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ABSTRACT

Adenoviruses are non-enveloped, dsDNA tumor viruses responsible for a
breadth of pathogenesis including acute respiratory disease and viral
myocarditis. Gap junctions, which are formed by connexin proteins, directly
couple the cytoplasms of apposed cells enabling immunological, metabolic, and
electrical intercellular communication. The gap junction protein connexin43
(Cx43; gene name — GJA1) is the most widely expressed human connexin
protein and is the predominant connexin in the working myocardium. Given the
immunological role for Cx43 gap junctions, we hypothesized that gap junctions
would be targeted during adenoviral infection. We find reduced Cx43 protein due
to suppression of GJA1 transcription dependent upon 3-catenin during adenoviral
infection, with viral protein E4orf1 sufficient to induce B-catenin phosphorylation.
Loss of gap junction function occurs prior to reduced Cx43 protein levels with
Ad5 infection rapidly inducing Cx43 phosphorylation at residues previously
demonstrated to alter gap junction conductance. Direct Cx43 interaction with ZO-
1 plays a critical role in gap junction regulation. We find loss of Cx43/Z0-1
complexing during Ad5 infection by co-immunoprecipitation, with complementary
studies in human induced pluripotent stem cell derived-cardiomyocytes revealing
Cx43 gap junction remodeling concomitant with reduced ZO-1 complexing.

These findings demonstrate specific targeting of gap junction function by Ad5



leading to disruptions in intercellular communication which would contribute to

dangerous pathological states including arrhythmias in infected hearts.

Intercellular junction proteins belonging to classically defined unique junctions
exhibit extensive cross-talk and interdependency for expression and localization.
We find reduced connexin43 (Cx43) phosphorylation at a known internalization
motif, leading us to hypothesize that gap junctions are maintained during
adenoviral infection in order to stabilize intercellular junctions and adenoviral
receptors therein. Utilizing immunofluorescence confocal microscopy, we
demonstrate that Cx43 reductions are primarily cytosolic with Cx43 preservation
at the plasma membrane. Click-IT chemistry, a non-radioactive pulse-chase
technique, reveals that Cx43 % life is extended during adenoviral infection. In
order to test if remaining Cx43 exists in de facto gap junctions (i.e. not undocked
or cytosolic connexons) we utilized 1 % Triton X-100 solubility fractionation and
find Cx43 is indeed primarily junctional during adenoviral infection. Having
demonstrated increases in junctional Cx43, we next asked how tightly coupled
cells were during adenoviral infection and by ECIS measurements of electrical
resistance we demonstrate a transient increase in mechanical coupling during
infection. Our future aims are to uncover changes in Coxsackievirus and
adenovirus receptor (CAR) protein localization to determine if adenoviral-induced
changes to subcellular architecture predisposes neighboring cells to infection and

enhances viral spread. These findings will add to the existing model of adenoviral



infection and more broadly, contribute to the therapeutic design of adenoviral

vectors for cancer and gene therapy.
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GENERAL AUDIENCE ABSTRACT

The human heart will beat more than 3 billion times during the average lifetime.
This is accomplished by billions of individual heart muscle cells, called
cardiomyocytes, contracting in synchrony. Cardiomyocytes require direct cell to
cell communication in order to receive the proper cues and work in concert.
Outside of the heart, including the lining of the lungs which acts as a first line of
defense against invading pathogens, direct cell to cell communication is
important for mounting proper immune responses. A primary means by which
cells communicate directly with neighboring cells is through gap junctions made
up of proteins called connexins. Connexin proteins form channels in the cell
surface that bind to similar channels on neighboring cells to couple the cell
interiors directly. The most widely expressed human connexin, and the most
abundant connexin in the heart, is connexin43 (Cx43; gene name — GJAT).
Adenoviruses are pathogens commonly associated with respiratory illnesses in
addition to more serious diseases including viral myocarditis, or infection of the
heart. Given that Cx43 gap junctions enable direct communication between cells
important in initiating immune responses, we hypothesized that adenovirus would
target Cx43 and gap junctions during infection. While adenovirus is a leading
cause of viral myocarditis, our study is one of the first investigating how this virus

would cause heart attacks in patients.



We find reduced Cx43 protein in cells infected with human adenovirus, and
reveal that the expression of the GJA7 gene is suppressed. We next focused on
potential pathways in the cell that are changed during adenoviral infection and
find the mechanism that reduces GJA7 gene expression together with a specific
viral protein that activates this pathway. These findings represent a new avenue
for antiviral therapy where development of drugs targeting this pathway or
inhibiting function of this viral protein would restore Cx43 gap junctions and
potentially limit viral replication in patients. We next determined that direct cell to
cell communication through gap junctions is reduced before the virus induced
loss of the gap junction protein Cx43 during infection. Therefore adenovirus
infection involves a double-hit on gap junction communication. This led us to
investigate human heart cell infection as gap junction losses are observed in
nearly all forms of cardiac disease. We find similar Cx43 suppression and gap
junction alterations in cardiomyocytes revealing arrhythmogenic potential during
acute adenoviral infection in human hearts. Therapeutic interventions informed
by these data could prevent gap junction closure and protect patients with a wide

array of heart diseases from heart attacks.

Interestingly, despite reduced Cx43 levels and reduced gap junction function (cell
to cell communication), we detected decreases in the cellular pathway

associated with gap junction degradation. Utilizing high resolution microscopy we
find loss of Cx43 is primarily inside the cells while Cx43 in gap junction structures

is maintained, although channels are closed. Given Cx43 gap junction



maintenance found during adenoviral infection, we sought to determine changes
in the strength of cell-cell junctions as this provides clues to enrichment of cell-
cell junctional proteins including viral receptors. We hypothesize that through this
pathway viruses can predispose uninfected neighboring cells to infection. These
findings represent a new paradigm in understanding how viruses spread through
the body and open up several new avenues in slowing this spread therapeutically

in infected patients.
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Chapter 1 — Introduction

A. Adenoviridae and Adenoviral Pathogenesis

Adenoviridae are a vertebrate specific family of viruses which include
Mastadenovirus (mammals), Aviadenovirus (birds), Atadenovirus (high A-T,
reptiles, birds, mammals, and marsupials), and Siadenovirus (birds and reptiles)."
All human adenoviruses exist under the family Adenoviridae, genus
Mastadenovirus, and species are denoted with a letter (A-G) determined by

serology, hemagglutination, and genome homology."

Adenoviruses were first independently isolated by two distinct groups in 1953;
Hilleman and Werner who were attempting to isolate influenza during an acute
respiratory disease outbreak, and Rowe et al at who discovered a then-unknown
agent killing adenoid tissue in cell culture.?® The tumorigenic potential of
adenovirus was first observed in 1962 by Trintin et al and confirmed in 27
different serotypes by 1968, leading to their naming as a DNA tumor virus.*°
Human adenovirus type 5 DNA was experimentally shown to transform rat
embryo or baby rat kidney cells in 1973.6 DNA of other tumor viruses such as
simian virus 40 (SV40) has also been utilized for both transformation properties

and understanding cell cycle regulation.”-'?



Adenoviruses are non-enveloped icosahedral viruses which measure
approximately 100 nm in diameter. On the exterior, they are composed of major
and minor capsid proteins (Figure 1.1, 1.2). Major capsid proteins include Hexon
proteins which coat most of the surface, along with 12 fiber proteins which
protrude from the surface as a shaft with a knob domain at the distal end. At the
base of the fiber protein is a fiber tail which is anchored to the other major capsid
protein, the penton base. These 3 viral coat proteins play roles in virus-host
receptor-mediated tropism. The minor capsid proteins play an important role in
stabilizing the major capsid proteins, enabling them to exist in different chemical
environments based on arrangement and orientation.3'# This is of special
importance during cell invasion when the virus must become partially uncoated to
escape the endosome. The 7 known core proteins work to condense the viral
dsDNA, anchor the core to the capsid proteins, and also encompass terminal

proteins attached to the 5’ ends which act as primers for DNA replication.>:16

Human adenovirus genomes contain 10 transcription units under temporal
control. There are five early units which are transcribed initially, four intermediate
units, and one late transcriptional unit known as the major late unit. The early
transcription units work cooperatively to uncouple cell cycle regulation and push
the cell into S-phase, prevent the cell from undergoing apoptosis, subvert
antiviral cellular responses, and synthesize proteins required for viral DNA
replication. The intermediate units begin transcription upon viral DNA synthesis

and facilitate preferential translation of viral MRNAs in addition to inducing



expression of late genes."”-'° The late transcriptional units are under control of a
single promoter known as the major late promoter (MLP) which gives rise to 5
families of mMRNAs that are translated into proteins which cooperatively condense

viral DNA and package virions.2%-23

Adenoviruses cause a spectrum of disorders and diseases. While most
appreciated for their ability to transform and transduce cells, along with their
potential as an anti-cancer therapeutic, the pathologies caused by these viruses
are under appreciated. Regarding cancer therapy, mutant E1B-55kDa deleted
adenovirus (ONYX-015) was approved for clinical trials but ultimately failed at
efficacy of a single dose.?4?¢ Adenoviruses have been reported to cause
endemic respiratory infection, epidemic keratoconjunctivitis, acute hemorrhagic
cystitis, diarrhea and celiac disease, meningoencephalitis, and myocarditis.?”-3?
The variance in pathogenesis is correlative to both virus ability to bind host
receptors and tissue specific differences in cellular processes including

transcriptional and translational regulation and cell cycle control.

B. Human Adenovirus Serotype 5

Human adenovirus serotype 5 (Ad5) belongs to species C of Mastadenoviridae.
Like the other adenoviruses, the Ad5 genome consists of linear dsDNA under
temporal regulation. The E1 gene products block apoptosis and uncouple cell

cycle control. The E2 genes encode the required proteins for viral DNA



replication. The E3 gene proteins target several anti-viral mechanisms. The E4
genes contribute to a similar outcome of E1 and E3, but through distinct E4orf
proteins. The intermediate and late transcriptional units work to package the virus
and provide structural integrity for infectious virions after cellular lysis. Ad5 is
commonly associated with endemic respiratory infection, especially in young

children, and occasionally leads to sudden cardiac death due to viral myocarditis.

33-39

The primary host-cell receptor for Ad5 is the coxsackie and adenovirus receptor
(CAR).40-42 While CAR is the primary receptor, it has been shown that CAR isn'’t
required for invasion via endocytosis followed by viral infection.*3 Cellular CAR
expression in polarized cells is primarily basolateral. It should be noted that in
addition to binding CAR, adenoviral penton proteins have been shown to target
integrin proteins leading to an increase in endocytosis but not an increase in
binding.#* Clathrin-mediated endocytosis is followed by virion trafficking to the
microtubule organization center where the viral dsDNA genome is shuttled into
the nucleus. As previously stated, the E1 transcription unit works to uncouple the
cell cycle and push the cell into S-phase, as well as block apoptotic pathways,
resulting in a prime viral replication center. The E1 transcription unit is divided
into two units, E1A and E1B, which are each divided into two more units, E1A
(large), e1a (small), E1B-55k, and E1B-19k. Specifically, adenoviral e1a
relocalizes retinoblastoma (RB) proteins such as RB1 in addition to p300/CBP

resulting in a stimulation of cell cycling.® Furthermore, E1A binds E2F promoters



displacing RB proteins, causing a reconfiguration of chromatin structure required
to overcome quiescent mechanisms in addition to leading to transcriptional
activity of genes downstream of E2F.4647 Adenoviral E1B proteins inhibit p53-
dependent apoptosis by different mechanisms. Specifically, E1B-19k mimics anti-
apoptotic MCL-1 preventing the release of pro-apoptotic cytochrome C.#84° E1B-
55k both binds p53 directly, stabilizing and downregulating p53 activity, in
addition to forming a complex with E4-orf6 and host cellular proteins leading to
p53 ubiquitination and proteosomal degradation.®®>" Additionally, E1B-55k
prevents viral replication suppression by type | interferon by blocking expression

of interferon inducible genes which regulate cell cycle control.5%53

The E4 transcription unit is divided into open reading frames named the E4-orfs.
There are six E4orf proteins, E4orf1, 2, 3, 4, 6, and 6/7. The fifth open reading
frame is understood not to be translated. E4orf1 and E4orf4 both mimic mitogen
and growth factor signaling, resulting in host-cellular behavior of a growth factor
rich environment, even in the absence of these molecules. E4orf1 activates
mTOR through the PISK/AKT pathway by interacting with host-cell plasma
membrane proteins PDZ domains.?*5% A specific mechanism of E4orf1 has been
shown in that a E4orf1-trimer directly bind Discs Large 1 protein (DIg1) resulting
in PI3K activation.>® E4orf4 activates mTOR independently of AKT by binding the

Ba subunits of host cell protein phosphatase 2A (PP2A).57-59



Evolutionary pressure drives the genetic makeup of viruses, including
adenovirus, to target and subvert host-cell mechanisms that would otherwise limit
viral replication and/or spread. Importantly for multicellular organisms,
intercellular communication allows for the exchange of molecules which initiate
antiviral responses (further discussed below) and is therefore likely targeted by

numerous viruses through unique viral-mediated mechanisms.

C. Gap Junctions and Gap Junction Intercellular Communication

Gap junction intercellular communication (GJIC) is the primary means by which
cells in physical contact with one another communicate directly by the exchange
of small molecules (approximately 1 kDa. or less). This is accomplished through
an array of cellular structures known as gap junctions (Figure 1.3). A network of
these cell-to-cell communication pathways result in a tightly regulated and
sophisticated means for intercellular communication required in multicellular
organisms. GJIC effects the intercellular exchange of ions, metabolites, and
second messenger molecules which allow for cooperative cellular function.®°
Furthermore, in excitable cells like cardiac muscle tissue and neurons, GJIC

facilitates the transmission of electrical impulses.®’

Gap junctions in chordates are composed of two protein complexes known as
connexons, which are each composed of six connexin proteins (Figure 3B,3C).

Connexin proteins in humans are denoted Cx followed by a number indicating



their approximate molecular weight (i.e. connexin43, or Cx43 is ~43kDa.).
Connexons on apposed cells dock with one another forming an intercellular
channel excluding the extracellular space. These docked connexons aggregate
and form gap junction plaques at the cell-to-cell interface. Connexons have the
ability to oligomerize as homo- or heteromeric channels incorporating various
connexon isoforms which have specific transportation properties including

conductance.®?

The knowledge of gap junctions was expanded upon structurally with the aid of
transmission electron microscopy in 1957,1960, and 1962 by several groups.3-65
They were described functionally in 1966, 1968, 1969, and 1970 by Lowenstein,
Goodenough, and several others who experimentally showed the movement of
large molecules from cell interior to interior without extracellular leaking.®6-"0 With
the technological advance of sequencing came the sequence of connexin32
(Cx32) in 1986.7"72 Cx32 was subsequently the first gap junction protein cloned
in 1986 by Paul.”® Cx43 was first cloned by Goodenough et al one year later in

1987.74

D. Cx43, gene GJA1

Connexind3 (Cx43) is the most ubiquitously expressed and most studied of the

connexin family of proteins. Cx43 protein synthesis is well described in the heart



and skin, performing vital roles in wound healing and ventricular cardiomyocyte

synchronous contraction.”>7"7

Cx43 in the heart. The human heart-beat, an event that occurs billions of times

during the human lifetime, is made possible by synchronous contraction of
cardiomyocytes which requires the appropriate distribution of Cx43 gap junctions
at intercalated discs.”® In humans, three main connexin isoforms occur in the
heart; Cx40, Cx43, and Cx45. The distribution of connexin isoforms in the heart
effects specific conduction velocities and is restricted to distinct anatomical
structures.”®8! Of the primary connexin proteins expressed in the heart, Cx43 is
enriched in ventricular cardiomyocytes where it is concentrated into gap junction
plagues localized to the intercalated discs.®? Organizational and distribution
irregularities of gap junctions in the myocardium have been shown to have

pathological consequences.?384

Regulation of Cx43 is complex, with many key steps in the life cycle of this
relatively short-lived membrane protein. Regarding transcriptional regulation,
whole transcriptomic analysis has been coupled with computational approaches
to reveal likely candidates for regulating GJA7 expression (e.g. OCT4, Mef2a,
Gata4, and Srf).858 Experimentation has also identified distinct transcription
factors which can regulate Cx43 expression temporally and in a tissue-specific
manner (e.g. Irx3, Nkx2.5, Snail1, and Tbx2).87-°0 Cx43 gap junctions undergo

constant dynamic regulation via forward (anterograde) and reverse (retrograde)



trafficking, with these regulatory steps impacting cardiac function and health. It
has been shown that the half-life of Cx43 is 1.5 — 2 hours in primary cultures of
neonatal myocytes while in rat whole heart tissue a half-life of 1.3 hours has
been observed.®' Work has been done in the investigation of anterograde
trafficking which suggests post-ER assembly, likely within the trans-Golgi
network prior to actual trafficking; additionally, it has been shown that transient
phosphorylation in the ER/Golgi is not subject to rapid degradation and allows for
a pool of Cx43 available for gap junction channel assembly.®2% Furthermore, at
the plasma membrane, data suggests an effect of gap junction life cycle due to
protein-protein interactions including those with other membrane proteins and
scaffolding proteins such as Zonula Occludens-1, which is shown to regulate gap
junction size.®* Indeed, Cx43 is known to interact with PDZ-domain containing
proteins providing further evidence of the importance of Cx43 in intracellular
signaling while at the plasma membrane. Retrograde trafficking is largely subject
to regulation by post-translational modification events at the plasma membrane,
including specific phosphorylation events. These have been experimentally
shown to affect pathological remodeling of gap junctions.®>-19" Taken together,
these sophisticated mechanisms of Cx43 trafficking can be interpreted as having
a profound effect on cardiac conductivity due to the sum of their differences

being proportional to the amount of GJIC and conductance.

Cx43 in cancer biology. Cx43 and gap junction biology has been a focus for

study in the quest to cure cancer. GJIC and Cx43 emerged as a candidate



therapeutic target when it was noted that tumor cells lacked electrical
conductivity and that there was a loss of gap junctions between cells in
cancer.'02103 Although an ongoing subject of cancer therapeutics, the link
between Cx43, GJIC, and cancer is complex. It has been shown that Cx43 has
tumor-suppressive functions in both GJIC-dependent and GJIC-independent
roles, which combined has created some degree of discussion within the field of
connexin biology. In one example, two different Cx43 mutants demonstrated
growth-inhibition; however, one of the two mutants (A253V) failed to suppress
GJIC capacity while the other mutant (L160M) inhibited GJIC capacity,
demonstrating that the growth suppressive pathway may be unrelated to GJIC.%
These findings are in line with the more popular hypothesis that the Cx43 protein
is sufficient for tumor suppression. However, another study showed that small
molecules including polyamines which regulate cell growth and upregulate Cx43
GJIC, may allow for cell-cycle synchronization, leading to a reduction in factors
causing a single cell to proliferate.'%® Furthermore, another study showed
intercellular exchange of cAMP being capable of causing a delay at the G1/S
phase leading to a decrease in cellular division.'% Collectively, these data show
that there is not a clear answer as to the mechanism by which connexin proteins
are capable of cell-cycle regulation (GJIC-dependent or GJIC-independent) and it

should be considered that there may be, and likely are, contributions from both.

