytoplasmic tails is expressed [83]. While important for intracellular interactions and
subcellular localization, the cytoplasmic tail is not a major determinant for the protein size
and tissue localization of CD46, in comparison to the STP region [79, 87-89]. The two
largest isoforms of CD46 are ABC Cyt-1 and ABC Cyt-2. These two isoforms contain all
three STP regions, have a molar mass of 74 kDa, and may be exclusive to EBV-infected B
cells and leukemic cells [79]. There are four isoforms found ubiquitously in all CD46
expressing tissues except in sperm: BC Cyt-1/Cyt-2 and C Cyt1/Cyt2. The BC isoforms lack
exon 7 and are 66 kDa, while the C isoforms lack both exon 7 and exon 8 and are 56 kDa.
Of the remaining CD46 isoforms, AB Cyt-1/Cyt-2 and B Cyt-1/Cyt-2 are found in placenta
tissue and are 70 and 63 kDa, respectively. There are two isoforms, gCyt-1 and gCyt-2,
which skip the STP region entirely. While they show up in Western blots of placenta tissue,
they appear to have low abundance. The two smallest splice forms, BC5Cyt-2 and C6Cyt-2,
are formed from the removal of exon 12 and subsequent shortening of the transmembrane
region. BC3Cyt-2 contains a small fragment of exon 12 whereas C8Cyt-2 lacks exon 12
completely. Both isoforms are found only in spermatozoa, are soluble, and are
approximately 35 kDa in length [79].

STP Isoforms

Of the four common isoforms of CD46, two contain both the B and C STP domains and two
contain only the C STP domain. The difference in protein sequence inclusion between BC
and C STP isoforms affect the number of O-linked glycosylation sites on CD46, which in
turn affect its interaction with complement proteins [90]. In contrast, the differences
between the BC and C isoforms does not have a significant impact on CD46 interaction with
group B AdV [78].

CD46 is a regulator of complement proteins C4b and C3b [78, 81]. The complement system
is a part of the innate immune system that supplements the role of macrophages, neutrophils,
and natural killer cells. It involves small cytotoxic proteins, including C4b and C3b, which
opsonize or tag immune complexes, pathogens, and apoptotic cells for phagocytosis. They
also perform “convertase” enzymatic roles when in complex with other complement protein
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to lyse bacterial cells. These proteins may also bind host cells and must be rapidly
neutralized to protect native cells from their cytotoxic and lytic effects. CD46 binds with
C4b and C3b and is a cofactor in cleaving these proteins into less harmful substrates [78,
81]. CD46 BC and C isoforms differ in their binding affinities for these two complement
proteins. The BC isoform, with its larger O-linked glycosylation STP region, binds C4b
more effectively than the C isoform does. The BC isoform also binds with C4b better than it
binds with C3b [90]. While the C isoform has a lower affinity for C4b than the BC isoform,
the C isoform has equal binding affinity for both C4b and C3b, which is equivalent to the
isoform BC binding affinity for C3b, as the size of the O-linked glycosylation region seems
to have a minimal effect on C3b binding [90].

Cytoplasmic tail isoforms and polarized cells

The two alternatively spliced cytoplasmic tail regions, Cyt-1 and Cyt-2, affect the
interaction between CD46 and intracellular proteins, and CD46 localization in polarized
cells [87-89]. The two isoforms show no homology within the cytoplasmic tail region (Fig.
6C). There are conflicting data on CD46 localization in polarized cells, which likely reflect
cell-type and cell-line specific sorting mechanisms. Masiner et al. suggest that both Cyt-1
and Cyt-2 cause localization at the basolateral surface of transfected Madin Darby canine
kidney (MDCK) epithelial cells [88, 91, 92]. In contrast, Ludford-Menting et al. suggest
Cyt-1 can go apical or basolateral depending on the presence of the interacting protein
PSD-95/DLG-4 and that Cyt-2 is localized at both the apical and basolateral surfaces [87].
All studies have consistently shown that forms of CD46 either lacking the cytoplasmic tail
or with specific residues mutated within the tail appear at both the apical and basolateral
surfaces.

