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Abstract

Complex regulatory mechanisms control the abundance and localization of transcription factors due to the
broad impact their transcriptional activity can have on cell, tissue and organism physiology. The activity of
transcriptional repressor B cell lymphoma 6 (Bcl6), which has been well studied for its roles in immune
cell specification and lymphoncogenesis, is largely regulated by its targeted degradation. However, outside
of tumor-related angiogenesis, a role for Bcl6 in the vasculature has yet to be defined. Bcl6 has been
reported to interact with Pannexin 3 (Panx3) channels in other cell types, though the product of this
interaction has yet to be described. Here, we report that Bcl6 interacts with Golgi-localized Panx3 in
endothelial cells, and demonstrate that Panx3-Bcl6 interactions modulate the endothelial transcriptional
landscape by shielding the transcriptional repressor from targeted degradation. We show genetic deletion
of Panx3 from endothelium induced spontaneous hypertension, aligning with human data, but did not result
in any tested channelopathies. When Panx3 was deleted from endothelium, there was significantly
decreased Bcl6 protein, but not Bc/6 mRNA, hinting Panx3 may stabilize Bcl6. In the absence of Panx3,
Bcl6-protected oxidative genes Nox4 and NFkB were significantly increased. The result was H,O,-specific
oxidative damage throughout the vasculature and circulation. Pharmacological inhibition of the Panx3-Bcl6
interaction recapitulated an increase in Nox4 and blood pressure. These data elucidate a channel-
independent function of Panx3 wherein interactions with perinuclear Bcl6 can dictate transcriptional
repression and protect against oxidative stress. Our next study aimed to determine if Panx3-Bcl6
interactions would alter communication between endothelium and inflammatory cells. Unexpectedly, we
found that loss of endothelial Panx3 was associated with a significant increase in the expression of L4
receptors on endothelium and concomitant increase in IL4 in bone marrow. Because activation of IL4 has
been reported to drive expression of Bcl6 in other cell types, we considered the potential for vascular-
immune signaling to contribute to blood pressure regulation. To this end, genetic deletion of endothelial
Panx3 was associated with a significantly increased population of circulating basophils, a primary source

of IL4. Preliminary studies involving expansion or depletion of the circulating basophil population were



shown to reduce or augment systemic blood pressure, respectively. These data elucidate a novel Golgi-
localized oxidative signaling pathway in endothelium with a potential basophil-derived negative feedback

loop for the purpose of homeostatic blood pressure control.
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Chapter 1: General Introduction

1.1: Blood pressure regulation and vascular oxidative stress

Blood pressure is an important indicator of health, as hypertension is the foremost risk factor for global
mortality.' Operating as a closed loop system, blood pressure is a dynamic parameter that is influenced by
the cardiac output and vascular resistance, with each determinant governed by its own intricate regulatory
mechanisms. Vascular resistance is the force exerted by the vasculature in opposition to blood flow. In
Poiseuille’s Law, vascular resistance is calculated by accounting for vessel length and blood viscosity over
the vessel radius raised to the fourth power, which highlights how alterations of vessel diameter, in the form
of constriction and dilation, is a major determinant of vascular resistance. Changes in vessel diameter are a
function of smooth muscle contractility, though the endothelium is more than a passive barrier to the
circulation. At the interface with the circulation, the endothelium is a flat, largely continuous monolayer
which participates in heterocellular communication, regulating constriction and relaxation of smooth
muscle through the release of vasoactive factors. While all arteries are composed of endothelium and
overlaying smooth muscle, their unique characteristics determine how they contribute to total peripheral

resistance.

Resistance arteries are anatomically and functionally distinct from larger conduit arteries. Characterized by
their small diameter (<200um) and the presence of only 1-2 layers of smooth muscle cells (SMC), resistance
arteries have been reported to generate 80-90% of vascular resistance in skeletal muscle tissue.” In
comparison, large conduit arteries such as the aorta or carotid are characterized by a thick vascular wall
composed of several layers of smooth muscle and elastin-rich extracellular matrix to contend with and
dampen pulsatile flow. The myoendothelial junction (MEJ) is another anatomical feature unique to
resistance arteries. First described in 1957, MEJs are endothelial protrusions through fenestrations in the
extracellular matrix. These protrusions directly connect endothelial cells (EC) and SMC, thereby promoting

heterocellular communication.® To this end, the MEJ is a signaling microenvironment, enriched with cation
g g



channels and gap junctions to facilitate EC-SMC signaling through membrane hyperpolarization and the
sharing of cytoplasmic contents, respectively. However, in large arteries, the internal elastic lamina (IEL)
forms a continuous matrix which physically separates SMC from EC. In order to dilate large arteries,

endothelium signaling to SMC is mediated in large part by nitric oxide (NO) signaling.

Capable of diffusing through cell membranes and matrices, NO is a reactive nitrogen species and potent
vasodilatory signal. Endothelium generates NO mainly through the activation of endothelial nitric oxide
synthase (eNOS) which catalyzes a reaction between L-arginine and oxygen to generate L-citrulline and
NO.* In SMC, NO directly binds soluble guanylate cyclase (sGC), inducing cyclic guanine monophosphate
production (cGMP) and downstream relaxation of the smooth muscle cells. Following muscarinic
activation, changes in intracellular calcium can drive eNOS interaction with calmodulin and activate NO
generation. Alternatively, eNOS can be activated by phosphorylation at Ser1177 downstream of PKA or
Akt activation, following a stimulus such as shear stress. The essential role for NO in regulating vascular
hemodynamics became obvious from animal studies. Inhibition of eNOS activity via global genetic
knockout® or pharmacological inhibitors® results in dramatic hypertension. Under normal conditions, eNOS
exists as a homodimer. However, in pathological conditions such as aging or diabetes, eNOS can become
physically uncoupled. Unregulated electron transport of uncoupled eNOS can favor the generation of
superoxide (Oy) over nitric oxide and ultimately induce endothelial dysfunction.”® Furthermore, NO and
superoxide can react to form peroxynitrite (ONOQO"), which reduces the bioavailability of NO and drives

endothelial dysfunction in obesity and pulmonary hypertension.’ °

Similar to reactive nitrogen species, reactive oxygen species (ROS) are naturally produced as a consequence
of oxygen metabolism, and can often be neutralized by cellular antioxidant defenses. During periods of
ROS overproduction and imbalance, ROS can damage nucleic acids, proteins and lipids indiscriminately.
Transcriptional alterations can impact expression of antioxidant systems as well as oxidant generating

systems. For instance, NF«B activation can drive vascular NADPH Oxidase isoforms (Nox1, Nox2, Nox4,



NoxS5) resulting in ROS overproduction and oxidative stress.''"* Endothelial cells are at a significantly
greater risk for oxidative damage from ROS production because of their highly metabolic nature.'* In
endothelium, activation of NFxB produces proinflammatory cytokines that have been shown to cause a
significant increase in blood pressure,” and can drive vascular oxidative stress.'®'® The pathological
connection between vascular ROS and cardiovascular diseases has been well-documented. Indeed, many
experimental models of hypertension rely on the generation of ROS to induce hypertensive phenotypes,
including: angiotensin-II,'" aldosterone,”” ?! high-fat diet,”> ** high salt diet,”* ** and DOCA-salt.”* %’
Furthermore, hypertensive patients reproducibly exhibit increased oxidative stress and decreased
antioxidant capacity as compared to normotensive participants.**>° In spite of their causal connection,
clinical trials specifically testing antihypertensive effects of antioxidative agents are relatively rare.* 3!’