Cx43 in immunomodulatory function. Cx43 gap junctions immunologically couple

cells and, additionally, Cx43 hemichannels are capable of initiating immune

10



responses through release of small molecules and recruitment of leukocytes. The
antiviral immune stimulating secondary signaling molecular 2’3’-cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) is produced by cGAMP
synthetase (cGAS) upon cGAS binding of cytosolic DNA and is transferable
through gap junctions to neighboring cells.'97.1% cGAMP activates interferon
stimulated genes (ISG) through the STING/TBK-1/IRF-3 pathway resulting in
production of cellular factors which attempt to inhibit viral replication or clear the
virus through innate and adaptive immune mechanisms.'%® cGAMP transfer via
gap junctions allows for both amplification of interferon responses by increasing
the number of cells activating ISGs as well as a mechanism by which host cells
can evade viral targeting of immune modulatory function as uninfected cells are
transitioned to an antiviral state in addition to the infected cell. Given what is
known of viral antagonization of innate and adaptive immune responses and the
role of gap junctions in propagating immune signals, it likely targeted by several
viruses in effort to reduce inhibitory effects of ISGs of neighboring cells. Cx43
hemichannels have been demonstrated to be permeable channels for ATP
release.’® ATP has a well-established role in regulating the immune system,
primarily by recruiting macrophages to a site of apoptosis or necrosis as a “find
me” purinergic paracrine signaling molecule.'"" Taken together, this provides
another example by which Cx43 can modulate the immune system, but
independent of gap junctions. Viral-induced post translational modifications of

Cx43 (mentioned above and a focus of Chapter 3) is therefore a mechanism by

11



which viruses likely exploit in order to inhibit immune cell recruitment and

increase the chance of completing the viral replication cycle.

12
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Figure 1.1) Schematic of major capsid
proteins of adenovirus. Hexon is shown in
red, Penton in gray, and Fiber in blue.
Hexon proteins are the most abundant
capsid proteins contributing primarily to
virion structure. Fiber and Penton proteins
attach to primary and secondary receptors
respectively to facilitate infection. Adenoviral
capsid structure is icosahedral with three
distinct rotational symmetry axes.
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Figure 1.2) Schematic overview of adenovirus infection and replication cycle.
Adenovirus binds to the host-cell primary receptor with distal portion of adenoviral
fiber protein (CAR is a primary receptor for Ad5) bringing the adenoviral penton
protein in close proximity to secondary receptors (Integrin a-V is a secondary
receptor for Ad5). Binding of the Integrin a-V secondary receptor causes
intracellular signaling events resulting in endocytosis. The endosome undergoes
acidification resulting in a rearrangement of adenoviral hexon and penton proteins
and release of minor capsid proteins including pVI which lyses the endosome. The
partially uncoated adenovirus is trafficked on microtubules to the MTOC and the
virus dsDNA is transported through a nuclear pore complex into the nucleus. The
genes are expressed in a temporal manner known as early and late. E1A gene
expression is robust after the viral genome enters the nucleus, resulting in coercion
of the host-cell into S phase and transactivation of other early genes. After viral
DNA is replicated by E2 proteins, the late proteins, under control of the Major Late
Promoter (MLP), are upregulated in order to package infectious virions for
subsequent infection.

14



/.\ M extracellular

( transmembrane
cytoplasm
ARV yop
NH,
COCH D)
B) C) small molecules
(<1000 Da.)
[ R g
. Ll K
Cell 1 Cell 2
\, S —
. 7\

Figure 1.3) Connexins, connexons, and gap junctions.

A) Schematic of connexin structure. The four transmembrane domains are in blue,
the two extracellular loops are in red, and the one cytoplasmic loop along with the N-
and C-termini are in green. B) Homo- and C) hetero-oligomeric structure of a
connexon (hemichannel). D) Connexons on apposed cells dock with one another in a
densely packed array to form gap junctions and facilitate GJIC.
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Introduction

Viruses are obligate intracellular parasites, which must overcome cellular barriers
in order to replicate their viral genome and produce infectious viral progeny. The
infection process can be generally summarized as invasion by which viruses
utilize host-cell proteins as a mechanism for attachment and entry followed by a
virus-specific varying level of cellular reprogramming, viral replication, and
ultimately egress for subsequent infection. Viruses must spread through and
across the epithelium in addition to spread within tissue where cells are coupled
together in three-dimensional space. This presents a unique set of challenges
whereby the proteins that couple these cells act as a first line of defense against
viral infection and spread. Virally-induced changes in cellular signaling, altered
transcriptional and translational control, and immunological responses to
infection are well studied aspects of virology as a field. More recently, it is of
interest to understand cell architectural changes and how that contributes to
pathogenesis and viral spread. This review will focus on the current state of
knowledge on viral subversion of intercellular junctional components and what

that means for viral replication and infection.

Intercellular junctions mechanically and metabolically couple cells in tissue. This
network of intercellular junctions is necessary for the development of tissue and
organs and consists of tight junctions (TJ), adherens junctions (AJ),
desmosomes, and gap junctions (GJ). These intercellular junctions and their

corresponding junctional components exhibit structurally and functionally distinct
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properties necessary for the integrity of tissue. Briefly, TJs anchor cells together
and establish a semipermeable barrier, which selectively excludes the
extracellular space. Given TJs ability to establish a barrier, it is not a surprise that
of the intercellular junctions, they are the most apical in polarized epithelium.
Therefore, it is also less surprising that, of the intercellular junctions, TJ
components are currently the most understood in their involvement in infection by
various viruses and may truly be the most widely utilized route of infection.
Mechanical stress is dispersed via AJs and desmosomes. Primary differences in
AJ- and desmosomal-proteins include their adhesion properties and dependency
on calcium ions. Additionally, AJs and desmosomes utilize different cytoskeletal
components actin and intermediate filaments, respectively. GJs facilitate the
exchange of ions, and small molecules of less than approximately 1,000 Daltons
allowing for immunological, metabolic, and electrical coupling. Furthermore,
independent of their well-established ability to connect the cytoplasms of
apposed cells, GJs provide mechanical coupling and their ability to facilitate
direct cell-to-cell communication is altered by mechanical stress in vitro. While
distinct, all of these intercellular junctions act in concert to create functional tissue

and organs necessary to many multicellular organisms.

Tight junctions (TJ)
TJs along with closely associated AJs are often referred to collectively as the
apical junction complex (APC), and separate the apical domain from the

basolateral domain of epithelial and endothelial cells, as well as form intracellular

26



signaling domains. Indeed, there is extensive interplay and interdependency of
TJ and AJ proteins. TJs form a continuous semipermeable layer that is both size
and charge selective (reviewed in '-3) and are composed primarily of claudins,
occludin, tricellulin, and MarvelD3. Occludin, a four-pass transmembrane protein
with an extensive C terminus, was the first junctional component identified of TJs
and experiments suggest it to be more important in barrier function and junctional
integrity than the formation of de novo TJ.#® Claudin proteins are essential for TJ
formation and establishing barrier and paracellular selective channel function.®
Claudin paracellular selective channel function has been demonstrated to be
dynamic and permissive of reversible gating kinetics.” Several other
transmembrane junctional proteins localize to TJs and of relevance to this review
are junctional adhesion molecules (JAM) and the Coxsackievirus and adenovirus
receptor (CAR). JAM and CAR are type | transmembrane proteins containing 2
extracellular immunoglobulin domains and facilitate homophilic or heterophilic
protein-protein binding with receptors on neighboring cells and additionally in the
case of CAR, binding extracellular matrix proteins.®'® The importance of CAR is
highlighted as it is necessary for embryonic cardiac development.’” JAM proteins
are thought to indirectly interact with the extracellular matrix protein vitronectin
through cis heterotypic binding of integrins.'? Furthermore, these interactions
include transient interactions between endothelial cells and leukocytes,
implicating these junctional proteins as receptors to mediate immune responses
and inflammation.’®'4 Occludin, claudin, JAM, and CAR proteins additionally

serve as molecular platforms for intracellular signaling through their C termini
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(reviewed in 1518). Abnormalities in TJs and TJ proteins are associated with a
multitude of diseases including diabetic retinopathy and cancer metastasis.®
Additionally, TJs are manipulated during infectious diseases by bacterial toxins

and invading viruses.?%-22

Viral subversion of tight junction components

It is interesting to speculate on the evolutionary pressure that has driven many
viruses to utilizing TJ proteins, that laterally localize in a region excluding
extracellular space, as receptors and yet, for several viruses, this is the case.
Hepatitis C virus (HCV) is a hepatotropic enveloped RNA virus of Flaviviridae
resulting in chronic liver inflammation and ultimately fibrosis and cirrhosis
(reviewed in 23). Occludin and claudin-1 have been demonstrated to be a
required entry factor and coreceptor, respectively, for HCV entry and
infection.?42°> More recently it has been found that claudin-1/CD81 complexes are
critical for initiating clathrin and dynamin dependent endocytosis for viral particle
delivery.?® Occludin has additionally been shown to be directly bound by HCV
sequentially last, following claudin-1/CD81, before endocytosis, taken together
experimental data demonstrates that TJ components are a final binding step prior
to entry.?” Interestingly, HCV upregulates occludin expression, potentially
increasing homophilic occludin interactions with neighboring cells and

predisposing them for infection.?8
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Rotavirus and Reovirus belong to the family Reoviridae and consists of a
segmented dsRNA genome encapsulated in a nonenveloped protein shell, and
primarily cause gastroenteritis and respiratory illnesses in mammals including
humans (reviewed in 2%3%). JAM has been shown to be a receptor for Reovirus
serotypes 1 and 3, and ectopic expression of JAM in cells not permissive to
reoviral infection converts cells to a reovirus-infectable phenotype. Additionally, in
JAM-independent reovirus infection, it has been demonstrated that the
interaction between reoviral protein 01 and JAM is necessary for the lytic stage
of the reovirus replication cycle by activating NF-kB, providing evidence for entry-
independent intracellular signaling events initiating from TJ proteins.3' In vivo
data demonstrates that JAM-A is necessary for systemic whole organism
reovirus infection in mice by promoting reovirus infection to endothelial cells, but
is dispensable for replication in organs directly infected including the intestines
and the brain.3? Strain-dependent rotavirus also utilize JAM-A as a coreceptor

determined by structure of the rotavirus spike protein VP4.33

Coxsackieviruses of the Picornaviridae family are ssRNA non-enveloped viruses
associated with life-threatening pathogenesis including viral myocarditis and
meningoencephalitis (reviewed in 3#). Coxsackie B viruses bind CAR as a
primary receptor, and ectopic expression of CAR in uninfectable hamster cells
caused them to be permissive to Coxsackievirus infection.??2 Occludin, in concert
with the GTPases Rab34 and Rab35, is also required for viral particle

endocytosis, but is not directly bound by Coxsackievirus.3> Additionally many
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Coxsackie B viruses bind decay-accelerating factor (DAF) to initiate endocytosis
through signaling cascades at the kinases Abl and Fyn, resulting in
rearrangements in the actin cytoskeleton directing viral movement into the tight

junction.36

Human adenovirus of the Adenoviridae family are non-enveloped dsDNA tumor
viruses responsible for a breadth of disease including respiratory illnesses,
gastroenteritis, meningoencephalitis, and viral myocarditis (reviewed in 22:37),
Interestingly, species C adenovirus serotypes 2 and 5 were discovered to utilize
CAR as a primary receptor concurrently with Coxsackie B virus.?> CAR exists as
several alternatively spliced isoforms including two isoforms with distinct
basolateral or apical localization referred to as CAREX” and CAREx®
Jrespectively.3® CAR®® apical localization is shown to be utilized by neutrophils
for transepithelial migration and that species C adenoviruses have evolved to
coopt this innate immune mechanism.3® CAR cytoplasmic and transmembrane
domains are dispensable for adenoviral mediated gene transfer demonstrating
the extracellular domains are sufficient for adenoviral attachment.4® Furthermore,
of the two extracellular immunoglobulin domains, lack of glycosylation of the
distal domain is shown to decrease adenovirus binding.#' Despite being the
primary receptor for species C adenoviruses, CAR-independent mechanisms of
adenoviral infection are also understood to occur, although CAR-negative cells

do infect at a much lower rate. This is at least partially explained through an
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interaction between adenoviral penton and integrin avp3 and/or av35, inducing

endocytosis of the virus.4244

The structural and functional necessity of TJ proteins along with their proximal
location to the apical regions of epithelial cells predisposes them as likely targets
as viral receptors, coreceptors, and entry factors as they are statistically more
likely to be encountered in an unwounded monolayer of cells. Given that more
viruses utilize TJ components over any other intercellular junctional component,

this logical model of opportunistic evolution appears to be true.

Adherens junctions (AJ)

In addition to the selective extracellular exclusion via cell-cell contacts achieved
by TJs, cells must also be able to stretch, compress, and migrate without
dissociating and this is achieved, at least in part, by AJs. AJs consists of
cadherin, nectin, and nectin-like (Necl) transmembrane adhesion molecules,
catenin and afadin cytoplasmic scaffolding proteins, and cytoskeletal actin
(reviewed in 4%). Cadherin proteins are responsible for homophilic and
heterophilic calcium-dependent adhesion and their differential distribution across
tissue type is thought to sort subpopulations of cells into distinct tissue/organs
during development, independent of adhesive forces.*64” Nectin proteins
contribute calcium-independent adhesive forces and work either cooperatively or
independently of cadherins to form cell-cell junctions, and are localized to AJs

through actin rearrangement by cadherins.*® Nectin-like (Necl) proteins are
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similar in domain structure and function to nectin proteins however fail to bind the
scaffolding protein afadin.*%50 An additional cellular adhesion molecule relevant
to viral infection is carcinoembryonic antigen family of cell adhesion molecule 1-
Long (CEACAM1-L), which localizes both apically and in AJs and mediates cell-
cell adhesion.5"-52 CEACAM1 has been shown in vivo to be important for
endothelial barrier function and endothelial homeostasis in adult mice.5® AJs,
partially due to intermixing with TJ proteins at intercellular junctions, are attractive
targets for viral binding and likely results in broad cell-type tropism for viral

attachment.

Viral subversion of adherens junctional components

Herpesviridae viruses herpes simplex virus 1 and 2 (HSV-1, HSV-2) are
neurovirulent dsDNA enveloped viruses of approximately 190 nm diameter
capable of lifelong latency in the host, and when activated can appear as
mucosal ulcers and additionally rarely cause death by central nervous system
infection (reviewed in 2°). Originally identified as poliovirus receptor proteins 1
and 2 (Prr1, Prr2) and then designated as herpesvirus entry proteins B and C
(HveB, HveC), it was discovered that the cellular adhesion molecules nectin-1
and nectin-2 both confer vulnerability to HSV to resistant Chinese hamster
ovarian cells.5*%6 Additional members of Herpesviridae, pseudorabies virus
(PRV) and bovine herpesvirus 1 (BVH-1) utilize nectin-1 as a receptor and given
the extensive role of nectin-1 in in cell-cell adhesion is thought to contribute to

broad species tropism for alphaherpesviruses.>* Measles virus of the family
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Paramyxoviridae is a negative strand RNA virus associated with fever, cough,
conjunctivitis, rash, and temporary immune suppression (reviewed in °7), and has

been demonstrated to utilize nectin-4 as a primary receptor.5859

In addition to nectin proteins, other AJ components have been identified as viral
receptors including Necl proteins and CEACAM1-L. Necl-5 (also known as
CD155) was originally discovered as a cellular receptor for poliovirus.®°
Furthermore, Necl-5 interacts with both integrin av3s and dynein motor proteins
and this interaction has been hypothesized to enable neurotropic viruses to
utilize neuronal retrograde transport and facilitate directional movement to
neuronal cell bodies.®'.%2 Mouse hepatitis virus (MHV) is a murine coronavirus
constituted of a ssRNA genome and associated with nonlethal enteric infections
(reviewed in 3). MHV was discovered to bind CEACAM1 in mice and CEACAM1
disruption leads to reduced infectivity.%4-¢ HCV (introduced in viral subversion of
TJ components) depends on the AJ protein E-cadherin as an entry factor as
demonstrated by blocking HCV infection with anti-E-cadherin antibodies, but E-
cadherin likely acts more in regulating the localization of tight junction
components rather than being a receptor®”-68, Interestingly, several viruses
including HCV, hepatitis B virus, and Epstein-Barr virus negatively regulate the
expression of E-cadherin which may promote viral spread to uninfected cells if

utilized as an entry factor.5%-72
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Desmosomes

Desmosomes are cell-cell contact architecture critical for anchoring together cells
that regularly undergo mechanical stress such as myocardium, bladder and skin.
Desmosomes are primarily composed of extracellular adhesive desmoglein and
desmocollin, and intracellular scaffolding proteins plakoglobin, plakophilin, and
desmoplakin, which tie the extracellular junction to intermediate filaments such
as keratin (reviewed in 73). Desmoglein and desmocollin are referred to
collectively as desmosomal cadherins and similar to cadherins of AJ mediate
calcium-dependent cell-cell adhesion participate in heterophilic interactions.”4-76
Desmosomal cadherins interact with the scaffolding protein plakoglobin through
desmosomal cadherin C termini and a plakoglobin hydrophobic domain.”” The
plakophilin proteins (plakophilin 1, 2, and 3) are important for recruitment and
stabilization of other desmosomal proteins and loss of plakophilin results in loss
of desmosomal adhesion.”®7® Desmoplakin links the cytoskeletal intermediate
filaments to desmosomal cadherins through interactions with plakoglobin and
plakophilin.® Targeting of desmosomal proteins rather than components of the

AJC results in varied tissue tropism for different viruses.

Desmosomes as targets for viral infection

Adenovirus species B serotypes 3, 7, 11, and 14 (adenoviruses are introduced
above) bind desmoglein 2 directly through adenoviral fiber protein knob domain.
Oligomerization of adenoviral serotype 3 fiber proteins facilitate separation of

epithelial cell junctions, increasing availability of masked viral receptors and
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infectability of cells.8'82 Although not identified as a receptor or entry factor, EBV
targets the desmosomal protein plakoglobin transcriptionally through the viral
transforming EBV latent membrane protein 1,resulting in a cellular switch from E-
cadherin to N-cadherin expression and inducing epithelial-to-mesenchymal
transition (EMT).8% Furthermore, plakoglobin is reported to regulate desmocollin
expression. Therefore, loss of plakoglobin during EBV infection likely induces
loss of desmocollin as well.8* As of now desmocollin is not reported to be a viral
receptor but given the cross talk between desmocollin and desmoglein, it is
exciting to suggest an indirect mechanism by which desmocollin expression and
localization may influence infectability of cells. Influenza A viral replication has
been demonstrated to be negatively regulated by plakophilin 2 in the nucleus (i.e.
nuclear / non-scaffolding plakophilin 2) through binding influenza A viral protein
PB1.8% While significant contributions have demonstrated desmosomal proteins as
viral receptors, it is still a developing field of virology and desmosome biology.
Findings from this research may result in broad therapeutic interventions, including
cancer, as several viruses that are known to manipulate desmosomal structures are
capable of transforming cells as well as induce EMT, analogous to cellular

processes in tumor formation and metastasis respectively.