The Cyt-1 and Cyt-2 isoforms are not regulated by the same set of cytosolic proteins. Cyt-2
basolateral localization may be regulated by src-kinase Lck (p60°-S®)-mediated
phosphorylation of tyrosine residues [89]. In contrast, Cyt-1 encodes a PDZ-binding domain
(FTSL) that interacts with the third PDZ domain of the PDZ-domain containing scaffold
protein PSD-95/DLGA4. In transfected MDCK cells, it is proposed that DLG4 regulates the
basolateral localization of Cyt-1 and a lack of DLG-4 may allow apical Cyt-1 [87].
Consistent with this idea, endogenous CD46 is observed at the apical surface of the
polarized epithelial cells within a normal human kidney [87]. Apical versus basolateral
localization is predicted to have significant ramifications for cell and tissue biology, as well
as viral infection.

The earliest studies involving measles viral (MV) entry in the polarized human colorectal
cancer cell line Caco-2 and the African green monkey kidney cancer cell line Vero C 1008
supported localization of CD46 at the apical surface [93]. However, when those studies were
repeated in those same cell lines, Vero C 1008 cells showed that MV entry occurred at both
the basolateral or apical membrane with no preference for either surface [94]. Furthermore,
although human airway epithelial cells may express CD46 at the apical surface, the
basolateral surface is more susceptible to MV entry [94]. The basolateral preference may be
due to nectin-4, recently discovered to be a primary receptor for wild-type MV. When
human ovarian cancer cells and human breast cancer cell line BT474 were analyzed, CD46
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localized to the tight junctions, making it difficult to infect these cells with group B AdV
[14, 95]. Taken together, these studies suggest that CD46 localization is tissue and cell-line
dependent. The preference for the basolateral surface appears to be regulated by cytosolic
proteins interacting with the cytoplasmic tails of CD46. Further studies are required to
determine the mechanisms that regulate the localization of CD46 in polarized cells.

The interaction between CD46 and Species B and D Adenoviruses

Species B AdV types 11, 16, 21, 35, and 50 all utilize CD46 as a primary receptor for cell
entry [8, 14, 26, 84]. AdV3, 7, and 14 have high affinity for desmoglein-2, but AdV3 and 7
have high avidity for CD46 as a viral receptor [96]. The viral fiber knobs of species B AdV
that interact with CD46 directly bind to the second extracellular SCR [84]. Mutation of the
130 to 135 aa segment or the 152 to 156 aa segment ablates AdV35 binding to CD46 and
viral infection in transfected CHO cells. Deletion of the first SCR domain also significantly
reduces AdV35 binding to CD46 and virtually eliminates AdV35 infection indicating both
SCR domains play a crucial role in AdV35 binding and entry. The first SCR domain most
likely acts as a scaffold needed to maintain the proper 3-dimensional structure of CD46.
AdV35 also does not depend on the N-linked glycosylation sites located in the SCR
domains. Adding tunicamycin, which inhibits N-linked glycosylation, does not alter AdV35
infection in transfected CHO cells [84]. Certain species D AdV26, 37 and 49 also utilize
CD46 as primary receptor, however, the exact sites of interaction have not yet been mapped
[15-17].

Desmoglein-2

Group B2 AdV types 3, 7, and 14 and rely on the desmosomal cadherin known as
desmoglein 2 (DSG-2) for viral entry, and AdV11, found in group B3, can interact with both
CD46 and DSG-2 [14, 26, 84, 95].