Antioxidant administration was shown to decrease blood pressure in hypertensive patients within a selection

of randomized double-blind placebo-controlled studies.”” * However, other clinical studies suggest that

36,37 33,34

antioxidants augment™ >’ or have no effect’ " on hypertension. Altogether, these clinical studies have been
heavily criticized, citing choice of antioxidant agents, duration of treatment and lenient patient exclusion
criteria as possible confounding variables.?” *** It is also possible antioxidant administration has been

ineffective at controlling hypertension due to interference with nascent oxidative signaling.

While historically ROS have been perceived as health burdens due to their potential to damage cellular
components, many in the field view ROS as another means of cellular signaling. Nox4 was recently reported
to act as a bona fide oxygen sensor due to its unusually high binding affinity for O, (Km 18%).* While
Nox4 is generally considered to be constitutively active, careful analyses revealed that the rate of hydrogen
peroxide (H,0,) generation by Nox4 is determined by tissue oxygenation.** Vascular tissue oxygenation

41, 42

can range from 4-14%, which would result in more than 300% increase in Nox4 activity.* Taken

together with reports that vascular Nox4 expression is driven under both hypoxic*** and hyperoxic* ¢

conditions, this poses Nox4 as an important adaptation to oxidative stress with the ability to finely tune

H,0; production in response to cellular stimuli. Altogether, this highlights the importance of considering



the different sources of ROS and their mechanisms of action in understanding their impact on cellular

physiology.

H,0; can also directly impact arterial constriction and dilation. It’s small nonpolar nature coupled with its
ability to diffuse across membranes makes this specific ROS a key signaling molecule that can arise from
endothelium.*”** H,O, can be directly generated by Nox4, or through the dismutation of superoxide. Like
NO, H,0; can diffuse through membranes, though H,O, has a much longer half-life which may permit
long-range downstream effects. Endogenous H,O; participates in the generation of myogenic tone,* a
defining feature of small arteries in which smooth muscle cells constrict respond to sustained increased in
intramural pressure. Along those lines, exposure to mild doses of H>O, induces constriction of smooth

30.51 and resultant activation of the smooth

muscle cells through activation of cyclooxygenase enzymes
muscle thromboxane receptor.’? Paradoxically, supraphysiological doses of H,O, induce a rapid and
dramatic dilation of small arteries which involves NO generation and hyperpolarization of endothelium and

smooth muscle through the activation of potassium channels.” To this end, overexpression of Nox4 in

endothelium has been reported to induce systemic hypotension.™

1.2: Pannexin channels

The concept of cellular topology is central to research on large pore channel proteins like pannexins. A
transmembrane channel fated for the plasma membrane is constructed in the endoplasmic reticulum (ER)
and processed through the Golgi Apparatus, trafficking through the organelles in vesicles, before reaching
its final destination. Upon translation, intracellular domains of the protein are delivered to and maintained
in the cytoplasm; the ‘extracellular’ domains will be exposed to the lumens of the organelles and vesicles
before emerging to the extracellular space when the protein is delivered to the plasma membrane. In an
additional level of complexity, each of these compartments will have distinct electrochemical gradients; as
such, a channel opening on the plasma membrane will trigger distinct downstream signaling events than

the same channel opening on each organelle. To this end, the transient receptor potential vanilloid 1



(TRPV1) channels are best known for their roles as plasma membrane channels transducing sensation of
heat and acidity in nociceptive neurons through influx of extracellular calcium ions;* however, in
microglia, TRPV1 preferentially localizes to mitochondrial membranes, and its activation increases
mitochondrial calcium content rather than cytoplasmic calcium, ultimately promoting cellular migration.>
The topology and localization of a channel determines the functional consequence of the channel’s

activation.

The current study aims to elucidate how the transmembrane channel Pannexin 3 (Panx3) contributes to
endothelial physiology and development. Due to a dearth of relevant literature, it was necessary to
additionally assess many foundational channel properties of Panx3, including its subcellular distribution
and oligomeric state. Thus, a multiscale approach enabled assessment of both (1) basic channel properties
of endogenously expressed Panx3 and (2) organism-scale physiological effects of its conditional, inducible

deletion from endothelium.

The pannexin family of glycoproteins consists of three isoforms (Panx1, 2, 3). Topologically similar to
connexins, the vertebrate gap junction proteins, each pannexin monomer contains a four transmembrane
domains, two extracellular loops, with the N-terminus, one loop and the C-terminus restricted to the
cytoplasm.*® The transmembrane channel is formed when six or more of the monomers oligomerize
together. A gap junction is formed when the extracellular domains of two connexin oligomers expressed
on the membrane of two adjacent cells bind, bringing the abutting membranes in close apposition. Opening
a gap junction effectively connects the cytoplasmic contents of the neighboring cells, enabling the passage
of second messengers, ions, and electrical impulses in an efficient mechanism of localized intercellular

communication.

Because of these structural similarities, initial investigations hypothesized pannexin channels would form

functional gap junctions,”’ like connexins. However, attempts to detect gap junction activity through dye



transfer or dual voltage clamp assays have largely failed to demonstrate Panx3-dependent intercellular
communication.””* Glycosylation of the extracellular loops of Panxl and Panx3, which promote their

trafficking to the plasma membrane,*®*

would likely sterically hinder the close apposition of pannexins in
a gap junction complex. To this end, gap junctional current associated with Panx1 was detected in xenopus
oocyte pairs only following treatment with an extracellular deglycosylation enzyme,®' further indicating
nascent glycosylation inhibits the formation of pannexin gap junctions. In contrast, pannexin-associated
gap junctional current was reported in a single study led by Dr. Amal Kanti Bera in 2014 using HeLa cells
stably expressing rat Panx3 or rat Panx1; though their attempts to reproduce their findings failed in a murine
neuroblastoma line (N2A) as well as a rat adrenal medulla line (PC-12). Interestingly, assessments of
glycosylation status revealed the majority of Panx1 is glycosylated in N2A and PC-12 cells, but not HeLa
cells, and the lack of extracellular glycosylation may permit the formation of Panxl gap junctions.
Unfortunately, assessment of Panx3 glycosylation was not included in the study. It is also worth noting that
the HeLa cells used in the Bera study endogenously express Panx1 as well as several connexin isoforms
(Cx26, Cx31.1, Cx45).° It is possible that transiently expressed Panx3 could form chimeric assemblies
with novel channel properties, confounding interpretation of their results. To this end, another independent
study failed to demonstrate pannexin gap junction activity in HeLa cells deficient for gap junctional
intercellular communication, and noting Panx3 distribution to intracellular membranes as well as the plasma
membrane in this condition.” This suggests that while the transcripts for endogenous Cx26, Cx31.1, Cx45
and Panx1 were unchanged by overexpression of Panx1 or Panx3,% their expression may have contributed
to junctional current generation. Altogether, a mounting body of evidence suggests pannexins operate as

single membrane channels unable to function as gap junctions in most mammalian cells.