Gap Junctions (GJ)

GJs are formed through the synthesis, oligomerization, and trafficking of
connexin proteins by apposed cells, each cell contributing a hexomeric
hemichannel (connexon) that docks in trans with another connexon resulting in a
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channel permeable to ions, molecules less than approximately 1,000 Daltons,
small peptides, and linear miRNAs (reviewed in ). Specifically, gap junction
intercellular communication (GJIC) is a mechanism for the direct exchange of
antiviral immune priming molecules including cyclic GMP-AMP (cGAMP), a small
molecular synthesized by cGAMP synthase (cGAS) upon detection of cytosolic
DNA. 87 In addition to establishing a shared pool of small molecules and
metabolites, the importance of GJIC is further highlighted in excitable cells
including cardiomyocytes and neurons, where their dysregulation and
redistribution is present in a broad spectrum of pathologies. Given their role in
intrinsic propagation of antiviral immune responses, it is possible viruses have
evolved a mechanism targeting GJ structures or GJIC, yet little is known about
viral subversion of GJs. To date, no connexin proteins are identified as viral
receptors or entry factors. The highly coordinated cross-talk at the plasma
membrane and at cell-cell interfaces between junctional components supports

the model however that GJs may be directly or indirectly involved in viral spread.

Gap junctions as targets during viral infection

Our current understanding of viruses that target gap junctions is limited. Human
papilloma viruses contain circularized dsDNA genomes and are most commonly
associated with skin-to-skin contact predominantly transmitted through sexual
contact resulting in anogenital warts, neoplasms, and cancer depending on
serotype (reviewed in 8). HPV16 is a “high-risk” serotype widely prevalent in

HPV-associated cervical cancers. The HPV16 oncoprotein E6 is shown to affect
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the location of Cx43 in cervical cancers where Cx43 is primarily localized in the
cytoplasm as a Cx43/Disks large 1 (DIg1) complex, which can be rescued to the
cell-cell border through siRNA-mediated knockdown of HPV16 E6.8° Additionally,
MHYV (introduced in the AJs section) has been demonstrated to negatively
regulate Cx43 protein and mRNA and cause Cx43 ER/Golgi retention and reduce
GJIC.% Given the strong rationale for targeting GJIC to limit antiviral immune
signaling, it is possible that many more viruses manipulate GJs and connexin

proteins.

Directed transmission of viruses at cell-cell interfaces

The classical infection paradigm model of a virus infecting a cell accompanied by
subsequent release of many infection virions which then travel by diffusion to
infect the local population is increasingly understood to be incomplete and an
additional model of cell-to-cell direct transmission is evident to contribute to viral
spread. Host-cell membrane and junctional molecules are increasingly reported
to facilitate viral infection and allow for direct transmission of virus from one cell

to another with or without viral particles interacting with the extracellular milieu.

Both enveloped and non-enveloped viruses have adopted several strategies for
direct cell-to-cell dissemination. A heavily investigated mechanism of enveloped
viruses capable of directed cellular spread is by cell-cell fusion and the formation
of syncytia. HSV-1 has been shown to induce syncytia formation in vivo resulting

in infected-donor cells transferring viruses to uninfected-acceptor cells, however,
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mutants had to be generated to recapitulate syncytia formation in vitro.®'92
Measles virus induces syncytium in signaling lymphocyte activation molecule
(SLAM/CD150)-dependent and -independent mechanisms as well as utilization
of cellular receptor CD46 with most work focusing on interactions involving
measles virus H protein®3-%. Respiratory syncytial virus (RSV), and human
parainfluenza virus-3 establish syncytium formation through RhoA manipulation
both in vitro and in vivo®. Directed cell-cell transmission by non-enveloped
viruses is less described but emerging evidence supports a model by which
syncytia formation can aid in directed viral spread for non-enveloped viruses.
Syncytia formation induced by specific reoviruses has been shown to enhance
viral replication and pathogenesis in vivo through utilization of fusion-associated
small transmembrane proteins, mirroring cell-cell transmission of many
enveloped viruses?’. Furthermore, it has been shown that antibody neutralized
reovirus can be delivered as replication-competent to tumor cells by monocytes
in vitro while cell-free antibody neutralized reovirus fails to infect tumor cells®.
Syncytium formation is likely the most studied form of direct cell-to-cell transfer of

viral particles.

Neural and immunological synapses are regions of interaction between proximal
but generally unfused cells where protein complexes aggregate in order to
exchange information and alter the neighboring cell (reviewed in °9:190), Viral
synapses mimic neural and immunological synapses (or hijack the cellular
synapse in place) and are an increasingly appreciated way for directed viral

spread. As with neurological and immunological synapses, virological synapses
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occur between neighboring cells, directing viral egress and in the case of several
viruses, more efficiently than by cell-free viral spread. Virological synapses, like
other cellular reprogramming, are formed by viruses through their hijacking of
subcellular machinery and cytoskeletal rearrangement. Viral synapse formation is
induced by several viruses to direct infection to leukocytes and neuronal cells,
including HSV-1, rabies virus, human immunodeficiency virus, and measles

virus.101-104
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ABSTRACT

Adenoviruses are responsible for a spectrum of pathogenesis including viral
myocarditis. The gap junction protein connexin43 (Cx43, gene name GJAT)
facilitates rapid propagation of action potentials necessary for each heartbeat.
Gap junctions also propagate innate and adaptive antiviral immune responses,
but how viruses may target these structures is not understood. Given this
immunological role of Cx43, we hypothesized that gap junctions would be
targeted during adenovirus type 5 (AdS5) infection. We find reduced Cx43 protein
levels due to decreased GJAT mRNA transcripts dependent upon B-catenin
transcriptional activity during Ad5 infection, with early viral protein E4orf1
sufficient to induce B-catenin phosphorylation. Loss of gap junction function
occurs prior to reduced Cx43 protein levels with AdS infection rapidly inducing
Cx43 phosphorylation events consistent with altered gap junction conductance.
Direct Cx43 interaction with ZO-1 plays a critical role in gap junction regulation.
We find loss of Cx43/Z0-1 complexing during Ad5 infection by co-
immunoprecipitation and complementary studies in human induced pluripotent
stem cell derived-cardiomyocytes reveal Cx43 gap junction remodeling by
reduced ZO-1 complexing. These findings reveal specific targeting of gap
junction function by Ad5 leading to loss of intercellular communication which
would contribute to dangerous pathological states including arrhythmias in

infected hearts.
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INTRODUCTION

Gap junctions comprising connexin proteins couple the cytoplasms of apposing
cells, effecting the direct exchange of factors such as signaling molecules and
ions 1. Connexin43 (Cx43, gene GJAT) is the most ubiquitously expressed
connexin and is necessary for rapid propagation of action potentials in the
working myocardium 2. Alterations in Cx43 and remodeling of gap junctions
during cardiac stress alters electrical coupling between myocytes and
precipitates the arrhythmogenic substrate of sudden cardiac death 3.
Additionally, gap junction intercellular communication (GJIC) facilitates the
propagation of innate and adaptive antiviral immune responses. Specifically,
transfer of 2’3’-cyclic guanosine monophosphate—adenosine monophosphate
(cGAMP), capable of activating the interferon response, and cell-to-cell exchange
of peptides utilized for major histocompatibility complex (MHC) presentation by
uninfected cells can both occur via GJIC 8. MHC presentation and interferon
activation are both well-established antiviral processes and thus GJIC provides a

means for uninfected cells to amplify the host response and limit viral spread 3.

Extensive transcriptional and post-translational regulation of Cx43 allows
dynamic control of gap junction gating and turnover 416, Studies on specific
transcriptional regulation of Cx43 during development and disease have
identified numerous transcription factors responsible that include -catenin,

TBX2, PAR1, AP1, SP1, NKX2.5, STAT3, and IRX3 19, Interestingly, gap
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junction formation is also regulated post-transcriptionally by internally translated
isoforms of Cx43 which modulate channel assembly in the Golgi apparatus 20-22,
Post-translational modifications, primarily phosphorylation of the Cx43 C-
terminus, are well described in modification of forward-trafficking, gap junction
assembly, channel conductance, and internalization 2326, Furthermore, these
phosphorylation events affect Cx43 protein-protein interactions with binding
partners such as Zonula Occludens 1 (ZO-1) and 14-3-3 proteins 2628, Data
suggest Cx43/Z0-1 association is increased during incorporation into and
removal from the gap junction plaque, interpreting this interaction with increased
Cx43 trafficking dynamics 2932, Additionally, tight junction associated molecules
such as the Coxsackievirus and adenovirus receptor (CAR) impact gap junction

formation in addition to ZO-1 33,

Adenoviruses are non-enveloped dsDNA tumor viruses typically associated with
mild respiratory illness that can also lead to life-threatening diseases including
viral myocarditis 3435, Importantly, adenovirus is increasingly recognized as a
cause of sudden cardiac death and has been detected in 59% of patients with
virus-associated myocarditis 3°36. Human adenovirus serotypes 5 and 2 are
predominantly responsible for adenoviral mediated viral myocarditis, but the
molecular mechanisms of adenovirus cardiotropism and infection-induced
arrhythmogenesis are unknown 3. Due to pathogen-host species specificity,
modeling adenovirus-induced human viral myocarditis has been historically

difficult and current knowledge of viral myocarditis mechanisms is primarily
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derived from mouse models utilizing another major cause of myocarditis in
humans, Coxsackievirus B3 342, Ineffective infection of murine cells with human
adenovirus reveals species-dependent subcellular differences limiting
development of such a model 4344, Previously reported mouse models of viral
myocarditis utilizing mouse adenovirus have focused primarily on chronic
damage caused by immune responses as opposed to alterations in
cardiomyocyte biology during active infection 4547, Adenoviral proteins in Early
Region 4 (E4) are reported to negatively regulate Cx43 while positively regulating
Cx40 in the context of Early Region 1 (E1) and 3 (E3) deleted human adenoviral
vectors in mouse heart tissue which may not reflect wild type infection 4.
Furthermore, adenoviral E4 open reading frame 1 (E4orf1) protein is known to
activate AKT which, through phosphorylation, regulates both Cx43 and B-catenin
26,49 With the advent of human induced pluripotent stem cell derived-
cardiomyocytes (HIPSC-CM) it is now possible to study molecular mechanisms
contributing to human adenoviral myocarditis and arrhythmogenesis. Indeed,
HiPSC-CMs have been demonstrated as an effective model for screening

antivirals for Coxsackieviral myocarditis °°.

Here, we investigate the effect of adenoviral infection on gap junctions and Cx43.
Given that adenoviral early gene products activate host-cell protein kinase
signaling pathways which are known to converge on Cx43, we hypothesized that
Cx43 expression and GJIC would be compromised during infection 5153,

Spontaneously immortalized human keratinocytes (HaCaT) infected with wild
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type human adenovirus serotype 5 (Ad5) are employed to determine the impacts
on gap junction protein expression and function as a non-transformed epithelial
cell model. These experiments are complemented with studies in HIPSC-CMs to
validate physiological relevance and provide insight on the impact of infection on
cardiac muscle cells which require gap junctions to facilitate each heartbeat. We
demonstrate a loss of Cx43 at the level of transcription through 3-catenin
transcriptional activity and that gap junction function is impaired prior to loss of
Cx43 protein. We find altered Cx43 phosphorylation associated with reduced
channel open probability as a mechanism for reduced GJIC 4. Finally, reduced
complexing of Cx43 with ZO-1 in cardiomyocytes demonstrates remodeling of
cardiac electrical coupling structures during acute viral infection, which in vivo

would contribute to an arrhythmogenic substrate.

Materials and Methods

Cell culture

HEK293FT (Thermo Fisher, Waltham, MA, USA), HEK293A (Thermo Fisher,
Waltham, MA, USA), A549 (ATCC, Manassas, VA, USA), HT1080 (ATCC,
Manassas, VA, USA), HaCaT (AddexBio, San Diego, CA, USA), and HaCaT-
GJA1+ cells were maintained and passaged in DMEM, high glucose, with L-
Glutamine (Genesee Scientific, San Diego, CA, USA) supplemented with 10 %
fetal bovine serum (FBS), non-essential amino acids (Life Technologies,

Carlsbad, CA, USA), and MycoZap Plus-CL (Lonza, Basel, Switzerland) unless
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otherwise specified. HIPSC-CMs were obtained from Axol Bioscience and

maintained in Cadiomyocyte Maintenance Basal Medium (Axol, Cambridge, UK)
supplemented with Cardiomyocyte Supplement (Axol, Cambridge, UK) according
to manufacturer’s instructions. Cells were maintained in a humidified atmosphere

of 5 % CO2 at 37 °C.

Viruses and infection

Ad5 was obtained from ATCC (Manassas, VA, USA) and propagated in A549
cells. AdlacZ was generated according to manufacturer’s instructions from
pAd/CMV/V/5-GW/lacZ (Thermo Fisher, Waltham, MA, USA). Viruses were
purified by CsClI ultracentrifugation as previously described and titer determined
by immunofluorescence confocal microscopy in HEK293A cells %°. All infections
were performed at a multiplicity of infection (MOI) of 10 in serum-free DMEM and
supplemented with equal volume of supplemented DMEM (10 % FBS) 1-hour
post infection (hpi). For inhibition of transcriptional activity of B-catenin using LF3,
HaCaT cells were infected in serum-free DMEM as above followed by addition of
equal volume supplemented DMEM (10 % FBS) containing DMSO or LF3 (final
concentration 60 uM; Selleckchem, Houston, TX, USA) 1 hpi. To test LF3 effects
on adenoviral replication kinetics, cells were infected and treated with LF3 as
above followed by isolation of DNA using DNeasy (Qiagen, Hilden, Germany)
according to manufacturer’s instructions. gPCR was then performed for
adenoviral genomes with SYBR Select Master Mix for CFX (Thermo Fisher,

Waltham, MA, USA) on a QuantStudio 6 Flex system (Thermo Fisher, Waltham,
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MA, USA) with primers designed to amplify adenoviral gDNA (forward primer-
TTAGATTATGTGGAGCACCC; reverse primer- CACATAATATCTGGGTCCCC).
To assay changes in GJAT mRNA independent of viral infection, HaCaT cells
were treated with DMSO or LF3 (final concentration 60 uM) and subjected to RT-

gPCR at 24 h post-treatment.

RT-gPCR

Cells were lysed in TRIzol (Thermo Fisher, Waltham, MA, USA) and clarified by
phenol-chloroform phase separation before RNA isolation using PureLink RNA
mini kit (Thermo Fisher, Waltham, MA, USA) and PureLink on-column DNase
digestion (Thermo Fisher, Waltham, MA, USA) according to manufacturer’s
instructions. cDNA was generated with iScript Reverse Transcription Supermix
for RT-gPCR (Bio-Rad, Hercules, CA, USA) according to manufacturer’s
instructions. Real-time PCR was performed with SYBR Select Master Mix for
CFX (Thermo Fisher, Waltham, MA, USA) on a QuantStudio 6 Flex system
(Thermo Fisher, Waltham, MA, USA). 18SrRNA (forward primer-
GGCCCTGTAATTGGAATGAGTC; reverse primer-
CCAAGATCCAACTACGAGCTT) and GAPDH (forward primer-
ACATCGCTCAGACACCATG,; reverse primer-
TGTAGTTGAGGTCAATGAAGGG) were utilized as internal references. Gene
expression data was collected for COKN1A (forward primer-
GCAGACCAGCATGACAGAT; reverse primer-

GAGACTAAGGCAGAAGATGTAGAG), SFN (forward primer-
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CACTACGAGATCGCCAACAG,; reverse primer-
GGTGCTGTCTTTGTAGGAGTC), GJAT (forward primer-
ACUUGGCGUGACUUCACUAC,; reverse primer-
GUACUGACAGCCACACCUUC), GJAS (forward primer —
GCAGCCTCAGCTTTACAAATG,; reverse primer —
GTGACAGATGTTGGCAGGAAT), GJCT (forward primer-
GGTAACCGAAGTTCTGGACAA,; reverse primer-
CAATCAGAACAGTGAGCCAGA), PKP2 (forward primer-
AAGCGATGAGAAGATGTGACG,; reverse primer-
GGAGAGGTTATGAAGAATGCACA), TJP1 (forward primer-
ATAGCTGATGTTGCCAGAGAA,; reverse primer-
CAGAGCTACGTTGGTCAGTTC), CTNNB1 (forward primer-
AAAATGGCAGTGCGTTTAG,; reverse primer-TTTGAAGGCAGTCTGTCGTA),
TBX2 (forward primer- CCATCCCGCCTAGCACTAG,; reverse primer-
CTAGGCTCCCGGCTGTTTC), and F2R (forward primer-

GTGCTGTTTGTGTCTGTGCT,; reverse primer- AGCGACACAATTCAGACCCA).

Ad5 E4orf1 cloning and ectopic expression.

Ad5 E4orf1 was cloned into pSF-CAG-AMP (Sigma Aldrich, St. Louis, MO, USA)
using In-Fusion cloning (Takara Bio, Kusatsu, Shiga, Japan) according to
manufacturer’s instructions. Briefly, Ad5 genomes were isolated from 10 pl of
purified Ad5 using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).

E4orf1 was amplified using CloneAmp HiFi PCR Premix (Takara Bio, Kusatsu,
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Shiga, Japan) with forward primer:
CCGAGCTCTCGAATTATGGCTGCCGCTGTGGAAGC and reverse primer:
AGTCAGTCAAGCTAGTTAAACATTAGAAGCCTGTCTTACAACAGGAAAAACA.
Following pSF-CAG-AMP digestion with BamHI and EcoRI (New England
Biolabs, Ipswich, MA, USA) and purification In-Fusion cloning was performed and
successful constructs purified following validation by sequencing. HaCaT cell
were plated in 100 mm dishes and transfected with 5 ug of pSF-CAG-AMP-
Empty or pSF-CAG-AMP-E4orf1 24 h prior to harvesting and analysis by western
blotting and RT-qPCR. Validation of E4orf1 ectopic expression by RT-qPCR was
performed as above with forward primer- GCGTAGAGACAACATTACAGCC and
reverse primer- TGTATGTTGTTCTGGAGCGGG and mRNA abundance
calculated using the formula (1/(2CT of target)) / (1/(2CT of Reference Average)) jth GAPDH

and 18SrRNA utilized as internal references.