Desmoglein-2: Physiological complexity without splice variants

DSG-2 is a desmosomal glycoprotein composed of 15 exons and essential for the formation
of desmosomes (Fig. 7) [30, 97]. Desmosomes are important for cell-cell adhesion in
epithelial cells and also serve as attachment points for cytosolic intermediate filaments [98].
DSG-2 is a member of the cadherin family of transmembrane glycoproteins [99]. Cadherins
mediate calcium dependent interactions that result in cell-cell adhesion. There are two major
subclasses of desmosomal cadherins: desmogleins and desmocollins. Unlike desmocollins,
which more closely resemble classical cadherins, desmogleins have an extra C-terminal
domain that contains a series of 29+1 aa repeats [100].

The three major desmoglein proteins, DSG-1, DSG-2, and DSG-3, though similar in
overarching structure, are encoded by three separate genes. The desmoglein extracellular
domain consists of 4 repeated units of roughly 110 aa in length (Fig. 7B). These repeated
units, named E1-E4, with E1 being the most distal element, contain CaZ* binding motifs
that facilitate calcium dependent binding between different desmoglein proteins [99, 101,
102]. The extracellular domain of cadherins is fairly well conserved between different
cadherin family protein members. For example, there is a 39% aa match between the E2
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extracellular regions of DSG-1 and N-cadherin [99]. Desmogleins are also characterized by
their extended cytoplasmic tails. The first 59 aa constitute a proline rich region, which is
followed by a series of repeats at the C-terminal domain, each containing 29 + 1 aa residues
predicted to form 2 p turns and 2 3 strands [99]. After the repeating region, there is a
nonpolar glycine rich stretch, terminating in a basic tail at the C-terminus.

While it resembles the two other desmoglein proteins, the amino acid sequence of DSG-2
differs significantly at several key points and defects in DSG-2 are the cause of familial
arrhythmogenic right ventricular dysplasia type 10 (ARVD10) [103]. DSG-2 contains 1117
aa; 37% and 40% of those amino acids are identical to DSG-1 and DSG-3 respectively.
Interestingly, one of the main areas of dissimilarity is within the extracellular region. At a
point in the extracellular domain found to be critical for homologous binding (aa 129-131),
DSG-2 contains tyrosine residues [104]. This unique feature more closely resembles
desmocollins than the other two desmogleins. The number of C-terminal 29+1 aa repeats
varies among desmogleins with DSG-2 containing a total of six tandem repeats [97].
Although the three desmoglein proteins are found in varying concentrations and locations in
human tissues, only DSG-2 is present in all desmosome containing tissues [105]. DSG-2 is
also present in a variety of non-epithelial cells such as myocardium, Purkinje fiber cells, and
in the follicular dendritic reticulum of spleen and lymph nodes [104].

Interactions between desmogleins and desmocollins in the extracellular region as well as
their interactions with proteins in the cytosolic desmosomal plaque are essential to the
formation of desmosomes. Desmosomal cadherins use desmoplakin and plakoglobulin as
direct intermediaries between desmoglein and the intermediate filaments [99]. Interestingly,
while desmosomes have stronger binding affinities than adherens junctions, desmoglein
homodimers are not as strong as E-cadherin homodimers in adherens junctions [99]. Perhaps
desmosomes have a higher binding affinity than adherens junctions because of heterodimers
between different desmogleins.

DSG-2 as a viral receptor

In addition to functioning as a cell adhesion protein, DSG-2 is utilized as a viral receptor for
group B2 and B3 AdV [14]. DSG-2 is expected to reside on the basolateral surface of
polarized epithelial cells. Although the mechanisms that allow airborne group B AdV to
access junctional DSG-2 are unknown, it is apparent that viral binding and entry is rapid.
When group B2 AdV3 interacts with DSG-2, it weakens cell-cell junctions, allowing further
access to proteins associated with intercellular junctions [14]. Interruption of the interactions
between these cell-cell adhesion proteins also appear to be important for both viral spread
and egress from the epithelium [106, 107].