As channel proteins enable permeant diffusion across membranes, their localization is integral to their
function. Panx1, the most-studied pannexin isoform, has consistently been localized to the plasma
membrane where it has been reported to facilitate purinergic signaling.*” %> Though various reports also

note intracellular localization.”” * In contrast, Panx2 has largely been observed on intracellular membranes



(including endoplasmic reticulum and Golgi Apparatus, but excluded from endosomal system or

65, 66 66, 67

mitochondria® ™), though some reports note additional minimal distribution to the plasma membrane.
However, the subcellular distribution of Panx3 appears to be more variable than for the other pannexin
isoforms. Human embryonic kidney (HEK293T) cells overexpressing Panx3 exhibit a preference for its
localization to intracellular membranes which is exaggerated in a glycosylation-resistant mutant
(Panx3"'?) indicating that glycosylation of Panx3 likely promotes plasmalemmal distribution. In both

transient and stable expression systems, Panx3 is most frequently reported at the plasma membrane,®->* 6>

68-71 59,72-74

though some reports note a preference for intracellular distribution and others observe the protein
at both locations.” ®* 7>7® However, endogenously expressed Panx3 has been observed on intracellular
membranes (in human epidermal samples,”® 7 including keratinocytes, sebaceous and eccrine glands, as
well as the vascular wall;” in cultured MC3T3-E1 osteoblast cells®’). Exogenous expression systems have
been reported to result in mislocalization and supraphysiologic abundance of the target protein,®*®' which
may contribute to this disparity. The distribution of Panx3 can also be perturbed through protein tagging.
In normal rat kidney (NRK) cells, the presence of a green fluorescent protein (GFP) tag impairs trafficking
of transiently expressed Panx3, resulting in its restriction to the endoplasmic reticulum while untagged
Panx3 distributes to the plasma membrane. In the same study, Panx1 and Panx1-GFP both localize to the
plasmalemmal membrane,’® further demonstrating distinct regulation of Panx1 and Panx3 trafficking.
Tagged fusion proteins have been reported to mislocalize other membrane bound proteins,*” including
caveolins,®® though the mechanism of why this phenomena occurs has yet to be described. Altogether, the

localization of Panx3 appears to be easily perturbed, varying with post translational modifications,

expression systems, protein tagging and cell type.

As a protein family, pannexins exhibit notable variability in their oligomeric status. Panx1 was originally
reported as a hexamer via chemical crosslinking,** wherein protein lysates are treated with a
homobifunctional compound that nonspecifically reacts with free amines, tethering proximal proteins and

subunits together for analysis of macromolecular weight. However, recent work has reproducibly



demonstrated heptameric Panx1 assemblies using cryogenic electron microscopy to visualize the structures
with up to 2.8A resolution.”” ¥ In contrast, crosslinking of Panx2 has revealed octameric structures,”’
indicating potential plasticity in the pannexin multimeric assemblies, though this has yet to be confirmed
with more precise techniques. The oligomeric structure of Panx3 has yet to be described, though many
assume Panx3 would adopt heptameric assemblies, like Panx1, due to their high degree of sequence
similarity. However, if the Panx3 multimeric assemblies follow the pattern of Panx3 subcellular
distribution, then the oligomeric status may vary based on cell type and expression system. While
unconventional, channel assemblies with different stoichiometries has been reported for other large pore
channels. Indeed, calcium homeostasis modulator (CALHM) channels have been reported to assemble
decameric, undecameric and dodecameric oligomers.* Canonically, the size of multimeric assemblies is
determined by energetically favorable oligomeric conformations. As such, multimeric plasticity indicates
the energetic requirements to incorporate additional monomers is insignificant enough to permit variable

assemblies.

While Panx3 is incapable of functioning as a gap junction, it may operate as a single membrane channel

under permissive circumstances. Indeed, several in vitro studies report increased dye uptake,*® 3% %

73,91, 92 68, 69, 78, 90, 91, 93

intracellular calcium flux, or ATP release associated with Panx3 expression, using

mechanical stimulation,®® ATP®® 73 ° %2 or membrane depolarization facilitated by exposure to high
p y exp g

68, 72, 78, 91

concentrations of potassium to activate the channel. Some reports include treatment with

carbenoxolone, a nonspecific Panx1 inhibitor, in attempts to demonstrate Panx3 channel function.” %3
Carbenoxolone is a nonspecific inhibitor, known to block Panx1 in addition to connexins,”* voltage-gated
calcium channels,” and N+/K+ ATPase.’® It is possible that the carbenoxolone-sensitive current associated
with Panx3 expression may actually represent the activity of an unnamed channel whose expression is
altered with Panx3 induction. Furthermore, each of these studies relied on exogenous expression systems

in cultured cells, which can augment protein abundance and localization.**:*' However, an elegant study by

Michalski and Kawate in 2016 brings into question whether Panx3 may exhibit a distinct response to



carbenoxolone. Here, electrophysiology was used to assess conductance through Panx1, Panx3 and novel
chimeras. Panx3 expression alone was insufficient to generate channel conductance at baseline, unlike
Panx1, which produced an outwardly rectifying, carbenoxolone-sensitive current. However, a Panx1
chimeric mutant, containing the residue sequence of the first extracellular loop of Panx3 instead of the
nascent Panx1 loop, supported channel conductance at baseline, and intriguingly, exhibited a dramatic dose-
dependent increase in conduction through the channel following exposure to carbenoxolone.”
Carbenoxolone interacts with Trp74 in the first extracellular loop of Panx1 to allosterically inhibit channel
activity.””®” Despite a high degree of conservation in this domain, in Panx3, this residue is replaced with
isoleucine,”” a much smaller hydrophobic moiety which may not support the same interactions with small
molecules such as carbenoxolone. To this end, there is a gap in the field’s understanding of Panx3 channel

functionality in the skin, bone and vasculature.

Because channel proteins can exhibit channel-independent functions, their biological functions are not
limited to channel activation. The role of Connexin 50 (Cx50) in the developing eye lens is an elegant
example of these noncanonical functions. Global Cx50 knockout mice exhibit developmental impairments

in the eye”™* due to reduced proliferation of lens epithelium,” "'

indicating a role for Cx50 in cell cycle
progression. However, attempts to recapitulate this phenotype through expression of dominant negative
Cx50 orthologues were unsuccessful. The Cx50 mutant orthologues paradoxically promoted epithelial
proliferation and differentiation, despite their inability to form functional gap junctions.'”® Indeed, later
work identified an alpha helix in the Cx50 C-tail which facilitates interactions between Cx50 and the E3
ubiquitin ligase Skp2.'%*'* The product of this interaction promotes degradation of Skp2. In the absence
of Cx50, Skp2 translocates into the nucleus and efficiently degrades cell cycle regulator p27, ultimately
promoting premature quiescence of the lens epithelium and impairing eye development.'® Similarly, Panx1
has been shown to inhibit progression of rhabdomyosarcoma, an aggressive pediatric soft tissue sarcoma.