Western blotting

Cells were lysed in RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA,
1 % Triton X-100 (Sigma Aldrich, St. Louis, MO, USA), 1 % sodium
deoxycholate, 2 mM NaF, 200 yuM NaszVOs4, 0.1 % sodium dodecyl sulfate, 5 mM
n-ethylmaleimide) supplemented with HALT protease and phosphatase inhibitor
cocktail (Thermo Fisher, Waltham, MA, USA). Protein was clarified by sonication
and centrifugation and concentration determined by DC protein assay (Bio-Rad,
Hercules, CA, USA). 4X Bolt LDS sample buffer supplemented with 400 mM DTT

was added to samples then heated to 70 °C for 10 min and subjected to SDS-
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PAGE using NUPAGE Bis-Tris 4-12 % gradient gels and MES (Thermo Fisher,
Waltham, MA, USA) running buffer according to manufacturer’s instructions.
Proteins were transferred to PVDF (Bio-Rad, Hercules, CA, USA) membrane and
fixed in methanol followed by air drying. PVDF membranes were reactivated in
methanol followed by blocking in 5 % nonfat milk (Carnation, Los Angeles, CA,
USA) or 5 % bovine serum albumin (Fisher Scientific, Waltham, MA, USA) in
TNT buffer (0.1 % Tween 20, 150 mM NaCl, 50 mM Tris pH 8.0) for 1 h at room
temperature. Primary antibody labeling was performed overnight at 4 °C using
primary antibodies rabbit anti-Cx43 (1:5000; Sigma-Aldrich, St. Louis, MO, USA),
mouse anti-a-tubulin (1:5000; Sigma Aldrich, St. Louis, MO, USA), mouse anti-
GAPDH (1:2000; Fitzgerald Industry International, Acton, MA, USA), mouse anti-
Adenovirus Hexon [8C4] (1:5000; Abcam, Cambridge, UK), mouse anti-3-catenin
(1:200; Santa Cruz Biotechnology), rabbit anti-phospho-B-catenin (Ser552)
(1:1000; Cell Signaling Technology, Danvers, MA, USA), mouse anti-Adenovirus
E1A [M73] (1:2000; Abcam, Cambridge, UK), mouse anti-phospho-(Ser) 14-3-3
Mode 1 binding motif (1:1000; Cell Signaling Technology, Danvers, MA, USA),
rabbit anti-phospho-Cx43(Ser368) (1:1000; Cell Signaling Technology, Danvers,
MA, USA), mouse anti-ZO-1 (1:1000, BD Biosciences, San Jose, CA, USA),
mouse anti-E-Cadherin (1:1000; BD Diagnostics, Franklin Lakes, NJ, USA),
rabbit anti-CAR (1:500; Cell Signaling Technology, Danvers, MA, USA), goat
anti-RPL22 (1:800; Abcam, Cambridge, UK), mouse anti-Cx40 (1:500; Thermo
Fisher, Waltham, MA, USA), rabbit anti-Cx45 (1:500; Novus Biologicals, Littleton,

CO, USA), and rabbit anti-phospho-Cx43(Ser262) (1:1000; Santa Cruz
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Biotechnology, Dallas, TX, USA). Membranes were washed 6 times before
secondary antibody labeling for 1 h at room temperature with goat secondary
antibodies conjugated to Alexa Fluor 555, Alexa Fluor 647 (Thermo Fisher,
Waltham, MA, USA), or HRP (Abcam, Cambridge, UK) or donkey anti-goat
conjugated to Alexa Fluor 633 (1:5000; Thermo Fisher, Waltham, MA, USA).
Fluorescently labeled membranes were soaked in methanol and air dried prior to
imaging. Clarity Western ECL (Bio-Rad, Hercules, CA, USA) substrate was
added to HRP labeled membranes according to manufacturer’s instructions prior
to imaging. Stripping was performed following phospho-Cx43 isoform detection
prior to labeling for total Cx43 using ReBlot Plus Strong (EMD Millipore,
Burlington, MA, USA) according to manufacturer’s instructions. Membranes were

imaged on a Chemidoc MP imaging system (Bio-Rad, Hercules, CA, USA).

Immunofluorescence confocal microscopy

Cells were fixed for 20 min with 4 % PFA in PBS at room temperature or for 5
min with -20 °C methanol on ice. Cells were permeabilized and blocked with 5 %
normal goat serum (Invitrogen, Carlsbad, CA, USA) and 0.5 % Triton X-100
(Sigma Aldrich, St. Louis, MO, USA) in PBS for 1 h at room temperature. Primary
antibody labeling was performed for 1 h at room temperature using rabbit anti-
Cx43 (1:2000; Sigma Aldrich, St. Louis, MO, USA), mouse anti-E2A [B6-8]
(1:250; generously provided by D. Ornelles, Wake Forest School of Medicine,
Microbiology and Immunology), mouse anti-Adenovirus E1A [M73] (1:500;

Abcam, Cambridge, UK), mouse anti-B-catenin (1:50; Santa Cruz Biotechnology,
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Dallas, TX, USA), rabbit anti-Ad5 (1:5000; Abcam, Cambridge, UK), and mouse
anti-Z0O-1(1:500; BD Biosciences, San Jose, CA, USA). Cells were washed 6
times prior to secondary antibody labeling for 1 h at room temperature with goat
secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 555 (Thermo
Fisher, Waltham, MA, USA). During secondary antibody labeling cells were
counterstained with DAPI and wheat germ agglutinin (WGA) conjugated Alexa
Fluor 647. Slides were mounted using Prolong Gold Antifade (Life Technologies,

Carlsbad, CA, USA).

Image analysis

To measure nuclear (-catenin enrichment, 8-bit single-Z image thresholding was
performed on DAPI channels and divided by 255 to create fluorescence intensity
values of 0 (non-nuclear) and 1 (nuclear). Single-Z images were utilized to
reduce capture of axial fluorescence signal above and below nuclei. The
threshold and binary DAPI channels were multiplied by the B-catenin channels to
exclude non-nuclear signal and mean fluorescence intensity was subsequently
normalized to total B-catenin mean fluorescence intensity after subtracting
background. To measure Cx43/PDI colocalization, single Z-slices of Cx43 and
PDI channels were subjected to Pearson’s correlation and Manders’ co-
occurrence with thresholding using the JACoP plugin °¢. Colocalization of pixels
were generated using the Colocalization plugin. Analyses performed in ImageJ

software (NIH, Bethesda, MD, USA).
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Triton X-100 solubility assay

Cells were harvested in 1% Triton X-100 buffer (60mM Tris, pH 7.4, 1 % Triton X-
100, 2 mM EDTA, 2 mM ethylene glycols-bis(B-aminoethyl ether)-N,N,N,N-
tetraacetic acid [EGTA], 250 mM NaCl, 1 mM NaF, 0.1 mM NasVOs)
supplemented with HALT Protease and Phosphatase Inhibitor (Thermo Fisher).
Samples were rotated at 4 °C for 1 h. A small volume was removed to serve as
the total protein fraction. Remaining lysate was centrifuged for 30 min at 15,000 x
g at 4 °C and supernatant reserved as soluble fraction. Pellets containing
insoluble proteins were resuspended in Bolt LDS sample buffer with DTT
(Thermo Fisher). All samples were sonicated and centrifuged for 20 min. at
10,000 x g at 4°C followed by addition of 4X Bolt LDS sample buffer

supplemented with 400 mM DTT where appropriate prior to western blotting.

Scrape-load dye-transfer assay

HaCaT cells were seeded and grown to confluency prior to infection with AdlacZ
or Ad5 in 35 mm glass-bottom dishes and then washed 3 times with PBS prior to
adding 0.05 % Lucifer Yellow (CH K*; Life Technologies, Carlsbad, CA, USA)
and 100 pg/mL dextran (MW-10,000 Da.) conjugated to Alexa Fluor 647 (Thermo
Fisher, Waltham, MA, USA). Scrape-load dye-transfer assay was performed as
previously described using 5 min room temperature incubation time post-scrape
57, Cells were washed 3 times with PBS then immediately fixed for 20 min at

room temperature with 37 °C 4 % paraformaldehyde prior to imaging.
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Quantification of dye spread was performed as previously described using

ImageJ software .

Engineering of lentivirus-mediated stable GJA7 overexpressing HaCaT
cells (HaCaT-GJA1+)

Lentivirus were produced from pLenti6.3-hGJA1 20 according to manufacturer’s
instructions (ViraPower Lentiviral Expression System; Thermo Fisher, Waltham,
MA, USA) and propagated in 293FT cells. Lenti-hGJA1 titer was determined
according to manufacturer’s instructions in HT1080 cells and normalized virus
was used to transduce HaCaT cells. 48 h post transduction, lentivirus-transduced
HaCaT cells were treated with blasticidin (10 pg/ml) supplemented media. Media
changes were performed every 2 days and viable colonies extracted with cloning
rings (Scienceware, Warminster, PA, USA). Clones were expanded and
screened for expression by western blotting and immunofluorescence confocal

microscopy.

Immunoprecipitation

Infected HaCaT-GJA1+ or HaCaT cells were harvested at indicated hours post
infection on ice in RIPA. Cell lysates were normalized to 500 ug per reaction.
Inputs were removed prior to immunoprecipitation and denatured in NUPAGE
LDS sample buffer (Thermo Fisher, Waltham, MA, USA) at RT. Protein G
Dynabeads (Thermo Fisher, Waltham, MA, USA) were added at 10 % sample

volume to preclear lysates for 20 min at 4°C prior to immunoprecipitation with
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rabbit anti-Cx43 antibody (2 ug, Sigma-Aldrich, St. Louis, MO, USA), or rabbit
IgG isotype control (2 ug, Jackson, West Grove, PA, USA) for 1 h at 4°C.
Samples were then incubated with Protein G Dynabeads for 45 minutes at 4°C.
Samples were washed in RIPA buffer followed by eluting with NuPAGE LDS

sample buffer and subject to western blotting.

Coimmunoprecipitation

Ad5- or AdlacZ-infected HaCaT cells were harvested 24 hpi on ice in ColP buffer
(50 mM HEPES pH 7.4, 150 mM KCI, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1
mM NaF, 100 uM NasVOs, 0.5% Triton X-100) with HALT protease and
phosphatase inhibitor cocktail (Thermo Fisher, Waltham, MA, USA). Cell lysates
were normalized to 1 mg per reaction. Inputs were removed prior to ColP and
denatured in NUPAGE LDS sample buffer. Protein G Dynabeads were added at
10 % sample volume to preclear lysates for 30 min at 4°C prior to
immunoprecipitation with mouse anti-ZO-1 (2 ug, BD Biosciences, San Jose, CA,
USA) or mouse IgG isotype control (2 ug, Jackson, West Grove, PA, USA) for 1
h at 4°C. Samples were incubated with Protein G Dynabeads for 30 minutes at
4°C. Samples were washed in ColP buffer followed by eluting and denaturing

with NUPAGE LDS sample buffer and subject to western blotting.

Super-resolution STORM localization and analysis
Cells were fixed with -20 °C methanol on ice for 5 min followed by 3 washes with

PBS. Cells were blocked with 5 % normal donkey serum and 0.5 % Triton X-100
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in PBS for 1 h at room temperature. Primary antibody labeling was performed for
1 h at room temperature with rabbit anti-Cx43 (1:2000; Sigma-Aldrich, St. Louis,
MO, USA) and mouse anti-ZO-1 (1:500; BD Biosciences, San Jose, CA, USA).
Cells were washed 6 times prior to secondary antibody labeling for 1 h at room
temperature with donkey antibodies conjugated to Alexa Fluor 647 or CF568
(Biotium, Hayward, CA, USA). Cells were washed 6 times and stochastic optical
reconstruction microscopy (STORM) conducted with a Vutara 350 microscope
(Bruker, Billerica, MA, USA). Cells were imaged in 50 mM Tris-HCI, 10 mM NacCl,
10 % (wt/vol) glucose buffer containing 20 mM mercaptoethylamine, 1% (vol/vol)
2-mercaptoethanol, 168 active units/ml glucose oxidase, and 1404 active units/ml
catalase. 5000 frames were acquired for each probe and 3D images were
reconstructed in Vutara SRX software. Coordinates of localized molecules were

used to calculate pair correlation functions in the Vutara SRX software.

Statistics

All quantification was performed on experiments repeated at least three times.
Data are presented as mean + SEM. Statistical analysis was conducted with
GraphPad Prism 8.2.0 (GraphPad Software, Inc., La Jolla, CA, USA). Data were
analyzed for significance using Student’s t test, one-way ANOVA with Tukey’s
multiple comparisons test (when comparing basal gap junction gene expression
data), two-way ANOVA, with Sidak’s (when comparing Ad5-infected to control

within time points across multiple time points) or Dunnet’s (when comparing
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infected time points to 0 hpi) multiple comparisons tests. A value of p < 0.05 was

considered statistically significant.

RESULTS

Connexin43 protein levels are reduced during adenovirus type 5 infection.
Given Cx43 gap junctions immunologically couple cells to effect propagation of
antiviral immune responses, we sought to determine the impact on Cx43 by Ad5
infection 8-, To assess Cx43 levels and subcellular localization (cytosolic or
membrane) during infection, HaCaT cells were infected with either AdlacZ or Ad5
at a MOl of 10 iu/cell followed by fixation 48 hpi and immunolabeled for Cx43
(green) and visualized by immunofluorescence confocal microscopy. Adenoviral
E2A (red) labeling confirms 100% infection with nuclei labeled using DAPI (blue).
We find global reductions of Cx43 in Ad5-infected cells compared to controls
(Figure 3.1A). To confirm immunofluorescence data biochemically, HaCaT cells
were infected at a MOI of 10 iu/cell with Ad5 or AdlacZ and protein lysates were
harvested every 24 hpi for 72 h. We find Cx43 levels are reduced to 42% by 24
hpi declining to 5% at 72 hpi compared to AdlacZ-infected controls (Figure 3.1B,
quantified in 3.1C). To test global versus specific reductions in host-cell protein
levels, we also investigated Cx40, Cx45, RPL22, E-cadherin, and CAR where we
reveal a reduction of CAR to 48% with no loss of Cx40, Cx45, E-cadherin, or
RPL22 at 24 hpi (Figure 3S1). AdlacZ is a replication incompetent adenoviral

vector and serves as a control for virus binding primary and secondary receptors,
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integrin-mediated endocytosis, and cytosolic dSDNA host-cell responses.
Increased Cx43 expression was observed over time in control cells which we

attribute to stabilization of intercellular junctions upon confluency.

Specific targeting of gap junction gene transcription during adenovirus
type 5 infection.

In order to determine if changes in Cx43 protein levels were a result of negative
gene regulation, we performed RT-gPCR on Ad5-infected HaCaT cells at 24 and
48 hpi. We demonstrate dynamic host-cell gene expression at 24 hpi with both
increased and decreased levels of specific host-cell mnRNAs and, as such, we
focused our studies on mechanisms of Cx43 gap junction modulation within this
first 24 h period. By 48 hpi all genes tested were suppressed as expected as the
viral life cycle had progressed to effect virally-induced host-cell global gene
repression. Consistent with previous findings of active Ad5 infection inactivating
and degrading p53, we confirm a reduction in known p53 transcriptional targets
CDKN1A (p21) to 14% and SFN (14-3-30) to 7% (Figure 3.2A) %865 GJA5
(Cx40), GJAT (Cx43), and GJCT (Cx45) were detected by RT-gPCR in HaCaT
cells, with GJA1 having highest expression (Figure 3S2). After infection with Ad5,
RT-gPCR analysis demonstrates a targeting of GJA7 and GJAS in HaCaT cells
reducing levels to 46% and 0.3% respectively (Figure 3.2B). Interestingly,
although detectable, GJC1 is not negatively regulated during adenoviral infection
(Figure 3.2B). Despite GJA5 mRNA reduction during adenoviral infection, protein

levels are maintained at 24 hpi (Figure 3S1). To determine if Ad5 infection results
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in dysregulation of other critical junctional genes relevant to the cardiac
intercalated disc, PKPZ2 (Plakophilin 2) and TJP1 (Z0O-1) expression were
analyzed. PKP2 mRNA levels are maintained while a reduction in TJP1 mRNA to

20% is detected at 24 hpi (Figure 3.2C).

Early adenoviral factors induce pB-catenin transcriptional activity through
growth factor signaling.

In order to determine the mechanism by which GJA17 is negatively regulated
during Ad5 infection, RT-gPCR was performed on GJA7-known and -predicted
transcription factors . CTNNB1 (B-catenin), TBX2 (T-Box 2), F2R (PAR-1) were
found elevated 24 hpi (demonstrating global host-cell gene shutoff has not
occurred at this early time point) (Figure 3S3, Figure 3.3A). Given that (3-catenin
functions as both a transcription factor and a scaffolding protein shown to directly
bind Cx43 %667 |ocalization of B-catenin was determined by immunofluorescence
confocal microscopy of AdlacZ- and Ad5-infected HaCaT cells 24 hpi (Figure
3.3B). Using single Z-position images, we find 64% increased nuclear 3-catenin,
as determined through binary mask generation and multiplication from DAPI
signal (greyscale panels Figure 3.3B, quantified in 3.3C). To further validate
increased nuclear 3-catenin and associated transcriptional activity,
phosphorylation of B-catenin at Ser552 (B-cateninPhos($552)) by AKT which has
previously been identified to result in translocation to the nucleus to effect
transcriptional activity %8, was analyzed by western blot. We find a significant

increase of 52% and 71% in B-cateninPhos(S552) relative to total B-catenin at 24 and
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48 hpi respectively (Figure 3.3D, quantified in 3.3E). Global effects on host cell
RNA and protein would be occurring at later time points as viral assembly and
cell lysis is underway so loss of significance at 72 hpi is expected. The adenoviral
E4orf1 protein is known to activate AKT, leading us to ask if E4orf1 is sufficient to
induce phosphorylation of B-catenin at Ser552 4°53, In order to determine
sufficiency, we transiently transfected HaCaT cells to overexpress adenoviral
E4orf1 and analyzed B-cateninPhos($552) Jevels at 24 h post transfection where we
find an increase of 28% (Figure 3.3F, quantified in 3.3G). Overexpression of

adenoviral E4orf1 was confirmed by RT-gPCR (Figure 3S4).

B-catenin transcriptional activity is necessary for adenoviral Cx43
transcriptional suppression.

We next sought to determine if -catenin transcriptional activity was necessary
for reduced GJAT mRNA during Ad5 infection in HaCaT cells. GJAT mRNA
levels are rescued by 42% in AdS-infected HaCaT cells 24 hpi treated with LF3, a
specific small molecule inhibitor of B-catenin transcriptional activity %°7°,
compared to DMSO treated infected cells (Figure 3.4A). In order to determine
effects of LF3 alone in the absence of adenoviral infection on GJAT mRNA
levels, we treated uninfected HaCaT cells with LF3 for 24 h and find no
significant change in GJA7T mRNA. Although not statistically significant but
trending, LF3 in the absence of adenoviral infection appears to decrease GJA1
mMRNA, potentially supporting previous findings which describe B-catenin as a

classical transcriptional activator of GJA7 7' (Figure 3.4B). Finally, we tested if
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LF3 alters viral genomic DNA load and performed qPCR of adenoviral genomes
24 hpi in Ad5-infected, LF3-treated, HaCaT cells where no change in amount of
adenoviral genomic DNA was detected when compared to Ad5-infected, DMSO-
treated controls (Figure 3.4C). In conclusion, inhibition of B-catenin transcriptional
activity with LF3 is sufficient to rescue GJAT mRNA levels during adenoviral

infection independent of viral life cycle progression.

Cx43 protein occurs in reduced levels at the endoplasmic reticulum and is
primarily junctional during adenovirus infection.