During viral replication, some species B AdV produce both full size virions as well as
smaller virus-like particles that consist solely of the viral penton base and viral fiber knob,
referred to as penton dodecahedral particles or PtDds [108]. This PtDd form of AdV blocks
AdV infection more efficiently than AdV fiber knob [14]. It is even more effective than a
combination of fiber knob and small particles that contain only penton base (BsDds). The
dodecahedral shape of the penton base of PtDds provides the correct spatial arrangement to
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allow the formation of cross-linkages between the viral fiber knobs and shafts that bind
DSG-2 [109].

Using PtDds as a non-toxic substitute for group B2 and B3 AdV infection, it is possible to
study the effects that AdV-DSG-2 binding have on cellular physiology. When PtDds derived
from AdV3 interact with DSG-2 in epithelial cells, they trigger signaling that leads to cell
junction changes expected during a epithelial-to-mesenchymal transition (EMT) [14]. EMT
is defined by the increased expression of mesenchymal markers, such as vimentin and
lipocalin-2, altered intracellular localization of transcription factors and the activation of
kinases, such as phosphatidylinositol-3 kinase (P13K) [110]. PtDds applied to epithelial
ovarian cancer cells weakens cell-cell junction integrity and increases access to important
proteins trapped within cell-junctions, such as CD46 and the human epidermal growth factor
receptor 2 (Her2/Neu) [14]. Her2/Neu is the target protein for the cancer treatment drug
Herceptin and increased access to Her2/Neu is predicted to enhance therapeutic efficacy.
PtDds applied to the human breast cancer cell line BT474, which polarizes and normally
sequesters Her2/Neu within the epithelial junctions, allowed Herceptin to be more effective
at killing the cancerous cells [14]. Importantly, pretreating Her2/Neu negative breast cancer
cells (MDA-MB-231) with PtDds derived from AdV3 had no obvious cytotoxic effects.
Additional studies have investigated a small, recombinant AdV3-derived protein, termed
junction opener 1 (JO-1), which binds to the epithelial junction protein desmoglein 2
(DSG-2). The binding of JO-1 with DSG-2 results in cleavage of DSG-2 and activates
intracellular signaling pathways which decrease the level E-cadherin at the junctions.
Transient epithelial disruption allows chemotherapy drugs access to tissues in vivo [111].
While more research is required, PtDds or JO-1-like peptides derived from group B AdV
could become a novel part of drug cocktails for treating certain types of breast and other
epithelial cancer.

Conclusion

Alternative splicing creates a plethora of splice forms of CAR and CD46. The diversity of
isoforms created by alternative splicing has major implications for how these viral receptors
interact with wild-type viruses and their other biological functions. Both proteins contain
soluble splice forms. Although B, v, and 6 CAR all possess part of the extracellular domain
of CAR, only B CAR efficiently binds to adenovirus fiber knob and can block viral entry.
Administration of soluble CAR can reduce the risk of infection from AdV and CVB,;
however, paradoxically it may increase pathogenesis. Differences in the cytoplasmic tails of
splice forms affect the localization and effectiveness of the viral receptors in polarized cells.
CAREX7 |ocalizes on the basolateral surface, while CARE*8 localizes to the apical surface of
polarized human airway epithelial cells making CARE8 an ideal target to modify the
susceptibility of an epithelium to AdV infection. In CD46 isoforms, Cyt-1 and Cyt-2 may be
both apical and basolateral depending on the tissue under examination. This is likely due to
the presence or absence of key regulatory proteins. In addition to the mechanisms
responsible for differential localization, the implications of alternative localizations of these
viral receptors on cell physiology are still unclear. The many different proteins that can be
created from the alternative splicing of CAR and CD46 emphasize the diversity of functions
these proteins can have in viral infectivity. This diversity also suggests a number of roles for
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these cell surface proteins beyond being a gateway for viral infection. Additional research is
required to elucidate the mechanisms that regulate cellular localization. Knowledge of these
mechanisms may lead to novel methods to increase or decrease AdV infection for gene
therapy or wild type infection, respectively. They may also lead to novel treatments for
cancer and other diseases.
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Figure 1.
A two-dimensional representation of the adenovirus capsid structure. Although composed of

both major and minor capsid proteins, only the major capsid proteins are labeled here. The
penton-base region is in green, hexon region in red, and fiber-knobs are blue.
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A. Exon Map