Exogenous Panx1 expression reduced cell proliferation and migration in embryonic and alveolar cell lines

derived from rhabdomyosarcoma patients. The effect was maintained despite exposure to Panx1 channel



inhibitors, implicating a noncanonical role of the channel protein inhibiting tumorigenesis.'”> Empirical
interactome analyses uncovered a novel interaction between Panx1 and the scaffolding protein AHNAK.
Indeed, loss of AHNAK abrogated the protective effects of Panx1 expression on proliferation and migration
of the patient derived cell lines, though a complete mechanism of this effect has yet to be described.'®
While the functional effects of channel proteins are often linked to their canonical pore gating behavior,

channel-independent functions exerted through protein-protein interactions can also impact cellular

physiology.

While it has yet to be described in the literature, it is possible that Panx3 also functions through protein-
protein interactions instead of, or in addition to, its potential channel functionality. To this end, Panx3 has
been implicated in interactions with RecQ-like protein 4 (RECQL4),'” a component of nuclear and
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mitochondrial RecQ helicases, and transcriptional repressor B cell lymphoma 6 (Bcl6)™ through affinity
capture-mass spectroscopy. With Panx3 localizing to endoplasmic reticulum, Golgi Apparatus or the
plasma membrane, one may assume that neither of these interactions would occur under normal
physiological conditions due to spatial restrictions. However, while Bcl6 is mainly localized to the nucleus,
though independent protein localization descriptions™ and validated protein interactions with Golgi-
resident proteins'® "'’ demonstrate the Golgi Apparatus as a secondary localization site for Bcl6. Panx3

and Bcl6 may prove to interact under physiological conditions, though the product of this interaction is not

yet known.

1.3: Transcriptional Repressor Bcl6

Bcl6 is a transcription factor with well-documented roles in immune specification. As its name would
suggest, Bcl6 is required for normal development of B lymphocytes and its dysregulation is associated with
many forms of human lymphoma.''""'"* Transcriptional activity of Bcl6 is required to promote B cell
survival against an onslaught of genotoxic stress during the somatic hypermutation and class switch

recombination process from which a diverse repertoire of immunoglobulin genes arise.''*'"” Because



repression by Bcl6 can promote proliferation and survival in spite of DNA damage and cellular stress, it is
a gene frequently dysregulated in lymphomas and other cancers. Indeed, chromosomal rearrangements of
the Bcl6 gene are observed in nearly half of the cases of Diffuse Large B Cell Lymphoma (DLBCL),'* the
most common form of non-Hodgkin’s lymphomas. However, global knockout mice deficient for Bcl6
suffer from neonatal cardiovascular death due to myocarditis and pulmonary vasculitis by mechanisms that
still are not understood, '*' suggesting that Bcl6 may also exert important functions in the cardiovascular

system and immune interactions with the vasculature.

Despite this, there has been little formal investigation of the impact on transcriptional repression by Bcl6
in the vasculature. During angiogenesis, Bcl6 is required to promote endothelial stalk phenotype through
regulation of Notch related genes including Hes1, Hey1 and DI14.'* Because Bcl6 activity has been shown
to promote proliferation of other cell types,'?*'** Bcl6 activation may also promote the proliferation of stalk
cells required for elongation and maturation of developing blood vessels. Similarly, Bcl6-associated-Zinc-
Finger protein (BAZF), a close homolog of Bcl6 which has been shown to bind the same DNA elements'?*
126 and even form heterodimers with Bcl6,'?” was identified in a screen of molecules that mediate VEGF
signaling through downregulation of Notch signaling.'*® However, there is little known about the functions
of endothelial Bcl6 outside of development. In vitro studies suggest Bcl6 can repress expression of adhesion
molecules that facilitate leukocyte rolling and extravasation,'” suggesting anti-inflammatory effects of
endothelial Bcl6 activation. Endothelial Bcel6 promotes angiogenesis, though its role in mature vascular
tissue and its potential to mediate immune interactions have yet to be described.

114.130 5 central unstructured domain which includes

Structurally, Bcl6 contains an N-terminal BTB domain,
several PEST sequences,”' and a C-terminal domain with six Kruppel-type Zinc Finger (ZF) domains to
facilitate DNA binding."** '** The BTB domain, named after transcription factors originally identified in

drosophila (Broad Complex, tramtrack, bric a brac), is a highly conserved region which facilitates protein-

protein interactions. Through the BTB domain, Bcl6 interacts with corepressors including but not limited



to silencing mediator for retinoid or thyroid hormone receptor (SMRT),'** %’

nuclear receptor corepressor
1 (N-CoR1),"** BCL6 corepressor (BcoR),'** and Histone deacetylase 1 (HDAC1).'** Differential binding
of corepressors can affect the transcriptional effects of Bcl6 activation. The PEST sequences confer an
additional means of regulation, phosphorylation of the PEST sequences, particularly at Ser333 and Ser343,

promote proteasomal degradation of Bcl6 to effectively inhibit its transcriptional activity.'**'*?

In addition to DNA binding, the ZF domain of Bcl6 can directly interact with the Rel homology domains
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of many NF«kB subunits, © which has been suggested as one manner in which Bcl6 can repress NF«B.

However, the mutually antagonistic relationship of Bcl6 and NFkB extends further than direct interaction.

The primary mechanism of Bcl6 antagonism is transcriptional repression of NFxB promoter sites. Nearly

half of the BCL-6 binding sites on the human genome are within 200 base pairs of an NFkB binding site.'*'

ChIP-Seq analysis of LPS-stimulated DLBCL cells demonstrate a switch from Bcl6 binding during
quiescence to NFkB binding following activation.'*' Similarly, Bcl6 inhibition of NFkB has been shown
to regulate immune activation and tissue remodeling during atherosclerosis progression. Adoptive transfer
of Bcl6 deficient bone marrow cells resulted in a dramatic increase in plaque coverage at the aortic root and
along the length of the aorta in a cholesterol-mediated model of atherosclerosis.'* While this study
identifies Bcl6 activation in inflammatory cells as an important regulator of atherosclerosis, it drives
curiosity as to whether Bcl6 activation in smooth muscle and endothelial cells would also contribute to the

progression of atherosclerosis and other cardiovascular diseases.

The current study seeks to understand the physiological impact of interactions between Panx3 channels and
transcriptional repressor Bcl6 in the vasculature. Our data suggest that Panx3 and Bcl6 interact in
endothelium, which shields Bcl6 from degradation and protects against vascular oxidative stress. Using a
conditional, inducible genetic knockout of Panx3 from endothelium, we demonstrate increased Bcl6

degradation, loss of Bcl6 transcriptional activity and consequent upregulation of H,O,-producing Nox4. In



this condition, we observe a proinflammatory, pro-oxidant vascular environment which facilitates the
development of spontaneous systemic hypertension through H,O»-induced impairments in endothelial-
mediated vasodilation of resistance arteries. Special care has been taken to assess immune activation in the
context of genetic deletion of endothelial Panx3, with largely unremarkable results. However, we uncover
a potential basophil-endothelial signaling axis and accumulate evidence to suggest a role for basophil-

derived IL4 to drive endothelial expression of Bcl6 and contribute to systemic blood pressure regulation.



Chapter 2: Materials and Methods

Human Samples

The collection and use of human adipose tissue biopsies were approved by the University of Virginia’s
Institutional Review Board for Health Sciences Research (Study 17194). Human volunteers with resistant
hypertension (elevated blood pressure above 140 mmHg systolic) and healthy controls had an approximate
40 mmx20 mm biopsy of adipose tissue removed from the abdomen (no additional procedures were
performed), which was immediately placed in ice-cold KREBS buffer and arterioles dissected manually
within 30 minutes of removal. Samples collected for immunostaining were placed in 4% paraformaldehyde,
and paraffin embedded. Samples collected for mRNA quantification were collected in Trizol and frozen at
-80C. All subjects were males (N = 4). Hypertensive participants had an average age of 47.75+/-4.23 years,

with a body mass index of 36.75+/-5.24.