We next asked if Cx43 trafficking and localization were altered early during
adenoviral infection. In order to determine if Cx43 is retained in the endoplasmic
reticulum (ER) and therefore subjected to altered forward trafficking during
adenoviral infection, HaCaT cells were infected with AdlacZ or Ad5 followed by
fixation and labeled for Cx43 and the ER resident protein, Protein Disulfide
Isomerise (PDI) for colocalization analysis (Figure 3.5A). Changes in
colocalization were quantified utilizing Manders’ cooccurrence and Pearson’s
correlation functions and demonstrate a 36% reduction in Manders’ Coefficients
and a 62% reduction in Pearson’s Coefficients in Ad5-infected HaCaT cells
compared to AdlacZ-infected control cells at 24 hpi (Figure 3.5B, 3.5C). Given
that there is less Cx43 colocalized with the ER of Ad5-infected HaCaT cells, we
next sought to determine changes in junctional status of Cx43 (ie. cytosolic or
membrane Cx43 compared to gap junction Cx43) by Triton solubility

fractionation. We find a 76% increase in the insoluble / soluble Cx43 ratio in Ad5-
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infected HaCaT cells compared to AdlacZ-infected control cells at 24 hpi,
signifying that remaining Cx43 is primarily within gap junction structures during

adenoviral infection (Figure 3.5D, quantified in 3.5E).

Adenovirus inhibits gap junction intercellular communication prior to
reduction of Cx43 total protein levels during infection.

In order to determine if there is a functional change in GJIC, AdlacZ- or Ad5-
infected HaCaT cells were analyzed by scrape-loading and dye-transfer of gap
junction permeable 442 Da. Lucifer yellow (LY) and gap junction impermeable
10,000 Da. Dextran-Alexa Fluor 647 (Dex-647). Dye spread is found to be
significantly reduced by 66% at 24 hpi, coinciding with reductions in Cx43 protein
levels (Supplemental Figure 3S5A, quantified in 3S5B, Figure 3.1C). In addition
to transcriptional and translational regulation, previous studies have
demonstrated post-translational modifications of Cx43 in regulation of trafficking,
internalization, gap junction permeability, and channel conductance '%2325.27,54.72-
5 Given that channel function can be altered independently of total protein level,
we performed scrape-load dye-transfer assays on Ad5-infected HaCaT cells at
12 hpi, prior to detectable reductions in total Cx43 protein levels (Supplemental
Figure 3S5C, quantified in 3S5D). We find a significant reduction in dye spread in
Ad5-infected cells compared to AdlacZ-infected controls by 69% at 12 hpi
indicating direct targeting of Cx43 gap junction channel function during Ad5

infection (Figure 3.6A, quantified in 3.6B).
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Direct targeting of Cx43 gap junctions through phosphorylation during
adenovirus type 5 infection.

In addition to using wild-type HaCaT (HaCaT-WT) cells, we used lentiviral
transduction to establish clonal HaCaT cells over-expressing GJA7 (HaCaT-
GJA1+) to circumvent reduced Cx43 levels during Ad5 infection and better
enable the interrogation of Cx43 phosphorylation status. AdlacZ- or Ad5-infected
wild-type HaCaT (HaCaT-WT) and HaCaT-GJA1+ cells were analyzed for
phosphorylation events known to impact channel opening probability, complexing
with other proteins, and internalization. Phosphorylation of Cx43 at Ser373 by
AKT creates a mode-1 14-3-3 binding motif which leads to decreased interaction
of Cx43 with ZO-1 2628, Subsequent phosphorylation of Cx43 at Ser368 by PKC
results in reduced channel open probability and/or altered conduction properties
54737677 From infected HaCaT-GJA1+ cells, Cx43 was immunoprecipitated
followed by western blotting for phospho-Serine-14-3-3 mode-1 binding motif
which we find increased by 213% at 24 hpi (Figure 3.7A, quantified in 3.7B). This
antibody has previously been demonstrated as specific for phosphorylation of
Cx43 at Ser373 through site-directed mutagenesis 2. Cx43 was
immunoprecipitated from AdlacZ- and Ad5-infected HaCaT-WT cell lysates
followed by western blotting for Cx43 phosphorylated at Ser368 and total Cx43
where we find increased Ser368 phosphorylation of 114% (Figure 3.7C,
quantified in 3.7D). The AKT phosphorylated 14-3-3 mode-1 binding motif
Ser373 of Cx43 has been reported to disrupt interaction between Cx43 and ZO-

128, Cx43/Z0-1 complexing was analyzed in Ad5- or AdlacZ-infected HaCaT-WT
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cells by coimmunoprecipitating ZO-1 and immunoblotting for Cx43 where we find
reduced Cx43 coimmunoprecipitated with ZO-1 relative to input Cx43, supporting
our phosphoSerine-14-3-3 mode-1 binding motif findings in HaCaT-GJA1+ cells
(Figure 3.7E, quantified in 3.7F). The MAPK phosphorylation site of Cx43 at
Ser262 (pCx435262) has been identified as downstream of Ser373/Ser368
phosphorylation and is a key event in the internalization and subsequent
degradation of Cx43 2527.72_|nterestingly, in Ad5-infected HaCaT-GJA1+ and
HaCaT-WT cells we do not find increased Cx43 phosphorylation at Ser262
(Figure 3S6). Furthermore, we find increased total Cx43 in Ad5 infected HaCaT-
GJA1+ cells supporting our finding that endogenous Cx43 is targeted at the
transcriptional level, and not directly targeted for degradation during infection

resulting in Cx43 being maintained in gap junctions.

Ad5 targets Cx43 in cardiomyocytes and induces Cx43-gap junction
remodeling.

We next sought to determine if Cx43 expression and Cx43-gap junction
remodeling occurred in Ad5-infected cardiomyocytes and could thereby
contribute to arrhythmogenic potential in infected hearts. HIPSC-CMs were
infected with AdlacZ or Ad5 at a MOI of 10 iu/cell prior to harvesting protein or
fixing for microscopy analysis. Recapitulating our findings in HaCaT cells, we find
35% reduced Cx43 protein levels in Ad5-infected cardiomyocytes at 24 hpi
compared to mock-infected controls (Figure 3.8A, quantified in 3.8B). HIPSC-

CMs were analyzed by immunofluorescence confocal microscopy to specifically
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determine Ad5 induced reductions to cytoplasmic or membrane localized Cx43 in
which we find global reductions 48 hpi (Figure 3.8C). Cx43 interactions with ZO-1
is experimentally described to increase gap junction plaque size, stabilize gap
junctions, generate functional gap junctions in cardiomyocytes, and is also
altered in failing human hearts 39327881 Alterations in Cx43 gap junctions and
Z0-1 localization were assayed in HIPSC-CMs by immunofluorescence confocal
microscopy and STORM super-resolution localization 24 hpi. In single Z-position
data capture, there is a reduced Cx43 co-localization with ZO-1 at cell-cell
borders by confocal microscopy (Figure 3.8D). In order to quantify Cx43/Z20-1
complexing in situ, we turned to super resolution localization measurements. To
assess effects on Cx43/Z0-1 interaction, cross-pair correlation functions were
generated from STORM data. The probability of localizing two distinct target
molecules together at a given distance with a function value of 1 is interpreted as
no correlation, while increased function values greater than 1 confirm complexing
between molecules. By cross-pair correlation analysis we find reduced probability
of Cx43/Z0-1 interaction in Ad5-infected HIPSC-CMs compared to AdlacZ
controls at 24 hpi (Figure 3.8E, quantified in 3.8F). Cx43/Z0-1 STORM data in
HiPSC-CMs parallels ColP data in HaCaT cells where loss of Cx43/Z0-1

complexing was found (Figure 3.7E, 3.7F).

DISCUSSION
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Viral subversion of intracellular processes is a topic of intense study covering
mechanisms by which viruses hijack cellular machinery to replicate and
assemble progeny. There is now growing interest in manipulation of intercellular
junctions by viruses and how events within infected cells precipitate alterations in
cell-cell coupling. Such disruptions in intercellular junctions likely contribute to
mild symptoms in the respiratory system for example, but in organs relying on
intercellular communication for function, such as the heart, resulting disturbances
in electrical coupling would be arrhythmogenic and potentially fatal. Targeting of
gap junctions has been previously reported for several viruses but our
understanding of underlying mechanisms for gap junction targeting is limited 8287,
Prior research demonstrates, in the context of adenoviral vector-mediated
transduction, that the adenovirus E4 gene products regulate Cx40 and Cx43
inversely through PKA and PI3K signaling #8. Here, we report changes in Cx43
expression occurs more rapidly during wild type Ad5 infection. Furthermore, our
data demonstrate that during a wild type Ad5 infection, Cx43 and Cx40 are both
negatively regulated at the mRNA level, revealing differences that may only be
apparent in the context of active replication where all viral genes are working
cooperatively, as would be the case in an infected heart. 8. At the protein level,
we find Cx43 but not Cx40 or Cx45 to be significantly downregulated during
adenoviral infection and therefore focus on Cx43 modulation for the majority of
this study. Despite no detectable loss of Cx45 at the protein level in HaCaT cells,
we reveal reductions in CAR during adenoviral infection which, in the context of

cardiac infection, could potentially have an indirect effect on Cx45 localization

76



and function in atrioventricular conduction as previously identified 3388, E1 genes
are deleted in adenoviral vectors to prevent transactivation of adenoviral genes,
including E4, which may contribute to observed temporal differences, and
highlights that while the Zhang et al study is relevant to use of adenoviral vectors
in gene transduction, it is not necessarily informative regarding wild type

adenoviral pathogenesis 8991,

The adenoviral life cycle length is dependent on cell type, and in the laboratory
replication and assembly of viral progeny temporally accelerated in transformed
or tumorigenic cell lines. Cytopathic effect was only apparent from 60 hpi in the
immortalized HaCaT cells and terminally differentiated HIPSC-CMs used in this
study. Our findings of altered gap junction function and suppression of Cx43
transcription occur within 12-24 hpi when cells would still be metabolically active
and virally induced host-cell global repression is incomplete. We include later
time points in Figures 3.1, 3.3, and 3.8 to provide greater temporal context over

the whole viral replication and cell lysis cycle.

Cx43 transcriptional regulation is a complex process orchestrated through cell
type-dependent and -independent transcription factors. For example, Nkx2.5
activation of GJA1 expression can be repressed by Irx3, which concomitantly
acts as an activator for GJAS (Cx40), highlighting the fine-tuned transcriptional
control of gap junction genes 7. We find repression of Cx43 and Cx40

transcription during Ad5 infection while Cx45 mRNA levels are maintained.
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Indeed, work by several groups has focused on transcription factors involved in
Cx43 and Cx40 with less known about Cx45 transcriptional regulation, partly due
to the ambiguity of the Cx45 promoter by functional analysis '%%2. Van der
Heyden et al. demonstrated Cx43 is likely a Wnt1 signaling target while there
were no changes to Cx45 expression providing an example of connexin isotype-
specific transcriptional regulation 7'. Furthermore, host-cell chromatin remodeling
during adenoviral infection is an established mechanism of silencing cellular host
genes and it is possible that Cx43 and/or Cx40 but not Cx45 transcription is
suppressed through chromatin remodeling involving adenoviral E1A or

adenoviral E4-orf3 related mechanisms 93-9,

Of GJA1 known and predicted transcription factors, B-catenin is particularly
relevant given its multifaceted roles in complexing with Cx43 as a scaffolding
protein and classical definition as an activating transcription factor for GJA1
18.66,67.71 Exquisite subversion of host cell transcriptional machinery by adenoviral
proteins encompasses a breadth of strategies from chromatin remodeling to
render target genes inaccessible to direct manipulation of transcription factor
function 83:89.96-98 One example of direct manipulation of a transcription factor is
phosphorylation of 3-catenin by AKT, a well described target of adenoviral E4orf1
53,71 We find increased B-catenin nuclear translocation by immunofluorescence
and confirm GJA1 transcriptional repression is dependent on 3-catenin
transcriptional activity using LF3, a small molecule inhibitor of B-catenin/TCF/Lef

complex transcriptional activity %70, Furthermore, adenoviral E4orf1 expression
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alone induces a comparable phosphorylation of 3-catenin as achieved during
Ad5S infection demonstrating sufficiency to directly affect the function of (3-catenin.
Nuclear factor kB (NF-kB) is reported in positive regulation of Gja7 in murine
arteries and transcriptionally active -catenin is known to lead to inhibition of NF-
kB function 9319 One mechanism for indirect targeting of Cx43 expression by
adenovirus could therefore involve this NF-kB/B-catenin axis. Direct suppression
of GJA1 through B-catenin has not yet been described although repressive
transcription cofactors have been identified including Reptin52 (complexing as B-
catenin/Reptin52/TATA box binding protein), ICAT (inhibitor of B-catenin and
TCF-4), and chibby, which may provide a means for direct transcriptional
suppression during adenoviral infection 86.191-103 Qur findings demonstrating a
previously undefined role for B-catenin in repression of GJAT transcription, as
opposed to the previously reported positive regulatory role '8, highlight the
potential for studying Cx43 biology in the context of viral infection as a powerful

tool in elucidation of critical cellular mechanisms of gap junction regulation.

As gap junctions facilitate the exchange of antiviral molecules including MHC
class | peptides and cGAMP ©7.1%4 ' GJIC is an attractive target for viruses,
including Ad5, as a means to limit antiviral responses by reducing recruitment of
immune cells and limiting the interferon response 9195106 Gap junction function
can be modulated directly and independent of protein levels by post-translational
modifications with extensive studies focusing on phosphorylation. Several signal

transduction cascades associated with growth factor signaling and known to act
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on the Cx43 C-terminus are activated during Ad5 infection to mimic growth factor
signaling. Specifically the E4orf1 and E4orf4 proteins ensure robust activation of
the PIBK/AKT/mTOR pathway which is well described in modulation of gap
junction localization and function 27197, AKT phosphorylation at Ser373 is
involved in Cx43 hemichannel recruitment into the gap junction proper but also
represents initiation of a cascade leading to channel internalization and
degradation 2722, PKC phosphorylation at Ser368 is associated with reduced
channel open probability and is subject to cis-gatekeeper events involving
Ser373 phosphorylation but Ser365 dephosphorylation 4198109 Sybsequent
phosphorylation of Cx43 by MAPK at residues including Ser255/262/279/282 is
associated with internalization and eventual degradation 27.72110.111 We
established HaCaT cells overexpressing GJAT in order to circumvent
transcriptional suppression during adenoviral infection to assay post-translational
modifications to identify increased phosphorylation at Cx43 Ser373 but no
induction of phosphorylation at MAPK-associated residues. The fact that Cx43
levels actually increase in these cells during Ad5 infection suggest that while
transcriptional suppression of Cx43 occurs, direct targeting of the Cx43 protein
through phosphorylation by adenovirus is restricted to limiting channel function
and not induction of gap junction internalization and degradation. In agreement
with our Cx43 Ser373 and Ser262 phosphorylation data is the finding that Cx43
is primarily junctional during adenoviral infection with reduced ER localization,
supporting a model where de novo Cx43 synthesis is reduced and Cx43 is

maintained in de facto gap junctions.
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While the aforementioned phosphorylation events have direct effects on channel
function and therefore electrical coupling, phosphorylation status also
dynamically alters Cx43 complexing with other scaffolding and membrane
proteins. Specifically, Cx43 interacting proteins c-Src, ZO-1, ZO-2, Occludin,
Claudin-5, B-catenin, p120, N-Cadherin, Plakophilin-2, Ankyrin-G, Nav1.5, and
mMAChR, regulate gap junction function whereby complexing is reportedly
regulated through phosphorylation of the Cx43 C-terminus 1879112120 \We report
increased phosphorylation of Cx43 at Ser373 during Ad5 infection, an event that
can alter Cx43/Z0-1 complexing and therefore tightly associated with
incorporation into, and removal from, the gap junction plaque 282931327481 \Ne
confirm this dissociation by co-immunoprecipitation and our STORM data in
infected cardiomyocytes also reveal reduced Cx43/Z0-1 complexing, signifying
pathological remodeling that could contribute to arrhythmogenesis. Beyond the
gap junction, cross-talk between junctional proteins and ion channels at the
cardiomyocyte intercellular junction occurs on many levels. Indeed, it has been
demonstrated that loss of Cx43 C-terminus results in disturbed Nav1.5 trafficking
and sodium current, further providing evidence for the changes we describe
during acute adenoviral infection and Cx43 phosphorylation contributing to the
arrhythmogenic substrate ''°. HIPSC-CMs now provide a model cell system in
which to interrogate the impact of human adenoviral infection on excitable cells

and tissues, where disruption of highly ordered intercellular structures has
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substantially more severe and life-threatening effects on organ function than in

epithelia, for example.

Current understanding relating to viral infection of the heart predominantly
focuses on chronic infection, or end-stage disease often related to immune-
related global cardiac remodeling, dilated cardiomyopathy, and even sometimes
post viral clearance 312!, Here, we identify a rapid shut down in intercellular
communication through direct and indirect targeting of Cx43 gap junctions during
adenoviral infection that, in cardiomyocytes, would contribute to an
arrhythmogenic substrate. Our findings therefore provide mechanistic insight into
arrhythmogenesis in the context of acute infection, where sudden cardiac death
in young adults is increasing attributed to adenovirus 3#3°, In addition to animal
models utilizing human Coxsackievirus B3, a murine model of viral myocarditis
induced by mouse adenovirus has been developed. Mouse adenovirus serotype
1 (MAV-1) infection demonstrates interferon gamma and immunoproteasome
activity induce cardiac damage in a chronic infection model in vivo 4647,
Furthermore, increases in mortality in neonatal mice by MAV-1 is independent of
viral load, inflammatory cytokine expression, or invading leukocytes, validating
the need to understand acute viral pathogenesis prior to adaptive immune
system cytotoxicity 4°. While development of an animal model is necessary to
truly isolate viral- vs immune-mediated effects, HIPSC-CMs provide a powerful
system in which to examine effects of human viral infection on human heart

muscle cells. Disruption of viral manipulation of cellular pathways identified here