LS| D1IgVdomain D2 1gC2 domain [TM Cytoplasmic Domain

B. Protein Isoforms

CARE7; hCAR1; SIV; a.CAR; equivalentto mCAR2

CAR®8; hCARS; TVV; equivalentto mCAR1

BCAR; hCAR2; CAR 4/7

YCAR; hCAR3; CAR 3/7

8CAR; hCAR4; CAR 2/7

Exon map of the 5 protein isoforms of CAR. A) CXADR mRNA exon map relative to
protein domains. LS, leader sequence; TM, transmembrane domain. B) The portions of the
exons expressed in each isoform are in blue. Note that some isoforms express only part of a
particular exon. p CAR and y CAR express the same portion of exon 7 while 6 CAR does
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Figure 3.
Schematic of morphological differences between the 5 isoforms of human CAR. Red

represents the D1 or 1g1-V-like domain, blue represents the D2 or 1g2-C2-like domain,
purple represents the cytoplasmic domain, the PDZ-binding domains are highlighted in
yellow or green. When the regions of the cytoplasmic tails are homologous, the colors used
are the same. Note that 8 CAR contains an incomplete copy of the Ig-1 domain whereas 8
CAR contains an incomplete copy of the Ig2 domain. p CAR and y CAR have homologous
cytoplasmic tails.
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Figure4.

Schematic representation of MAGI-1-mediated regulation of CARE*8 in a polarized
epithelial cell. A) CAREX (orange tail) is dominant to MAGI-1 and traffics to the
basolateral surface where it behaves as a hemophilic cell adhesion protein. B) MAGI-1
negatively regulates the levels of CAREX8 (green tail). C) A lack of interaction with MAGI-1
allows CAREX8 to traffic to the apical surface and mediate apical AdV infection.
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Figureb5.
Polarized primary human airway epithelia immunostained with antibodies specific for

CAREX8 (green) or the tight junction protein ZO-1 (red). The XY confocal section is taken
at the apical tip of the epithelium (60x oil immersion).
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Figure6.
Map of the 14 protein isoforms of CD46. A) CD46 mRNA exon map relative to protein

domains. LS, leader sequence; SCR, short consensus repeats; STP, serine-threonine-proline
repeat domains; TM, transmembrane domain; Cyt, cytoplasmic domain. B) The portions of
the exons expressed in each isoform are colored green. Many of the splice forms of CD46
differ only in the last two exons of the cytoplasmic tail region: exons 13 and 14. CD46
isoforms are named for the STP domains, A, B, or C (exons 7, 8, and 9, respectively), and
the cytoplasmic tails, Cyt-1 or Cyt-2, that they contain. The isoform BC3Cyt-2 contains only
part of the transmembrane domain encoded by exon 12. C) Schematic of CD46 showing all
domains and the distinct amino acid sequences within the two cytoplasmic domains. Protein
isoforms differ in the STP (serine-threonine-proline; A, B, or C) domains and Cyt
(cytoplasmic) domains. U, unstructured region with no ascribed function.
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A. Exon Map
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Figure?.
Map of desmoglein 2. A) DSG-2 mRNA exon map of the single DSG-2 protein isoform

relative to the protein domains. B) Schematic protein structure of DSG-2. LS, leader
sequence; P, preprotein domain; EC1-4, extracellular cadherin domains; EA, extracellular
anchor domain; TM, transmembrane domain; 1A, intracellular anchor domain; ICS,
intracellular cadherin-typical segment domain; LD, linker domain; RUD, repeat unit domain
containing 6 repeats; and TD, terminal domain.
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