Cell Culture

Human aortic endothelial cells (HAoEC, PromoCell, C-12271, Lot#431Z013.5) and human coronary artery
endothelial cells (HCAEC, Cell Applications, 300-05a, Lot#3159) were cultured in Endothelial Cell
Growth Medium 2 with the manufacturer’s recommended supplements (PromoCell, C-39211). For golgi
neutralization, HCAEC were plated on fibronectin-coated coverslips (Sigma, FC0105) and exposed to
2.5mM ammonium chloride (Sigma, A9434) or vehicle (deionized water) for 48 hours prior to fixation in
4% paraformaldehyde. For overexpression studies: HEK293T were cultured in DMEM, high glucose
(Gibco, 11965-092) supplemented with ImM sodium pyruvate, 1% Pen-Strep (Gibco, 15140122), 10%

FBS (Avantor, 97068-085).

Animals
All mice were mixed sex, 10—20 weeks of age, on a C57BI1/6 genetic background, and were cared for under

the provisions of the University of Virginia Animal Care and Use Committee and followed the National



Institutes of Health guidelines for the care and use of laboratory animals. C57Bl/6n mice were purchased
from Taconic. The inducible, EC-specific Panx3 knockout mice (VECadER™/Panx3™") were generated
by crossing VECadER™"/Panx3™™ mice (a kind gift from Dr Ralf Adams, Max Plank Institute, Germany)
with VECadER™/Panx3™" mice."*® To conditionally induce Panx3 deletion in the vascular endothelium,
VECadER™*/Panx1"™ (EC Panx3**) and VECadER™/Panx1™® (Panx1™") littermates received
intraperitoneal (I.P.) injections of Tamoxifen (1 mg in 0.1 ml peanut oil) at six weeks of age for 10
consecutive days. All animal experiments were performed at least 14 days from the final injection with
tamoxifen. The global Panx3 knockout mice were generated by crossing B6.Cg-Edil3Te5*
eelAme/ 1*/Panx3™™ mice (Jackson, #008454) with B6.Cg-Edil3TeSo2ealAme//pany 30 mice.'¥ All
experiments were performed on a minimum of three mice. For all assessments of blood, blood was collected
via terminal cardiac puncture using a syringe fitted with 25G needle, coated with EGTA to prevent clotting.
To assess plasma renin levels, ~100ul of whole blood was collected via tail vein into gold microtainers
two hours into the dark/active time period. Following centrifugation, renin concentration was assessed in
isolated plasma using a Mouse Renin 1 ELISA (Ray BioTech, ELM-Reninl-1). To assess circulating
hydrogen peroxide concentration, plasma was isolated from whole blood and passed through
deproteinization columns within 30 minutes of collection (Abcam, ab93349). Deproteinized plasma was
processed using the Hydrogen Peroxide Assay Kit (Abcam, ab102500). Cardiac MRI data was collected
from anesthetized mice using a black blood sequence following imaging in the 7T ClinScan MRI. For
catalase dosing, pegylated-catalase (40,000U/kg) were injected retro-orbitally in alternating eyes for five
days. Assessment of IL33 was determined from blood plasma using commercial ELISA kit (Thermo Fisher
Scientific) as per manufacturer’s instructions. Plasma was isolated from whole blood by centrifugation at
5000xg for 10 minutes at 4C in gold microtainers (BD, 365967). Cytokine concentrations in the plasma

lysate were normalized to total protein content measured by BCA Assay (Thermo Fisher Scientific).

Western blotting



Cell and tissue lysates were generated in RIPA (50mM Tris-HCL, 150mM NaCl, 5SmM EDTA, 1%
deoxycholate, 1% Triton-X100) in PBS and pH adjusted to 7.4) supplemented with protease inhibitor
cocktail (Sigma). Lysates were rocked at 4°C for 30-60 min to solubilize proteins, sonicated briefly, and
centrifuged for 15 min at 12,000 rpm to pellet cell debris. Protein concentration was determined using the
BCA method (Pierce). 30ug of total protein was loaded into each sample well. For crosslinking studies,
mesenteric vascular and aortic lysates were made in non-amine lysis buffer (137mM NacCl, 5.4mM KClI,
0.34mM Na,HPOys, 0.35mM KH>POs, 0.8mM MgSQy, 2.7mM CaCl,, ImM NaF, 250mM sucrose, 20mM
Hepes, 10% glycerol). 100 pug of mesenteric vascular and aortic protein was incubated with 0.5 or 2.5mM
bis-sulfosuccinimidyl-suberate (BS*) at room temperature prior to inactivation with Tris HC1 pH 7.5.
Samples were subjected to SDS gel electrophoresis using 8% Bis-Tris gels (Invitrogen) and transferred to
PVDF (when blotting for Panx3) or nitrocellulose membranes for immunoblotting. Membranes were
blocked for 1 hour at room temperature in a solution containing 3% milk (for visualization of Panx3) in
phosphate buffered saline or 3% BSA in Tris buffered saline, then incubated overnight at 4°C with primary
antibodies against Panx3 (Thermo Fisher, 433270; 1:500), eNOS (BD Biosciences, 610297; Cell Signaling
Tech, 9572S), peNOS Thr495 (BD Biosciences, 612706), Bcl6 (BD Bioscience 561520, Cell Signaling
Tech, 5650S), Panx1 (Cell Signaling Tech, 91127S), GAPDH (Santa Cruz, sc-51907), Nox4 (Abcam,
ab109225), p22°™* (Santa Cruz, sc-271968), 3-nitrotyrosine (Millipore, 06-284), Flag (Sigma, F3165).
Membranes were washed and incubated in LiCOR IR Dye secondary antibodies (1:10,000) for 1 hour and
viewed/quantified using the LICOR Odyssey CLx with Image Studio software. Licor Total Protein stain or
GAPDH was used for loading normalization. Representative western blot images have been cropped for

presentation.

Real-time quantitative PCR
Total RNA was extracted from mouse tissues using the Aurum Total RNA Fatty and Fibrous Tissue
Extraction kit (Bio-Rad, #732-6870). RNA concentration was measured using the Nanodropl000

spectrophotometer (Thermo Fisher Scientific). RNA was stored at -80°C before reverse transcription with



SuperScript Il First-Strand Synthesis system (Thermo Fisher Scientific, #18080051) using random
hexamer primers on 1pg of template RNA. Real-time quantitative PCR was performed using TagMan Gene
Expression Master Mix (Thermo Fisher, 4369016) and TagMan Real-Time PCR assays in MGB-FAM for
Pannexin 3/Panx3 (Hs00364808 ml; Mm00552586 ml), Pannexin 1/Panx]l (Hs00209790 ml;
Mm00450900 m1), B-Cell Lymphoma-6/BCL6 (Hs00153368 ml; Mm00477633 ml), v-rel
reticuloendotheliosis viral oncogene homolog B/RelB (Mm00485664 ml), Nuclear factor kB p100
subunit/Nfkb2 (Mm00479807), nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor,
alpha (IxkBo)/Nfkbia (Mm00477798 ml), NADPH Oxidase-2/Cybb (Mm01287743 ml), NADPH
Oxidase-4/Nox4 (MmO00479246 ml), and were normalized to [-2-microglobin/B2M in VIC-PL
(Hs00364808 m1; Mm00437762 ml). Reactions were run in a CFX Real-Time Detection System
(Applied BioSystems) and threshold cycle number (CT) was used as part of the 22T method to calculate

fold change from control.