82



may inform design of therapeutics to protect against sudden cardiac death during
infection. More broadly, as we further understand adenoviral manipulation of
Cx43 and gap junctions, critical cellular pathways regulating this important
cellular function will be elucidated with implications in all organ systems and

disease states beyond cardiomyopathies.
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Figure 3.1) Connexin43 protein levels are reduced during adenovi-
rus type 5 infection. HaCaT cells were infected with Ad5 or replica-
tion-incompetent AdlacZ at a multiplicity of infection (MOI) of 10 iu/cell
and fixed at 48 hpi or protein harvested every 24 hpi for 72 h. A) Immu-
nofluorescence confocal microscopy of HaCaT cells at 48 hpi probed for
Cx43 (green) and adenovirus E2A (red) with nuclei identified using DAPI
(blue). Original magnification: X100. Scale bar: 20um. B) Western blot
probed for Cx43 expression in HaCaT cells. Detection of a-tubulin
serves as loading control. C) Densitometry analysis of B. Statistical
analysis was performed with two-way analysis of variance (ANOVA) with
Sidak’s multiple comparisons test. (n=3). *p<0.05, **p<0.01, ***p=0.001,
****p<0.0001. Data are represented as mean +SEM. See also Figure
381.
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Figure 3.2) Specific targeting of gap junction gene transcription during
adenovirus type 5 infection. HaCaT cells were infected with Ad5 at a MOI of
10 iu/cell and RNA was harvested at 24 hpi. A) RT-gPCR analysis of COKN1A
(p21) and SFN (14-3-30) to confirm active viral infection and known altered
gene transcription. B) RT-gPCR analysis of gap junction family genes GJA1
(Cx43), GJAS (Cx40), and GJC1 (Cx45). C) RT-gPCR analysis of junctional
protein genes PKP2 (Plakophilin-2) and TJP1 (ZO-1). Statistical analysis
performed by one-way ANOVA with Dunnett’'s multiple comparisons test. (n=3).
*p<0.05 **p<0.01 ***p<0.001 ****p<0.0001. Data are represented as mean
+SEM. See also Figure 3S1.
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Figure 3.3) Early adenoviral factors induce B-catenin transcriptional activity through growth factor signaling.
HaCaT cells were infected with Ad5 or replication-incompetent AdlacZ at a MOI of 10 iu/cell and RNA and protein
were harvested or cells were fixed for immunofluorescence over a 72 h time course. A) RT-gPCR analysis of
CTNNBT (B-catenin) relative fold change from 0 hpi. (n=3). B) Immunofluorescence confocal microscopy for 3-cat-
enin (green) and Ad5 (red) with nuclei identified with DAPI (blue). Greyscale images in right panels identify nuclear
B-catenin levels through DAPI binary mask multiplication from a single Z-slice. Original magnification: X100. Scale
bar: 10pm. C) Quantification of nuclear B-catenin represented in B. (n=5). D) Western blot of total B-catenin and
B-catenin phospho-Ser552 (transcriptionally active) also probed for Ad5-E1A to confirm infection and a-tubulin for
loading control. E) Quantification of D by densitometry. (n=3). HaCaT cells were transfected with pSF-CAG-empty
vector or -E4orf1 and protein harvested 24 hours post transfection. F) Western blot of total B-catenin and B-catenin
phospho-Ser552 (transcriptionally active) also probed for GAPDH for loading control. G) Quantification of F by
densitometry. (n=3). Statistical analyses performed using the unpaired Student’s t-test (A, C, G) or two-way ANOVA

with Sidak’s multiple comparisons test (E). *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001. Data are represented as
mean +SEM. See also Figure 3S2, 3S3.
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Figure 3.4) B-catenin transcriptional activity is necessary to reduce GJA7T mRNA
during adenoviral infection. HaCaT cells were treated with the p-catenin transcrip-
tional inhibitor LF3 1 hpi or LF3 alone and harvested for RNA and DNA at indicated
time points. A) RT-qPCR analysis of GJAT mRNA at 24 hpi in cells treated with LF3 or
vehicle and infected at a MOI of 10 iu/cell. (n=3). B) RT-qPCR analysis of uninfected
HaCaT cells treated with vehicle or LF3 for 24 h. (n=3). C) gPCR analysis of viral
genomes in HaCaT cells infected with Ad5 and treated with LF3 or vehicle and
harvested 24 hpi. (n=5). ns: not significant. Statistical analyses performed using the
unpaired Student’s t-test. p<0.05 is considered statistically significant. **p<0.01. Data
are represented as mean +SEM.
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Figure 3.5) Cx43 protein occurs in reduced levels at the endoplasmic reticulum and is primarily junctional during
adenovirus infection. HaCaT cells were infected with AdlacZ or Ad5 at a MOI of 10 iu/cell prior to fixation or protein
harvesting at 24 hpi. A) AdlacZ- or Ad5-infected HaCaT cells were immunolabeled against PDI (red) to localize ER and
against Cx43 (green). Cells were stained using DAPI to identify nuclei (blue). Colocalized Cx43 / PDI signal was deter-
mined with Imaged (white). Original magnification: X100. Scale bar: 20 um. B) Manders’ Coefficients calculations deter-
mined using fraction Cx43 with PDI. Data points represent averages of 8 images from 3 separate experiments. C)
Pearson’s Coefficients calculations determined for Cx43 and PDI correlation. Data points represent averages of 8 images
from 3 separate experiments. D) AdlacZ- or Ad5-infected HaCaT cells were lysed in 1% Triton X-100 solubility assay
buffer prior to fractionation and western blotting. Membrane probed against Cx43 (top panel) and a-tubulin (bottom panel)
for loading control. E) Quantification of D. Statistical analysis was performed with Student’s t-test. (n=3). *p=<0.05, **p=<
0.01. Data are represented as mean +SEM.
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Figure 3.6) Adenovirus
inhibits gap junction
intercellular communica-
tion prior to reduction of
Cx43 total protein levels
during infection. HaCaT
cells were plated to conflu-
ence on glass bottomed
dishes and infected with
Ad>5 or replication-incompe-
tent AdlacZ at a MOl of 10
iu/cell. The Lucifer yellow
(LY) scrape-load dye-trans-
fer assay was performed at
12 hpi with 10,000 MW
Dextran-AlexaFluor647
(Dex-647) as a gap junction
non-permeable control. A)
Representative confocal
microscopy images of LY
(green) and Dex-647 (red)
transfer with nuclei identi-
fied with DAPI (blue).
Middle greyscale panels
show LY and Dex-647 alone
and right panels illustrate
guantification of each dye
spread. Original magnifica-
tion: X20. Scale bar: 50um.
B) Quantification of dye
spread in A. Statistical
analysis was performed
with the unpaired Student’s
t-test. (n=4). ****p<0.0001.
Data are represented as
mean +SEM. See also
Figure 354.
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Figure 3.7) Direct targeting of Cx43 gap junctions through phosphorylation during adenovirus
type 5 infection. HaCaT-GJA1+ cells or wild-type HaCaT cells were infected with Ad5 or replication-in-
competent AdlacZ at a MOI of 10 iu/cell and protein was harvested at 24 hpi. A) Immunoprecipitation
(IP) of Cx43 followed by western blot probed for phosphoSerine-14-3-3 mode-1 binding motif to detect
phosphorylation of Cx43-Ser373 at 24 hpi. a-tubulin serves as loading control. B) Densitometry analy-
sis of A. C) IP of Cx43 followed by western blot for Cx43 phosphorylation at Ser368. Cx43 IP and IgG
IP are from same membrane. D) Densitometry analysis of C. E) HaCaT cells were infected with Ad5 or
AdlacZ at a MOI of 10 iu/cell and protein harvested 24 hpi. Co-immunoprecipitation (ColP) was
performed for ZO-1 and Cx43 followed by western blotting. a-tubulin serves as loading control. F)
Densitometry analysis of E. Statistical analysis performed with the unpaired Student's t-test. (n=3). *p=<
0.05 **p<0.01 ***p<0.001 ****p<0.0001. Data are represented as mean +SEM. See also Figure 3S5.
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Figure 3.8) Ad5 targets Cx43 in cardiomyocytes and induces Cx43-gap junction remodeling.
HiPSC-CMs were infected with Ad5 or replication-incompetent AdlacZ at a MOI of 10 iu/cell and
protein harvested or fixed for immunolabeling over a 72 h time course. A) Western blot probed for
Cx43 expression in HIPSC-CMs. Detection of Ad5-Hexon protein expression serves to confirm
infection and a-tubulin serves as loading control. B) Densitometry analysis of A. C) Immunofluores-
cence confocal microscopy of HIPSC-CMs at 48 hpi probed for Cx43 (green) and adenovirus E1A
(red) with nuclei identified using DAPI (blue). Original magnification: X100. Scale bar: 20um. D)
Immunofluorescence confocal microscopy of HIPSC-CMs 24 hpi probed for Cx43 (green) and ZO-1
(red) with nuclei identified using DAPI (blue). Original magnification: X100. Scale bar: 10um. Images
representative of 3 separate experiments. E) Super resolution stochastic optical reconstruction
microscopy (STORM) derived point-cloud localizations of Cx43 (cyan) and ZO-1 (red) in Ad5- and
AdlacZ-infected HIPSC-CMs 24 hpi. Zoomed out panels (left) scale bar: 2um. Zoomed in panels
(right) scale bar: 200nm. Sphere size: 30nm. F) Cross-Pair correlation functions for Cx43/Z0-1
complexing in E. (n=10). Statistical analysis was performed with two-way analysis of variance
(ANOVA) with Sidak’s multiple comparisons test (B) (n=3). *p<0.05, **p=<0.01, ***p<0.001,
****p<0.0001. Data are represented as mean +SEM.
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Figure 351) Specific host-cell proteins are targeting during adenoviral infection. Related to Figure 3.1 and
3.2. HaCaT cells were infected with Ad5 or AdlacZ at a MOI of 10 iu/cell and protein lysates harvested at 0 hpi and
24 hpi followed by western blotting. A) Western blot probed against E-Cadherin (top panel) and CAR (center
panel) with a-tubulin probed for a loading control (bottom panel). B) Quantification of A. C) Western blot probed
against RPL22 (top panel) with a-tubulin probed for a loading control (bottom panel). D) Quantification of C. E)
Western blot probed against Cx45 (top panel) and Cx43 (center panel) with a-tubulin probed for a loading control
(bottom panel). F) Quantification of E. G) Western blot probed against Cx40 (top panel) with a-tubulin probed for a
loading control (bottom panel). H) Quantification of G. Statistical analysis was performed with Student’s t-test.
(n=3). *p=<0.05, **p=<0.01. Data are represented as mean +SEM.
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Figure 3S3) GJA7-candidate transcription factors
are elevated during Ad5 infection. Related to
Figure 3.3. HaCaT cells were infected with Ad5 at a
MOI of 10 iu/cell and RNA harvested at 24 hpi.
RT-gPCR analysis of Ad5-infected HaCaT cells for
transcription factor genes TBX2 and F2R which are
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Figure 3S5) Adenovirus infection reduces gap junction function. Related to Figure 3.6. HaCaT
cells were infected with Ad5 or replication-incompetent AdLacZ at a MOI of 10 iu/cell and protein was
harvested at 6 and 12 hpi in addition to LY scrape-load dye-transfer assay at 24 hpi. A) Representative
confocal microscopy images of LY (green) and Dex-647 (red) transfer with nuclei identified with DAPI
(blue). Middle greyscale panels show LY or Dex-647 alone and right panels illustrate quantification of
each dye spread. Original magnification: X20. Scale bar: 50um. B) Quantification of A (n=3). C)
Western blot probed for Cx43 expression with a-tubulin serving as loading control. D) Densitometric
analysis of C (n=3). Statistical analysis performed by unpaired Student’s t-test (B) or two-way ANOVA
with Sidak’s multiple comparisons test (D). *p<0.05, ns: not significant. Data are represented as mean
+SEM.

95



A) B)
Connexin43 overexpressing

HaCaT-GJA1+ 1.2
time (hpi) 0 6 12 24 IgG ~3 g
N
poxeaisze2) NN 1
IP:Cx43 s s i dA B e
cxas SN | | 38 .
Cxa3im e | | | QS 044
Input Hexon e D -
a-tubulin D 6 12 24
Time (hpi)
C) D)
HaCaT-WT
24 hpi
S 06n
2 06
IP & .
PP N X ¥
Cx43  19G QO 0.4+ ns
Adlacz + - + - Ne o
Ad5 - + -+ g =S p=0.06
X2 0.24
B { Cx43 [l | | Q 0
"] pCx43(S262) ! ! : j kS
£ 0.0-
AdlacZz Ad5

Figure 3S6) Adenovirus does not induce Cx43 phosphorylation at Ser262. Related to
Figure 3.7. A) HaCaT-GJA1+ cells were infected with Ad5 at a MOI of 10 iu/cell and protein
harvested 6, 12, and 24 hpi. Immunoprecipitation of Cx43 was performed following by western
blot and probed for Cx43 phosphorylation at Ser262 (pCx43(S262)) and total Cx43. Immunopre-
cipitated Cx43 and IgG are from same membrane and exposure. Detection of Hexon confirms
infection and a-tubulin serves as loading control. B) Densitometry of A. C) Wild-type HaCaT
cells were infected with Ad5 or replication-incompetent AdlacZ at a MOI of 10 iu/cell and protein
harvested 24 hpi. Immunoprecipitation of Cx43 was performed followed by western blot and
probed for pCx43(S262) and total Cx43. Immunoprecipitated Cx43 and IgG are from same
membrane and exposure. D) Densitometry of C. Statistical analyses performed using unpaired
Student’s t-test. (n=3). p<0.05 is considered statistically significant. ns: not significant. Data are
represented as mean +SEM.
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Figure Legends

Figure 3.1) Connexin43 protein levels are reduced during adenovirus type 5
infection. HaCaT cells were infected with Ad5 or replication-incompetent AdlacZ
at a multiplicity of infection (MOI) of 10 iu/cell and fixed at 48 hpi or protein
harvested every 24 hpi for 72 h. A) Immunofluorescence confocal microscopy of
HaCaT cells at 48 hpi probed for Cx43 (green) and adenovirus E2A (red) with
nuclei identified using DAPI (blue). Original magnification: X100. Scale bar:
20um. B) Western blot probed for Cx43 expression in HaCaT cells. Detection of
a-tubulin serves as loading control. C) Densitometry analysis of B. Statistical
analysis was performed with two-way analysis of variance (ANOVA) with Sidak’s
multiple comparisons test. (n=3). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Data are represented as mean +SEM. See also Figure S1.

Figure 3.2) Specific targeting of gap junction gene transcription during
adenovirus type 5 infection. HaCaT cells were infected with Ad5 at a MOI of 10
iu/cell and RNA was harvested at 24 hpi. A) RT-gPCR analysis of CDKN1A (p21)
and SFN (14-3-30) to confirm active viral infection and known altered gene
transcription. B) RT-qPCR analysis of gap junction family genes GJA1 (Cx43),
GJAS (Cx40), and GJC1T (Cx45). C) RT-gPCR analysis of junctional protein
genes PKP2 (Plakophilin-2) and TJP1 (ZO-1). Statistical analysis performed by

one-way ANOVA with Dunnett’s multiple comparisons test. (n=3). *p<0.05

107



**p<0.01 ***p<0.001 ****p<0.0001. Data are represented as mean +tSEM. See

also Figure S1.

Figure 3.3) Early adenoviral factors induce B-catenin transcriptional activity
through growth factor signaling. HaCaT cells were infected with Ad5 or
replication-incompetent AdlacZ at a MOI of 10 iu/cell and RNA and protein were
harvested or cells were fixed for immunofluorescence over a 72 h time course. A)
RT-gPCR analysis of CTNNB1 (B-catenin) relative fold change from 0 hpi. (n=3).
B) Immunofluorescence confocal microscopy for B-catenin (green) and Ad5 (red)
with nuclei identified with DAPI (blue). Greyscale images in right panels identify
nuclear B-catenin levels through DAPI binary mask multiplication from a single Z-
slice. Original magnification: X100. Scale bar: 10um. C) Quantification of nuclear
B-catenin represented in B. (n=5). D) Western blot of total 3-catenin and 3-
catenin phospho-Ser552 (transcriptionally active) also probed for Ad5-E1A to
confirm infection and a-tubulin for loading control. E) Quantification of D by
densitometry. (n=3). HaCaT cells were transfected with pSF-CAG-empty vector
or -E4orf1 and protein harvested 24 hours post transfection. F) Western blot of
total B-catenin and B-catenin phospho-Ser552 (transcriptionally active) also
probed for GAPDH for loading control. G) Quantification of F by densitometry.
(n=3). Statistical analyses performed using the unpaired Student’s t-test (A, C, G)
or two-way ANOVA with Sidak’s multiple comparisons test (E). *p<0.05 **p=<0.01
***p<0.001 ****p<0.0001. Data are represented as mean +SEM. See also Figure

S2, S3.
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Figure 3.4) B-catenin transcriptional activity is necessary to reduce GJA1
mRNA during adenoviral infection. HaCaT cells were treated with the (3-
catenin transcriptional inhibitor LF3 1 hpi or LF3 alone and harvested for RNA
and DNA at indicated time points. A) RT-qPCR analysis of GJAT mRNA at 24 hpi
in cells treated with LF3 or vehicle and infected at a MOI of 10 iu/cell. (n=3). B)
RT-gPCR analysis of uninfected HaCaT cells treated with vehicle or LF3 for 24 h.
(n=3). C) gPCR analysis of viral genomes in HaCaT cells infected with Ad5 and
treated with LF3 or vehicle and harvested 24 hpi. (n=5). ns: not significant.
Statistical analyses performed using the unpaired Student’s t test. p<0.05 is
considered statistically significant. **p<0.01. Data are represented as mean

+SEM.

Figure 3.5) Cx43 protein occurs in reduced levels at the endoplasmic
reticulum and is primarily junctional during adenovirus infection. HaCaT
cells were infected with AdlacZ or Ad5 at a MOI of 10 iu/cell prior to fixation or
protein harvesting at 24 hpi. A) AdlacZ- or Ad5-infected HaCaT cells were
immunolabeled against PDI (red) to localize ER and against Cx43 (green). Cells
were stained using DAPI to identify nuclei (blue). Colocalized Cx43 / PDI signal
was determined with ImagedJ (white). Original magnification: X100. Scale bar: 20
um. B) Manders’ Coefficients calculations determined using fraction Cx43 with
PDI. Data points represent averages of 8 images from 3 separate experiments.

C) Pearson’s Coefficients calculations determined for Cx43 and PDI correlation.
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Data points represent averages of 8 images from 3 separate experiments. D)
AdlacZ- or Ad5-infected HaCaT cells were lysed in 1% Triton X-100 solubility
assay buffer prior to fractionation and western blotting. Membrane probed
against Cx43 (top panel) and a-tubulin (bottom panel) for loading control. E)
Quantification of D. Statistical analysis was performed with Student’s t-test.

(n=3). *p=<0.05, **p=<0.01. Data are represented as mean +SEM.

Figure 3.6) Adenovirus inhibits gap junction intercellular communication
prior to reduction of Cx43 total protein levels during infection. HaCaT cells
were plated to confluence on glass bottomed dishes and infected with AdS or
replication-incompetent AdlacZ at a MOI of 10 iu/cell. The Lucifer yellow (LY)
scrape-load dye-transfer assay was performed at 12 hpi with 10,000 MW
Dextran-AlexaFluor647 (Dex-647) as a gap junction non-permeable control. A)
Representative confocal microscopy images of LY (green) and Dex-647 (red)
transfer with nuclei identified with DAPI (blue). Middle greyscale panels show LY
and Dex-647 alone and right panels illustrate quantification of each dye spread.
Original magnification: X20. Scale bar: 50um. B) Quantification of dye spread in
A. Statistical analysis was performed with the unpaired Student’s t-test. (n=4).

****p<0.0001. Data are represented as mean +SEM. See also Figure S4.

Figure 3.7) Direct targeting of Cx43 gap junctions through phosphorylation
during adenovirus type 5 infection. HaCaT-GJA1+ cells or wild-type HaCaT

cells were infected with Ad5 or replication-incompetent AdlacZ at a MOI of 10
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iu/cell and protein was harvested at 24 hpi. A) Immunoprecipitation (IP) of Cx43
followed by western blot probed for phosphoSerine-14-3-3 mode-1 binding motif
to detect phosphorylation of Cx43-Ser373 at 24 hpi. a-tubulin serves as loading
control. B) Densitometry analysis of A. C) IP of Cx43 followed by western blot for
Cx43 phosphorylation at Ser368. Cx43 IP and IgG IP are from same membrane.
D) Densitometry analysis of C. E) HaCaT cells were infected with Ad5 or AdlacZ
at a MOl of 10 iu/cell and protein harvested 24 hpi. Co-immunoprecipitation
(ColP) was performed for ZO-1 and Cx43 followed by western blotting. a-tubulin
serves as loading control. F) Densitometry analysis of E. Statistical analysis
performed with the unpaired Student’s t-test. (n=3). *p<0.05 **p=<0.01 ***p=<0.001

****p<0.0001. Data are represented as mean +SEM. See also Figure S5.

Figure 3.8) Ad5 targets Cx43 in cardiomyocytes and induces Cx43-gap
junction remodeling. HIPSC-CMs were infected with Ad5 or replication-
incompetent AdlacZ at a MOI of 10 iu/cell and protein harvested or fixed for
immunolabeling over a 72 h time course. A) Western blot probed for Cx43
expression in HIPSC-CMs. Detection of Ad5-Hexon protein expression serves to
confirm infection and a-tubulin serves as loading control. B) Densitometry
analysis of A. C) Immunofluorescence confocal microscopy of HIPSC-CMs at 48
hpi probed for Cx43 (green) and adenovirus E1A (red) with nuclei identified using
DAPI (blue). Original magnification: X100. Scale bar: 20um. D)
Immunofluorescence confocal microscopy of HIPSC-CMs 24 hpi probed for Cx43

(green) and ZO-1 (red) with nuclei identified using DAPI (blue). Original
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magnification: X100. Scale bar: 10um. Images representative of 3 separate
experiments. E) Super resolution stochastic optical reconstruction microscopy
(STORM) derived point-cloud localizations of Cx43 (cyan) and ZO-1 (red) in Ad5-
and AdlacZ-infected HIPSC-CMs 24 hpi. Zoomed out panels (left) scale bar:
2um. Zoomed in panels (right) scale bar: 200nm. Sphere size: 30nm. F) Cross-
Pair correlation functions for Cx43/Z0-1 complexing in E. (n=10). Statistical
analysis was performed with two-way analysis of variance (ANOVA) with Sidak’s
multiple comparisons test (B) (n=3). *p<0.05, **p=<0.01, ***p<0.001, ****p<0.0001.

Data are represented as mean +tSEM.

Figure 3S1) Specific host-cell proteins are targeting during adenoviral
infection. Related to Figure 1 and 2. HaCaT cells were infected with Ad5 or
AdlacZ at a MOI of 10 iu/cell and protein lysates harvested at 0 hpi and 24 hpi
followed by western blotting. A) Western blot probed against E-Cadherin (top
panel) and CAR (center panel) with a-tubulin probed for a loading control (bottom
panel). B) Quantification of A. C) Western blot probed against RPL22 (top panel)
with a-tubulin probed for a loading control (bottom panel). D) Quantification of C.
E) Western blot probed against Cx45 (top panel) and Cx43 (center panel) with a-
tubulin probed for a loading control (bottom panel). F) Quantification of E. G)
Western blot probed against Cx40 (top panel) with a-tubulin probed for a loading
control (bottom panel). H) Quantification of G. Statistical analysis was performed
with Student’s t-test. (n=3). *p<0.05, **p=<0.01. Data are represented as mean

+SEM.
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Figure 3S2) GJA1 expression is higher than GJA5 and GJC1 in untreated
HaCaT cells. Related to Figure 2. RT-qPCR was performed on HaCaT cells to
determine baseline expression of GJA1, GJAS, and GJC1. Statistical analysis
was performed with one-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons test. (n=3). *p<0.05, **p=<0.01. Data are represented as mean

+SEM.

Figure 3S3) GJA1-candidate transcription factors are elevated during Ad5
infection. Related to Figure 3. HaCaT cells were infected with Ad5 at a MOI of
10 iu/cell and RNA harvested at 24 hpi. RT-gPCR analysis of Ad5-infected
HaCaT cells for transcription factor genes TBX2 and F2R which are previously
shown to regulate GJA1 transcription relative to 0 hpi. Data are represented as

mean +SEM.

Figure 3S4) Detection of E4orf1 mRNA in transfected HaCaT cells. Related
to Figure 3. HaCaT cells were transfected with pSF-CAG-empty or -E4orf1 and
RNA harvested 24 hours post transfection. E4orf1 is detected by RT-gPCR in

transfected HaCaT cells. n=3. Data are represented as mean +tSEM.

Figure 3S5) Adenovirus infection reduces gap junction function. Related to
Figure 6. HaCaT cells were infected with AdS or replication-incompetent AdLacZ

at a MOI of 10 iu/cell and protein was harvested at 6 and 12 hpi in addition to LY
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scrape-load dye-transfer assay at 24 hpi. A) Representative confocal microscopy
images of LY (green) and Dex-647 (red) transfer with nuclei identified with DAPI
(blue). Middle greyscale panels show LY or Dex-647 alone and right panels
illustrate quantification of each dye spread. Original magnification: X20. Scale
bar: 50pum. B) Quantification of A (n=3). C) Western blot probed for Cx43
expression with a-tubulin serving as loading control. D) Densitometric analysis of
C (n=3). Statistical analysis performed by unpaired Student'’s t-test (B) or two-
way ANOVA with Sidak’s multiple comparisons test (D). *p<0.05, ns: not

significant. Data are represented as mean +tSEM.

Figure 3S6) Adenovirus does not induce Cx43 phosphorylation at Ser262.
Related to Figure 7. A) HaCaT-GJA1+ cells were infected with Ad5 at a MOI of
10 iu/cell and protein harvested 6, 12, and 24 hpi. Imnmunoprecipitation of Cx43
was performed following by western blot and probed for Cx43 phosphorylation at
Ser262 (pCx43(S262)) and total Cx43. Immunoprecipitated Cx43 and IgG are
from same membrane and exposure. Detection of Hexon confirms infection and
a-tubulin serves as loading control. B) Densitometry of A. C) Wild-type HaCaT
cells were infected with Ad5 or replication-incompetent AdlacZ at a MOI of 10
iu/cell and protein harvested 24 hpi. Immunoprecipitation of Cx43 was performed
followed by western blot and probed for pCx43(S262) and total Cx43.
Immunoprecipitated Cx43 and IgG are from same membrane and exposure. D)

Densitometry of C. Statistical analyses performed using unpaired Student’s t-test.
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(n=3). p<0.05 is considered statistically significant. ns: not significant. Data are

represented as mean £SEM.
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Abstract

Adenoviruses are causative agents for many pathologies including acute
respiratory disease and viral myocarditis. Gap junctions comprise connexin
proteins and metabolically, electrically, and immunologically couple cells.
Furthermore, distinct intercellular junction structures can regulate the expression
and localization of one another. Previously, we reported reduced connexin43
(Cx43) phosphorylation at a known internalization motif, leading us to
hypothesize that gap junctions are maintained during adenoviral infection in order
to stabilize intercellular junctions and adenoviral receptors therein. Utilizing
immunofluorescence confocal microscopy, we demonstrate that Cx43 reductions
are primarily cytosolic with Cx43 preserved at the plasma membrane. Click-IT
chemistry, a non-radioactive pulse-chase technique, reveals that Cx43 % life is
extended during adenoviral infection. In order to test if remainingCx43 exists in
de facto gap junctions (i.e. not undocked or cytosolic connexons) we utilized 1 %
Triton X-100 solubility assay and find Cx43 is primarily junctional during
adenoviral infection. Having demonstrated increases in junctional Cx43, we next
asked how tightly coupled cells were during adenoviral infection and by ECIS
measurements of electrical resistance we demonstrate a transient increase in
mechanical coupling during infection. Taken together, our future aims are to
uncover changes in Coxsackievirus and adenovirus receptor (CAR) protein
localization to determine if adenoviral-induced changes to subcellular

architecture predisposes neighboring cells to infection and enhances viral
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spread. These findings will add to the existing model of adenoviral infection and
more broadly, contribute to the therapeutic design of adenoviral vectors for

cancer and gene therapy.
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Introduction

Gap junctions occur in arrays of structures at intercellular interfaces where they
facilitate the transfer of ions, metabolites, second messengers, and other small
molecules less than approximately 1 kDa in size (reviewed in '). Connexin
proteins comprise gap junctions and of the 21 human connexins, connexin43
(Cx43; gene name GJAT) is the most ubiquitously expressed and plays critical
developmental and homeostatic roles throughout various tissues. It is more
recently appreciated that the immunological second messenger 2’3’-cyclic
guanosine monophosphate-adenosine monophosphate (cGAMP), produced by
detection of cytosolic DNA by cGAMP synthetase (cGAS), is transferred via gap
junctions from infected cells to uninfected cells and thus capable of propagating
the antiviral immune response.?2 While it is established that many viruses directly
antagonize various protein components of the cGAS pathway, functional
redundancy for inhibition of antiviral responses may occur by targeting of gap

junctions.*

Adenoviruses are dsDNA tumor viruses responsible for a spectrum of
pathogenesis including acute respiratory diseases, viral myocarditis, and
meningoencephalitis.>12 A critical step in adenoviral infection is viral attachment
and uptake which is facilitated by, at least in part for species C adenoviruses
(serotypes 1, 2, 5, 6), the Coxsackievirus and adenovirus receptor (CAR) as well

as integrin av proteins (both B3 and Bs)."3'4 CAR localizes to intercellular
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junctions and in epithelial cells primarily to tight junctions where cell-cell adhesion
is achieved by homophilic and heterophilic interactions.'® Integrin proteins act as
adhesion molecules and sensors for cellular attachment to the extracellular
matrix. CAR expression has been demonstrated to be dispensable, yet
enhancing, for adenoviral infection or transduction in vitro.'*1® Additionally, cells
lacking integrin aV proteins are bound by adenovirus yet entry is blocked.'317
Taken together, these two interactions work in concert so that species C
adenoviruses bind CAR with high affinity, stabilizing extracellular virus, and

increasing with integrin aV proteins and subsequent viral endocytosis.

cGAS is a pattern recognition receptor for detecting cytosolic nucleic acids,
including RNA but primarily DNA, and is important for detecting pathogens and
initiating innate immune defenses in many cell types.'822 cGAS activation leads
to the production of cGAMP which activates STING resulting in STING
homodimerization and translocation to perinuclear regions.?*2* STING
homodimers recruit TANK binding kinase 1 (TBK-1) and interferon regulatory
factor 3 (IRF-3) resulting in STING and IRF-3 phosphorylation by TBK-1.2
Phosphorylated IRF-3 translocate to the nucleus where it binds transcriptional
coactivators and interferon stimulatory response elements (ISRE) of interferon
stimulated genes (ISG) to activate transcription.?6-28 Importantly, cGAMP is a
critical molecule in this signaling cascade and as mentioned above, can transfer

via gap junctions and initiate this cascade in uninfected neighboring cells.?3
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CAR is classically described to localize to tight junctions in polarized epithelial
cells yet significant cross-talk and colocalization between distinct intercellular
junctional components exists. An example of this calcium-dependent alterations
observed in gap junction intercellular communication by E-cadherin, a
component of adherens junctions.?® Furthermore, it has been shown that
blocking N-cadherin with antibodies blocks gap junction intercellular
communication, highlighting the importance of cross-talk and interdependency
between apparently distinct junctional components.3° Specifically in regard to
CAR, a cardiac specific inducible CAR knock out mouse model demonstrates a
>40% reduction in Cx43.3" Additionally, knockdown of Cx43 causes a significant
decrease of surface localized CAR as detected by surface biotinylation, further
supporting the model that these proteins affect the expression and localization of

one another.32

We previously demonstrated the targeting of Cx43 gap junctions by human
adenovirus serotype 5 (Ad5) at the level of transcription.33® Gap junction
intercellular communication was reduced concomitant with a Cx43
phosphorylation events leading to altered gap junction channel conductance
during adenoviral infection. Interestingly however, those data also support the
possibility that gap junctions are not targeted for internalization during infection
despite negative gene regulation of de novo gap junctions. Here we investigate
the maintenance of existing gap junctions during adenoviral infection as a

potential mechanism to maintaining junctional adhesion molecules, including
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CAR, between infected and uninfected cells as a means to direct viral spread
more efficiently than diffusion alone. Adenocarinomic human alveolar basal
epithelial (A549) cells and spontaneously immortalized keratinocyte (HaCaT)
cells were infected with Ad5 in order to assay changes in intercellular junctions.
We demonstrate that although cytoplasmic Cx43 is depleted during infection,
Cx43 at the cell membrane is retained. Furthermore, we find Cx43 is primarily
junctional and exhibits increased half-life highlighting structural gap junction
maintenance during infection. We established an Ad5-induced interferon
response dependent upon gap junctions in a more physiologically relevant low
multiplicity of infection (MOI) through cGAMP transfer. We then utilized a
fluorescence reporter mutant Ad5 in a low MOI model to perform localization and
colocalization experiments to ask if uninfected neighboring cells preferentially
localize to junctional complexes at the uninfected-infected cell-cell interface.
Finally, in order to confirm these structural alterations result in increased viral
spread, we performed real-time live imaging microscopy in Cx43 overexpressing

and Cx43 knockout cells.

Materials and Methods

Cell culture
HEK293FT, HEK293A (Thermo Fisher), A549 (ATCC), and HaCaT (AddexBio)
cells were maintained and passaged in DMEM, high glucose, with L-Glutamine

(Genesee Scientific) supplemented with 10 % fetal bovine serum (FBS), non-
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essential amino acids (Life Technologies), and MycoZap Plus-CL (Lonza) unless
otherwise specified. Cells were maintained in a humidified atmosphere of 5 %

CO2 at 37 °C.

Viruses and infection

Ad5 was obtained from ATCC and propagated in A549 cells. AdlacZ was
generated according to manufacturer’s instructions from pAd/CMV/V5-GW/lacZ
(Thermo Fisher). Ad-late/RFP was a kind gift from Dr. Robin Parks (Ottawa
Hospital Research Institute, Department of Medicine) and was propagated in
A549 cells. Viruses were purified by CsCI ultracentrifugation as previously
described and titer determined by immunofluorescence confocal microscopy in
HEK293A cells.?* All infections were performed in serum-free DMEM and
supplemented with equal volume of supplemented DMEM (10 % FBS) 1-hour

post infection (hpi).

RT-gPCR

Cells were lysed in TRIzol (Thermo Fisher) and clarified by phenol-chloroform
phase separation before RNA isolation using PureLink RNA mini kit (Thermo
Fisher) and PureLink on-column DNase digestion (Thermo Fisher) according to
manufacturer’s instructions. cONA was generated with iScript Reverse
Transcription Supermix for RT-qPCR (BioRad) according to manufacturer’'s
instructions. Real-time PCR was performed with SYBR Select Master Mix for

CFX (Thermo Fisher) on a QuantStudio 6 Flex system (Thermo Fisher).
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18SrRNA (forward primer-GGCCCTGTAATTGGAATGAGTC,; reverse primer-
CCAAGATCCAACTACGAGCTT) and GAPDH (forward primer-
ACATCGCTCAGACACCATG,; reverse primer-
TGTAGTTGAGGTCAATGAAGGG) were utilized as internal references. Gene
expression data was collected for IRF-7 (forward primer-
TACCATCTACCTGGGCTTCG,; reverse primer-
TGCTGCTATCCAGGGAAGAC), MX1 (forward primer-
GCCACCACAGAGGCTCTCAG,; reverse primer-
CTCAGCTGGTCCTGGATCTCCT), and TRIM29 (forward primer-
CACCGGACACCATGAAGAGA; reverse primer-

ACGAGGGCTGGTATGATGTC).

Western blotting

Cells were lysed in RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA,
1 % Triton X-100 (Sigma Aldrich), 1 % sodium deoxycholate, 2 mM NaF, 200 uM
NasVOs4, 0.1 % sodium dodecyl sulfate, 5 mM n-ethylmaleimide) supplemented
with HALT Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher). Protein
was clarified by sonication and centrifugation and concentration determined by
DC protein assay (BioRad). 4X LDS Sample Buffer (Thermo Fisher) was added
to samples prior to being heated to 70 °C for 10 min and subjected to SDS-PAGE
using NuPAGE Bis-Tris 4-20 % gradient gels and MES (Thermo Fisher) running
buffer according to manufacturer’s instructions. Proteins were transferred to

PVDF (BioRad) membrane and fixed in methanol followed by air drying. PVDF
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membranes were reactivated in methanol followed by blocking in 5 % nonfat milk
(Carnation) or 5 % bovine serum albumin (Fisher) in TNT buffer (0.1 % Tween
20, 150 mM NacCl, 50 mM Tris pH 8.0) for 1 h at room temperature. Primary
antibody labeling was performed overnight at 4 °C using primary antibodies
rabbit anti-Cx43 (1:5000; Sigma-Aldrich), and mouse anti-a-tubulin (1:5000;
Sigma Aldrich). Membranes were washed 6 times before secondary antibody
labeling for 1 h at room temperature with goat secondary antibodies conjugated
to AlexaFluor555 or AlexaFluor647 (Thermo Fisher). Fluorescently labeled
membranes were soaked in methanol and air dried prior to imaging. Membranes

were imaged on a Chemidoc MP imaging system (BioRad).

Immunofluorescence confocal microscopy

Cells were fixed for 20 min with 4 % PFA in PBS at room temperature or for 5
min with -20 °C methanol on ice. Cells were permeabilized and blocked with 5 %
normal goat serum (Invitrogen) and 0.1 or 0.5 % Triton X-100 (Sigma Aldrich) in
PBS for 1 h at room temperature. Primary antibody labeling was performed for 1
h at room temperature using rabbit anti-Cx43 (1:2000; Sigma Aldrich) and mouse
anti-E2A [B6-8] (1:250; generously provided by Dr. David Ornelles). Cells were
washed 6 times prior to secondary antibody labeling for 1 h at room temperature
with goat secondary antibodies conjugated to AlexaFluor488 or AlexaFluor555
(Thermo Fisher). During secondary antibody labeling cells were counterstained
with DAPI and wheat germ agglutinin (WGA) conjugated AlexaFluor647. Slides

were mounted using Prolong Gold Antifade (Life Technologies).
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Triton X-100 solubility assay

Cells were harvested in 1% Triton X-100 buffer (60mM Tris, pH 7.4, 1 % Triton X-
100, 2 mM EDTA, 2 mM ethylene glycols-bis(B-aminoethyl! ether)-N,N,N,N-
tetraacetic acid [EGTA], 250 mM NaCl, 1 mM NaF, 0.1 mM NasVOs)
supplemented with HALT Protease and Phosphatase Inhibitor (Thermo Fisher).
Samples were rotated at 4 °C for 1 h. A small volume was removed to serve as
the total protein fraction. Remaining lysate was centrifuged for 30 min at 15,000 x
g at 4 °C and supernatant reserved as soluble fraction. Pellets containing
insoluble proteins were resuspended in 4X Bolt LDS sample buffer (Thermo
Fisher). All samples were sonicated and centrifuged for 20 min. at 10,000 x g at
4°C followed by addition of 4X Bolt LDS sample buffer supplemented with 400

mM DTT prior to western blotting.