Immunohistochemistry, histology & Microscopy

Vascular tissues (aortae, third-order mesenteric resistance arteries and veins) were collected and fixed in
4% paraformaldehyde or ice-cold acetone-methanol. For en face preparation, arteries were cut
longitudinally with microdissection scissors and pinned open on polymerized Sylgard 184 (Electron
Microscopy Sciences) using tungsten wire (0.0005”, ElectronTubeStore). Vessels prepared en face were
then permeabilized in 0.2% NP-40 in PBS for 30 minutes at room temperature, blocked in 1% bovine serum
albumin, Fraction V (BSA, Sigma) in 0.2%NP40/PBS and stained with primary antibodies overnight at 4°C
in 0.1% BSA in 0.2%NP40/PBS. For paraffin sections, Spum tissue sections were deparaffinized with heat
(1 hour at 65°C) and histoclear (National Diagnostics, 5989-27-5). Following rehydration, tissues were
blocked in 5%BSA, Fraction V, 0.05% fish skin gelatin (Sigma, G7765), and 0.2% Triton-X100 for 1 hour
at room temperature in a humified chamber. Primary antibodies include Panx3 (Thermo Fisher, 433270;

1:50), Panx3 CT-379% 614 BCL6 (Invitrogen #14-9887-82), PECAM (Santa Cruz, sc-376764, 1:50),



calnexin (Abcam, #ab219644, 1:100), eNOS (BD Transduction, 610297, 1:100), GM130 (R&D Systems,
AF8199), Claudin 5 (Invitrogen, 35-2500), B4GALT1 (Invitrogen, PA5-106617, 1:50), MGATI1
(Invitrogen, PA5-121001), Panx1 (Cell Signaling Tech, 91137S), PrxSo3 (Abcam, ab16830), 3-
nitrotyrosine (Millipore Sigma, 06-28), 4-hydroxynonenal (Invitrogen, MAS5-27570). Samples were
incubated with secondary antibodies at 1:500 for 1-2 hours at room temperature. Nuclear staining was
achieved with a brief incubation with DAPI (Invitrogen, D1306, final concentration 0.1pg/mL) in addition
to mounting with Prolong Gold Antifade Mountant (Invitrogen, P36930). Images of endothelium were
collected on LSM 880 with Airyscan or Olympus FV1000 and post processing was completed using Fiji.
For colocalization analyses, images were assessed in Fiji using the Coloc 2 plugin following rolling ball

background subtraction.

Blood Pressure Assessments via Radiotelemetry

Blood pressure was measured using telemetry equipment (Data Sciences International, DSI) as previously
described.'*® Mice were surgically implanted with radiotelemetry units (PA-C10 or HD-X10). Briefly,
while under isoflurane anesthesia, the catheter of a radiotelemetry unit was placed in the left carotid artery
and positioned such that the probe reached the aortic arch. The radiotransmitter was placed in a
subcutaneous pouch at the right flank. Buprenorphine was used as an analgesic. Mice were allowed to
recover for seven days prior to the initiation of recordings. Mice that were injected with tamoxifen
underwent implantation at least 10 days after the last injection. Baseline blood pressure measurements,
including systolic pressure, diastolic pressure, mean arterial pressure (MAP) and heart rate, were recorded
every minute for a continuous period of 5 days using Dataquest A.R.T. 20 software (DSI). Change in MAP
(AMAP) was calculated by subtracting the average baseline MAP to the MAP after treatment
administration. Diurnal (inactive period) MAP was measured during animal’s light cycle: 6:00 a.m. to 5:59
p.m., and nocturnal (active period) MAP was measured during the animal’s dark cycle: 6:00 p.m. to 5:59

a.m. To assess blood pressure during in vivo basophil depletion, mice were given twice daily I.P. injections



with MAR1 functional grade monoclonal antibody (Thermo Fisher, 16-5898-95; Sug in sterile saline per
injection) for three consecutive days'*® and blood pressure was monitored over the following 10 days. For
blood pressure assessments in the context of basophil expansion, following two days of baseline recordings,
blood pressure was monitored for 10 days following intravenous administration of murine IL-3 (Peprotech,

213-13; 10pg) and monoclonal antibodies against IL-3 (BD Biosciences, 554379; Sug).'*

Pressure Myography

Freshly isolated third-order mesenteric arteries were placed into ice-cold Krebs-HEPES buffer (containing
118.4mM NaCl, 4.7mM KCI, 1.2mM MgSO4,4mM NaHCOs3, 1.2mM KH,PO4, 2mM CaCl2, 10mM Hepes,
6mM glucose; pH 7.40-7.42). The vessels were then mounted in a pressure arteriograph (Danish
MyoTechnology, DMT) with the lumen and bath filled with Krebs-HEPES buffer as previously
described.'*> '*¥15! The vessels were equilibrated for 30 min at 80 mmHg and 37°C. Increasing
concentrations of acetylcholine (ACh) were added into the bath to examine the endothelial-dependent
vasodilation of these vessels. Full ACh curves were obtained for each vessel under a given treatment
condition. Smooth muscle cell health was verified by constriction to KCI. Next, arteries were exposed to
NS309 (small- and intermediate-conductance calcium activated potassium channel agonist). The vessels
were then washed with a Ca®*-free Krebs-HEPES solution supplemented with 1mM Ethyleneglycol-O,0’-
bis(2-aminoethyl)-N,N,N’,N’- tetraacetic acid and 10uM sodium nitroprusside to obtain maximal passive
diameter of the vessels. Internal diameter was measured at each step using the DMT MyoVIEW software.
Vasodilation to ACh or NS309 was calculated as a % relaxation: % relaxation = ((Dach — Drone) * 100)/(Dmax
— Drone), where Drone was the diameter of the artery after the establishment of stable basal tone, Dacn was
the diameter after application of a given dose of ACh, and Dnax was the maximal diameter measured at the

end of experiment.