Click-iT half-life

HaCaT cells were grown to confluency followed by removal of media and 3
washes with PBS. Serum/methionine/cysteine-free DMEM (Thermo Fisher) with
AdlacZ or Ad5 at a MOI of 10 iu/cell was added to cells and incubated for 1 h at
37 °C followed by a 1 h pulse with Click-iIT L-Azidohomoalanine (50 uM final
concentration; Thermo Fisher) added directly to virus containing-starvation
media. Samples were harvested over a 12 h time course every 2 hpi into lysis
buffer (50 mM Tris-HCI, 1 % SDS) supplemented with HALT Protease and

Phosphatase Inhibitor (Thermo Fisher). Lysates were incubated on ice for 15 min
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followed by sonication and centrifugation at 10,000 x g for 20 min at 4 °C. Protein
concentration was determined using DC protein assay (BioRad) and lysates
protein normalized to 4 pg/uL. 400 pg protein was utilized for the click reaction
using Click-iT Protein Reaction Buffer Kit and tetramethylrhodamine (TAMRA)
alkyne (40 uM final concentration; Thermo Fisher) according to manufacturer’s
instructions. Immunoprecipitation was performed as previously described
described.3® Briefly, Cx43 was immunoprecipitated from precleared lysates with 1
Mg rabbit anti-Cx43 (Sigma-Aldrich) and protein G Dynabeads (Thermo Fisher).
Western blotting was performed as described above and pulsed Cx43 detected

using antibody labeling of TAMRA (1:1000; Thermo Fisher).

Electrical cell-substrate impedance sensing (ECIS)

HaCaT cells were plated to confluency on an 8W10E+ 8 well array (Applied
BioPhysics) prior to infecting with AdlacZ or Ad5 at a MOI of 10 iu/cell.
Impedance was assayed on a Z-Theta station (Applied BioPhysics) with Applied
BioPhysics — ECIS software (Applied BioPhysics) utilizing multiple frequencies
measurements over an 80 h timecourse. A frequency of 4000 Hz results in
electrical current passing through the space between intercellular junctions and

resistance at 4000 Hz was normalized within treatments.

Super-resolution STORM localization and analysis
Cells were fixed with -20 °C methanol on ice for 5 min followed by 3 washes with

PBS. Cells were blocked with 5 % normal donkey serum and 0.1 % or 0.5 %
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Triton X-100 in PBS for 1 h at room temperature. Primary antibody labeling was
performed for 1 h at room temperature with rabbit anti-Cx43 (1:2000; Sigma-
Aldrich) and mouse anti-ZO-1 (1:500; BD Biosciences). Cells were washed 6
times prior to secondary antibody labeling for 1 h at room temperature with
donkey antibodies conjugated to Alexa Fluor 647 (Thermo Fisher) or CF568
(Biotium). Cells were washed 6 times and stochastic optical reconstruction
microscopy (STORM) conducted with a Vutara 350 microscope (Bruker). Cells
were imaged in 50 mM Tris-HCI, 10 mM NaCl, 10 % (wt/vol) glucose buffer
containing 20 mM mercaptoethylamine, 1% (vol/vol) 2-mercaptoethanol, 168
active units/ml glucose oxidase, and 1404 active units/ml catalase. 5000 frames
were acquired for each probe and 3D images were reconstructed in Vutara SRX
software. Coordinates of localized molecules were used to calculate pair

correlation functions in the Vutara SRX software.

Statistics

All quantification was performed on experiments repeated at least three times.
Data are presented as mean + SEM. Statistical analysis was conducted with
GraphPad Prism 8.2.0 (GraphPad Software, Inc. La Jolla, CA). Data were
analyzed for significance using Student’s t test, one-way ANOVA, two-way
ANOVA, with Sidak’s (when comparing Ad5-infected to control within time points
across multiple time points) or Dunnet’s (when comparing infected time points to
0 hpi) multiple comparison tests. A value of p < 0.05 was considered statistically

significant.
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Results

Cx43 is maintained at the plasma membrane during adenoviral infection
We previously demonstrated Cx43 is targeted during adenoviral infection at the
level of transcription.33 Utilizing A549 cells expressing higher levels of
endogenous Cx43, we discovered maintenance of Cx43 localized at cell-cell
contacts by immunofluorescence confocal microscopy (Figure 4.1A). Given that
Ab549 cells are cancer-derived, we turned to the more biologically relevant non-
transformed HaCaT epithelial cell line for additional experiments that we
previously utilized to determine transcriptional and post-translational targeting of
Cx43 by Ad5. We next asked if maintenance of Cx43 at cell-cell contacts
extended the half-life of Cx43. In Ad5-infected HaCaT cells we discover an
increased half-life of 56% by utilizing a nonradioactive pulse-chase assay (Figure

4.1B, quantified in 4.1C).

Cells become more mechanically coupled early during Ad5 infection

We previously demonstrated reduced GJIC and phosphorylation consistent with
altered channel conductance in Ad5-infected HaCaT cells. Given our findings
here involving maintenance of gap junctions during infection, we next sought to
determine how mechanically coupled Ad5-infected cells were over time.
Electrical Cell-substrate Impedance Sensing (ECIS) allows for measurements of

electrical resistance across a monolayer of cells to determine changes in
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mechanical coupling. Utilizing ECIS to acquire electrical resistance
measurements across a monolayer of infected HaCaT cells during an 80 h
timecourse, we find a 14% increase in mechanical coupling at 28 hpi that is

maintained until the onset of CPE (> 48 hpi) (Figure 4.2).

Future Direction / In Progress — Interrogate interferon responses in
uninfected neighbor cells via cGAMP

Given that gap junctions propagate the antiviral immune response through
transfer of cGAMP, we hypothesized that the previously demonstrated decrease
in GJIC would result in a reduced innate immune response from a mixed
population of infected and uninfected cells. HaCaT cells infected with Ad5 at a
MOI of 10 iu/cell demonstrate an increased IFN response as assayed by ISG
expression as early as 6 hpi (Figure 4.3). Given AdlacZ fails to express
adenoviral genes that antagonize the immune response, Ad5-infected HaCaT
cell ISG expression is relative to uninfected HaCaT cells. Ad5 is well described to
suppress both innate and adaptive immune responses in cells and a 100%
infected monolayer may therefore fail to capture the biological function of gap
junctions for innate immune signaling.3¢ In order to address this, we next will
utilize a low MOI infection of 0.05 iu/cell in order to assay the biological
importance of gap junctions in initiating the IFN response in a population of
infected and uninfected cells. Furthermore, in order to determine if cGAMP is the
de facto driving molecule of IFN expression in uninfected cells, we will utilize

immunofluorescence confocal microscopy analysis of STING localization.3’
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Future Direction / In Progress — Determine Ad5 infection changes in
receptor availability on uninfected neighboring cells

CAR proteins are involved in intercellular mechanical coupling at gap junctions,
and facilitate the attachment and rapid internalization of Ad5 cooperatively with
integrin av. Having demonstrated that cells are more mechanically coupled
during Ad5 infection, we hypothesized that cell-surface CAR is increased during
adenoviral infection on uninfected cells. In order to undertake colocalization
experiments and localize infected cells in a low MOI infection model, we used
Ad-late/RFP, an Ad5 mutant deleted of E3 expressing RFP under control of the
endogenous major late promoter validated to be functionally wild-type in vitro.38
We first will examine Cx43 expression in Ad-late/RFP to determine differences
between wild type Ad5 and Ad-late/RFP in both high (10) and low (0.05) MOI
infection models by immunofluorescence confocal microscopy, western blotting,
and RT-gPCR. In order to determine changes in uninfected cell CAR localization
we will employ immunofluorescence confocal microscopy colocalization with
Cx43 or WGA-labeled cell membranes. Additionally, we will assay changes in
basolateral localization of CAR in confocal imaging. Given the importance of
integrin av proteins for infectability of cells, we will carry out colocalization
analysis by IF of CAR and integrin av. Super resolution STORM microscopy
localization will be carried out to quantify the spatial relationship of CAR in situ.
Cross-pair correlation functions are generated from STORM data with the

probability of localizing two distinct target molecules at a given distance with a
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function value of 1 is interpreted as no correlation with increasing function values
confirming complexing by two molecules. We will interrogate changes in Cx43,
CAR and integrin av localization in uninfected neighbor cells by STORM through

colocalization and cluster analyses.

Discussion

Viral infection and subsequent spread or progeny have classically been
considered two disparate parts of the infectious cycle. Infection itself consists of
viral uptake, a varying degree of cellular reprogramming, and ultimately viral
replication and egress. While viral spread is driven by diffusion of infectious
particles, it is becoming increasingly appreciated that viruses have evolved
methods to direct egress and thus direct viral spread. The utilization of cell-cell
junctional proteins by several viruses as receptors for attachment and
internalization further highlights this focused route of transmission. We previously
demonstrated transcriptional and post-translational targeting of gap junctions by
human adenovirus.3® During Ad5 infection, we observed intracellular depletions
of Cx43 while membrane localized Cx43 is preserved. Here we demonstrate that
existing gap junction structures are maintained during infection, resulting in
proximal recruitment of additional cell-cell junctional proteins and influencing viral

spread.
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Cx43 gap junction synthesis, forward trafficking, channel-gating, and
internalization, is under exquisite cellular control with a relatively rapid turnover
compared to other cell-cell junctional components. This is accomplished by
transcriptional and translational regulation, as well as at the level of post-
translational modifications occurring primarily at the Cx43 c-terminus. Many cell
type-dependent transcription factors have been identified as regulating GJA1
expression including TBX2, PAR1, AP, SP1, NKX2.5, STAT3, and IRX3 during
development and for homeostasis.3%#4 B-catenin has recently been demonstrated
to transcriptionally repress GJA1 in addition to the classical definition as an
activator in the context of adenoviral infection.334% Cx43 translational regulation is
altered during TGF-[3 treatment and hypoxia resulting in changes to internal
translation initiation and gap junction formation due to altered 5 UTR length.46:47
Independent of total protein, gap junction function can be modified through post-
translational modifications with extensive studies focusing on phosphorylation
(reviewed in 48-0), Specifically, it has been demonstrated that MAPK
phosphorylation of Cx43 at Ser255/262/279/282 is associated with
internalization.3%51-%3 We previously identified reduced phosphorylation of Cx43 at
Ser262 suggesting gap junction internalization is not induced during adenoviral
infection.®3 Here, we find increased Cx43 half-life in agreement with the model
that although de novo Cx43 is reduced during adenoviral infection, Cx43
internalization is reduced. MAPK phosphorylation at Ser262 has been shown to
precede ubiquitination, internalization, and degradation through clathrin-

dependent, proteasome-dependent, and lysosomal pathways.>+¢ Additional
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work elucidating adenoviral manipulation to these internalization processes will
further clarify mechanistically how gap junctions are being maintained during

adenoviral infection.

Extensive cross-talk and interdependency among classically defined disparate
junctional families has been demonstrated between gap junctions and adherens
junctions, tight junctions, and desmosomes. An example of multijunction cross-
talk at the cardiac intercalated disc is the tethering of gap junctions, adherens
junctions, and cardiac desmosomes through interactions between Cx43,
plakophilin-2, and ankyrin-G.5” We hypothesized that Cx43 maintenance results
in gap junction stabilization as a viral mechanism to recruit CAR on uninfected
neighboring cells to proximal cell membranes. CAR, localized to tight junctions in
epithelial cells, is a primary receptor for Ad5 and is critical in cardiac
development as loss of CAR is embryonic-lethal in mice.® Ablation of CAR
expression induces a reduction in Cx43 expression; however, altered expression
or localization of Cx43 effects on CAR have yet to be described.?! Given the
interdependency of localization and expression between junctional complexes,
we next sought to determine the junctional status of Cx43 (i.e. gap junction
maintenance or connexin43/connexon maintenance) during adenoviral infection
where we demonstrate Cx43 is primarily junctional by Triton X-100 solubility
fractionation. Interestingly, human papilloma virus type 16 (HPV16), another virus
described to target Cx43 through the HPV16 E6 protein, results in increases of

intracellular Cx43 translocating from the membrane revealing unique viral
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approaches in the manipulation of Cx43 localization and macromolecular

structures.%®

Overexpression of Cx43 increases transepithelial resistance implicating gap
junctions in mechanical coupling in addition to intercellular communication.0.61
Having demonstrated increased junctional Cx43 during adenoviral infection, we
next sought to determine changes in mechanical coupling during infection. By
ECIS we demonstrate a transient increase in electrical resistance across a
monolayer of infected cells indicative of enhanced mechanical coupling. Cx43, in
addition to many other membrane proteins, contains a PDZ binding motif
enabling binding to PDZ domain-containing proteins, including the scaffolding
protein zonula occludens-1 (Z0O-1), affecting intracellular signaling events from
the plasma membrane (reviewed in 62). Blocking Cx43/Z0-1 complexing utilizing
a Cx43 c-terminal mimetic peptide reduces transepithelial barrier resistance
revealing a role for Cx43/Z0-1 complexing in mechanical coupling.®® Additionally,
overexpression of CAR is demonstrated to increase transepithelial resistance but
resistance is attenuated in a PDZ binding motif-deleted CAR mutant, indicating
intracellular interactions of CAR through PDZ domain binding further support
mechanical coupling.®* We previously demonstrated gap junction remodeling
through reduced Cx43/Z0-1 complexing in both epithelial cells and
cardiomyocytes.3® The transient induction of electrical resistance during

adenoviral infection is therefore independent of Cx43/Z0-1 complexing and we
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attribute this increase in mechanical coupling to junction protein abundance

and/or stabilization.

Our future directions and work in progress focuses on elucidating if this transient
increase in mechanical coupling coincides with increases in CAR and/or integrin
av on apposed cells at the infected-uninfected interface and if changes are

detected, does this contribute to directional and more efficient adenoviral spread.
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Figure 4.1) Cx43 is maintained at the plasma membrane during adenoviral
infection. A549 (A) or HaCaT (B-E) cells were infected with AdlacZ or Ad5 at a
MOI of 10 iu/cell. A) Immunofluorescence confocal microscopy of AdlacZ- or
Ad5-infected A549 cells at 24 hpi. Cx43 is shown in green in merged image or
white in single channel. Ad5 E2A is shown in red. DAPI is shown in blue. Original
magnification: X60. Scale bar: 20 um. Images are representative of 3 separate
experiments. B) Infected HaCaT cells were pulsed using Click-IT chemistry then
harvested every 2 hpi for 12 h prior to immunoprecipitation for Cx43. Immunopre-
cipitated lysates were subjected to western blotting and probed with TAMRA to
detect labeled Cx43 protein. C) Quantification of B and calculated half-life. n=1.
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Figure 4.2) Cells become more mechanically coupled
early during Ad5 infection. HaCaT cells were infected with
AdlacZ or Ad5 at a MOI of 10 iu/cell then assayed by ECIS
over time. Resistance data is shown at 4000 Hz normalized
within treatments.
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Chapter 5
Conclusions

Gap junctions play important roles in homeostasis, development, and organ
function by coupling cells metabolically, electrically, and immunologically. Given
gap junction-mediated roles in antiviral defenses, it is logical that viruses would
target these cellular structures, yet research in this area has been lacking. Here
we have demonstrated that connexin43 (Cx43) is targeted at the level of
transcription with reductions in both mRNA and protein levels. We further identify
Cx43 phosphorylation associated with reduced channel conductance, revealing
adenoviral-induced rapid phosphorylation inhibiting gap junctions prior to loss of
Cx43. Utilizing a small molecule inhibitor approach, we find B-catenin
transcriptional activity is necessary for reductions in de novo gap junction
synthesis and the adenoviral protein E4orf1 is sufficient to induce
phosphorylation of 3-catenin to a transcriptionally active state. Interestingly,
despite reductions in de novo gap junction synthesis, gap junctions are not
directly targeted for internalization and degradation during infection, resulting in
cells with increased junctional Cx43 and mechanical coupling (Figure 5.1).

The question remains: how are increases in mechanical coupling and gap
junction maintenance (albeit, reduced channel conductance gap junctions)
evolutionarily advantageous to human adenovirus. Reductions in Cx43 and gap
junction intercellular communication are likely to limit the spread of cyclic
guanosine monophosphate — adenosine monophosphate (cGAMP) given the
recent discoveries demonstrating a role for this molecule in propagating immune

responses in a population of cells via gap junctions. Furthermore, it is possible
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that there are other small molecules, miRNAs, or short linear peptides that may
have a role in immune signaling that are likewise antagonized through the
reduction of GJIC. We additionally demonstrated gap junction remodeling that
occurs through loss of interaction with the scaffolding protein zonula occludens-1
(Z0-1) and attribute this reduced association with stalled Cx43 dynamics, both
incorporation into and removal from gap junction plaques. This model is further
supported by Cx43 half-life and triton solubility data.

Reasons for maintenance of gap junctions and increases in mechanical coupling
are less clear. Ad5 infection results in maintenance of de facto gap junctions,
decreases in de novo synthesis, and increased junctional Cx43. Specifically, in
regards to forward trafficking, the loss of de novo synthesis and altered kinase
activity during Ad5 infection may be sufficient to reduce Cx43 hemichannel pools
(undocked connexons). Although a focus of this study has been on adenoviral-
mediated targeting of GJIC, it is possible that this gap junction remodeling is a
viral-mediated mechanism to deplete hemichannels. Cx43 hemichannels are
capable of releasing ATP, a purinergic signaling molecule, well described in
adaptive immune responses including recruiting macrophages. It is possible that
Ad5 has evolved a two-pronged approach in restricting GJIC and reducing
hemichannels which would result in a highly orchestrated targeting of both innate
and adaptive immune responses through transcriptional and post-translational
modifications of Cx43 gap junctions.

Given the number of viruses that utilize intercellular junction proteins, including

Ad5 binding of the Coxsackievirus and adenovirus receptor (CAR) protein, we
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hypothesize stabilization of intercellular junctions is a means of predisposing
uninfected neighboring cells to viral invasion by proximal recruitment of
intercellular adhesion molecules including CAR. Indeed, there is widespread use
of intercellular proteins as primary and secondary receptors, as well as entry
factors, for numerous viruses. Our previous understanding of viruses that
manipulate Cx43 gap junctions is limited primarily to human papilloma virus and
murine hepatitis virus; however, this may be a feature utilized by other viruses in
order to direct and influence viral spread. Future work will focus on elucidating
junctional architectural changes in uninfected neighboring cells and how this

influences viral spread.
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Figure 5.1) Graphical summary of key findings. In uninfected cells, GJA1

expression is regulated by numerous transcription factors, including B-catenin.
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After de novo mRNA synthesis, processing, and co-translational insertion into the
membrane of the ER, Cx43 is trafficked through the vesicular trafficking pathway
along microtubules to the plasma membrane. Cx43 connexons (hemichannels)
may be deposited to the plasma membrane or retained in the cytoplasm. Cx43
associates with multiple scaffolding proteins including ZO-1 which retains it from
the gap junction proper. Following initiation of a phosphorylation cascade by
PKC, Cx43 hemichannels are released from ZO-1 and dock with a hemichannel
on an apposed cell forming de facto gap junctions. Next, Cx43 is phosphorylated
by AKT and undergoes reduced channel open probability and altered channel
conductance followed by MAPK phosphorylation and internalization. In Ad5-
infected cells, a novel role for B-catenin transcriptional suppression resulting in
reductions of Cx43 mRNA and protein was identified resultant of adenoviral
E4orf1-induced phosphorylation of B-catenin and subsequently less Cx43
localized in the ER. Altered kinase activity resulted in primarily junctional Cx43,
indicative of loss of hemichannels and cytoplasmic pools, however in a primarily
AKT-phosphorylated closed state. Phosphorylation and half-life data support a
model where Cx43 gap junctions are maintained during adenoviral infection

despite negative gene regulation.
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