Immunogold Labeling and Electron Microscopy



Third-order mesenteric resistance arteries were collected in cellulose capillary tubes (Leica Microsystems,
Vienna, Austria) with an inner diameter of 200pm. The tissues were transferred within the capillary tube to
membrane carriers and cryo-immobilized using an EM ICE high-pressure freezer (Leica Microsystems,
Vienna, Austria)."** '** Freeze substitution was performed over 2-3 days at -90C using an automatic freeze
substitution machine (EM AFS Leica Microsystems). Samples were embedded in LR White (Electron
Microscopy Sciences, 14380) and polymerized at 65°C. Semithick sections (200nm) were collected on
pioloform-coated nickel grids (Electron microscopy sciences, EMS300-NI). Immunostaining was
completed using the gird-on-drop technique in humidified chambers. All staining solutions were passed
through a 0.2um syringe filter prior to use. Briefly, grids were washed with PBS followed by 0.1%
glycine/PBS. Blocking solutions contained 0.1% cold-water fish skin gelatin (Sigma, G7765), 5% BSA,
5% goat serum and were incubated with samples for 1 hour are room temperature. Primary antibodies were
diluted to 1:20 in blocking solution diluted 1:1 in PBS and incubated with sample for one hour at room
temperature. Samples were briefly washed in diluted blocking solution prior to secondary antibody
incubated for 2 hours at room temperature (Electron Microscopy Sciences, 15-25nm, 1:20, #25116 and
#25133). Samples underwent 10 washed in filtered diH,O to remove salts. Contrast staining was achieved
by brief incubation in 4% urany] acetate followed by incubations in 0.4% lead citrate. Electron micrographs
were collected on a TECNAI F20 transmission electron microscope (Thermo-Fisher, formerly FEI)
operated at 200kV and recorded on a Gatan US4000 (4000 px x 4000 px) CCD or a Teitz TVIPS XF416

camera.

Immunoprecipitation

HEK293T were cultured in DMEM, high glucose (Gibco, 11965-092) supplemented with 1mM sodium
pyruvate, 1% Pen-Strep (Gibco, 15140122), 10% FBS (Avantor, 97068-085). Cells were transfected with
pcDNA3.1-3xFlag-hPANX3 (NovoPro, 74275501, accession #: NM_052959) and pCMV6-AC-GFP-
hBCL6 (Origene, RG226102, accession#: NM_001130845) using Lipofectamine 3000 (Thermo Fisher,

L3000001). For BCLiP treated samples, 50 uM BCLIiP was introduced to the cells 6 hours after transfection.



Lysates were collected in IP RIPA (125mM NaCl, 5SmM EDTA, 1% sodium deoxycholate, 0.5% Triton-x
100 in phosphate buffered saline supplemented with 10uM AEBSF, 10mM NaF, 10mM NEM, 500uM
Na3;VOs and protease inhibitor cocktail (P1, Sigma, P8340). M-280 Sheep anti-mouse IgG Dynabeads
(Invitrogen, 11201D) were washed in a blocking solution containing 0.5% BSA, 0.2% fish skin gelatin in
PBS prior to incubation with Flag antibody (Sigma, F3165). Beads were mixed with 800ug HEK lysate in
IP RIPA for three hours at 4C with gentle agitation prior to elution in 5x Lamelli buffer (0.5M TrisHCl

pH6.8, 5% SDS, 0.5% Bromophenol blue, 12.5% B-mercaptoethanol) prior to assessment by western blot.

Calcium imaging

Ca”" imaging studies were performed as described previously.'® '** Third-order mesenteric arteries (~100
um) were cut open and pinned down en face on Sylgard blocks. Mesenteric arteries were then incubated
with fluo-4 AM (10 pM) and pluronic acid (0.04%) at 30°C for 45 minutes. Ca*" images were acquired at
30 frames per second using Andor Revolution WD (with Borealis) spinning-disk confocal imaging system
(Andor Technology, Belfast, UK) comprising of an upright Nikon microscope with a 60X water dipping
objective (numerical aperture 1.0) and an electron multiplying charge coupled device camera. Mesenteric
arteries were superfused with physiological salt solution (PSS; 119mM NaCl, 4.7mM KCI, 1.2mM
KH,PO4, 1.2mM MgCl, 160 hexahydrate, 2.5mM CaCl, dihydrate, 7mM dextrose, and 24mM NaHCO3)
bubbled with 21% O, and 5% CO, to maintain the pH at 7.4. All the experiments were performed at 37°C.
Fluo-4 was excited using a 488 nm solid-state laser and emitted fluorescence was captured using a 525/36
nm band-pass filter. Ca’" images were analyzed using a custom-designed SparkAn software (developed by
Dr. Adrian Boneyv, University of Vermont) as described previously
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(https://github.com/vesselman/SparkAn). = Calcium transients were automatically detected using an ROI
of 5 x 5 pixels, and a threshold of 1.25 F/Fy. The number of calcium transients per field before or after 10

uM carbachol (CCh) stimulation was determined, and the numbers were averaged for each artery.



Predictions of Panx3 Structure and docking with BCLiP

Candidate peptide sequences were identified based on literature review. Initial peptide and Panx3 dimer
structures were generated using AlphaFold2 on the ColabFold'>® webserver. The highest-scored structures
were used for docking studies. The structure of Panx3 dimer was generated by generating a structure of
Panx3 heptamer, then removing all but two monomers. This was done to simulate the smallest protomer of
Panx3, avoiding biasing the simulation with a higher-order oligomer. Docking between peptides and protein
dimer was simulated with LightDock'*® using 400 swarms of 200 glowworms. Each docking run was
comprised of 100 steps, Protein and peptide were treated as flexible structures through the course of the
docking run and positional restraints were applied to bias peptide docking towards the intraluminal side of
Panx3. Specifically, docking only considered peptide orientations in close proximity of GLU 177, GLN
158, GLU 183, ASP 354, ALA 372, THR 363, GLY 373, or HIS 538. Docking results were scored using
the pyDock algorithm,”” which generates a score by considering binding energetics due to electrostatic

interactions and desolvation effects. Ramachandran plots were generated using the MolProbity program.'*

Generation and administration of BCL6 mimetic peptide

A region of BCL6 (residues 328-344 of BCL6; LVSPQSPQKSDCQPNSP) was selected due to its
important role in regulating targeted degradation of BCL6."*’ This region of BCL6 was found to have a
high degree of sequence conservation across mammalian species (as determined by multiple sequence
alignment on NCBI blastp for Homo sapiens, Mus musculus, Rattus novegicus and Macaca mulatta, see
Figure 16A). Peptides mimicking this region of BCL6 (LVSPQSPQKSDCQPNSP; BCLiP) or a scrambled
peptide (SPSDPPVLNSQCQSQPK) were synthesized with a N-terminal stearyl group to facilitate
membrane permeability. For in vivo studies, BCLiP or the scrambled peptide were administered to
C57Bl/6n mice via intraperitoneal (I.P.) injection at 2.5mg/kg and 12.5 mg/kg in sterile saline daily for a
period of five days. All tissues were collected 6-8 hours following the last dose of BCLiP or scramble

peptide. Protein and RNA were isolated from flash frozen lung tissue to be used for quantification. Third-



order mesenteric resistance arteries were collected, fixed in 4%PFA and prepared en face for proximity

ligation assays (PLA).

Proximity ligation assay

Third-order mesenteric arteries were prepared en face as described above. Following fixation, arteries were
permeabilized in 0.2% NP40 in PBS at room temperature for 30 minutes with gentle shaking. Proximity
ligation staining was achieved by following the Duolink In Situ PLA fluorescent protocol (Millipore
Sigma). Briefly, samples were blocked in Duolink blocking for 1 hour at room temperature. Next, samples
were incubated with primary antibodies diluted 1:25 in Duolink antibody bufter at 4°C overnight. Primary
antibodies were used against Panx3 (Invitrogen; 433270), BCL6 (Invitrogen #14-9887-82), endothelial
nitric oxide synthase (BD; 610297), and caveolin-1 (Abcam, ab32577). Despite staining on whole tissue,
small reaction volumes (25uL) were achieved by placing Sylgard squares holding arteries prepared en face
within a 24-well plate and balancing the drop on the center of the Sylgard. Damp filter paper was placed
over the wells of the plate and the lid to generate a humified chamber. Reactions occurred under static
conditions to avoid breaking surface tension and reduce the risk of sample drying. Anti-rabbit MINUS and
anti-mouse PLUS probes (Millipore Sigma; DU092005-30RXN; DUO92001-30RXN) in antibody diluent
and incubated with samples for one hour at 37°C as per the manufacturer’s instructions. Ligation reactions
were then allowed to proceed for 30 minutes at 37°C, followed by amplification reactions which occurred
for 100 minutes at 37°C. Samples were then mounted with Prolong Gold Antifade Mountant (Invitrogen,
P36930). Images were collected LSM 880 with Airyscan and post processing was completed using Fiji.
Briefly, the PLA puncta channel was first isolated and converted to greyscale. From this, a binary image
was generated with a threshold of 0.55-0.65 in preparation to analyze particles (0.003-Infinity). The number
of PLA puncta was normalized to the number of endothelial nuclei in view. Data from cells with nuclei that
are not entirely visualized in the image were excluded from analysis. A minimum of four fields of view

were analyzed and averaged per mouse.



Bcl6 DNA binding assessments
For in silico assessments: Potential for repression by Bcl6 was first assessed by identifying instances of
transcription factor binding motifs in the promoter region sequences for genes in a similar manner to

previously published methods.'

Using the mm39 reference genome, the cis sequences 1kb upstream of
the indicated genes were retrieved. The mouse Bcl-6 binding motif PSWM was retrieved from JASPAR
(ID: MA0463.1). The Find Instances of Motif Occurrence (FIMO) algorithm'®’ was then applied to these
sequences to find a motif occurrence of the Bcl6 binding motif, using a threshold of 0.0005. The number
of intervals above this threshold were then plotted for each gene. For assessments of publicly available Bcl6
ChIP-Seq datasets: A comprehensive set of Bel6 ChIP-Seq reads were assembled and retrieved from the
gene expression omnibus and aligned to the mm39 reference genome. Signal was then plotted, in aggregate,
for 1kb upstream of genes of interest. The GSM accession numbers used for this analysis
are: GSM1857225,'"  GSM1857226,''  GSM3347610,'>  GSM3347618,'2  GSM3347625,'*
GSM3347623,'? GSM3347624,'? GSM3347613,'%* GSM3347612,'> GSM3347611,'> GSM419049,'*!

GSM419050,'*! GSM611114,'"*' GSM611115,'*! GSM851557.14!

Flow Cytometry

Five-color flow cytometry was used to determine the number of leukocytes in the kidney, spleen and bone
marrow. Counting beads (Caltag, Carlsbad, CA) were used as described previously® to determine the total
number of CD45" cells per gram of kidney or spleen tissue. All samples were treated with anti-mouse
CD16/CD32 (2.4G2) to block the nonspecific FcR binding, 7-AAD or LIVE/DEAD Fixable Green Dead
Cell Stain (Invitrogen, Carlsbad, CA) to exclude dead cells and anti-CD45 to gate on the live leukocyte
populations. To evaluate the pro- and anti-inflammatory cytokine production in splenic T cells from EC

Panx344

mice and littermate controls. Single cell suspensions of spleen cells were stimulated with PMA
(Phorbol 12-Myristate 13-Acetate) and ionomycin, in the presence of monensin for five hours and analyzed

by flow cytometry for intracellular cytokine expression. Follicular B cells and germinal center B cells were



identified as GL7*, CXCR5", B220" and GL7", Fas®, B220" splenic cells, respectively. Renal tissue was
assessed for infiltration by macrophages and neutrophils, which were identified as F4/80°Y/CD11b" cells
and PMN, GR-17/CD11b", respectively. CD4"CD25 FoxP3" Tregs were stained, fixed, and permeabilized
using the eBioscience (San Diego, CA) FoxP3 buffer set according to the manufacturer's protocol. ILC2s
were assessed as CD90", ST2" cells in the spleen or as CD45", CD90" ST2" cells in the kidney. Data were
acquired on a FACScan cytometer (BD Biosciences) with a 5-color upgrade (Cytek Development, Inc.) and

analyzed with FlowJo software .



Chapter 3: Endothelial Panx3-Bcl6 Interactions Protect Against Oxidative Stress

3.1: Abstract

Complex regulatory mechanisms control the abundance and localization of transcription factors due to the
broad impact their transcriptional activity can have on cell, tissue and organism physiology. The activity of
transcriptional repressor B cell lymphoma 6 (Bcl6), which has been well studied for its roles in immune
cell specification and lymphoncogenesis, is largely regulated by its targeted degradation. However, outside
of angiogenesis, a role for Bcl6 in the vasculature has yet to be explored. Here, we report the abundance of
endothelial Bcl6 is regulated by its ability to interact with Golgi-localized Pannexin 3 (Panx3), and Bcl6
transcriptional activity in endothelium protects against vascular oxidative stress. Hypertensive humans and
mice exhibit reduced vascular expression of Panx3. Immunohistological analyses suggest Panx3 is
expressed uniquely in endothelial cells in the vascular wall where it localizes to the membrane of the Golgi
Apparatus. An inducible, endothelial-cell specific Panx3 knockout mouse (EC Panx3%*) was generated and
presented with spontaneous hypertension, akin to resistance arteries from hypertensive mice and human.
Assessments of potential Panx3 channelopathy were unremarkable (ATP efflux, Ca*" flux, Golgi luminal
pH), bringing to question whether the EC Panx3%4 phenotype may arise from channel-independent
functions. Indeed, crosslinking endogenous Panx3 from arteries identified a dimeric protomer with multiple
oligomeric assemblies. Panx3 was shown to interact with transcriptional repressor Bcl6 at Golgi Apparatus

344 mice exhibited significantly

in resistance artery endothelium via proximity ligation assays. The EC Panx
decreased Bcl6 protein, but not Bcl6 mRNA, hinting that interactions with Panx3 may stabilize BCL6 at
ubiquitination sites. EC Panx3%“ mice exhibit increased NFkB transcriptional activity and specific
upregulation of Nox4, an H,O, generating NADPH oxidase. Publicly available ChIP-Seq data supports that
Bcl6 transcriptional repressive activity is regulated by its ability to interact with Panx3. To confirm Panx3-

Bcl6 interaction, we designed a novel mimetic peptide to block Panx3-Bcl6 interactions (BCLiP). When

BCLiP was administered into control mice, it recapitulated an increase in NFkB, Nox4 and blood pressure.



Our data elucidates for the first time a channel-independent function of Panx3 wherein its interactions with

a perinuclear pool of Bcl6 can dictate transcriptional repression and protect against oxidative stress.



3.2: Introduction

Reactive oxidative species (ROS) are produced as a consequence of oxygen metabolism and include highly
reactive free radicals, such as superoxide (O>"), as well as more stable, non-radical peroxide species, such
as hydrogen peroxide (H.O). While ROS participate in many physiological signaling mechanisms, their
overproduction can overwhelm antioxidant capacity, causing deleterious effects on the cardiovascular
system. For instance, mitochondrial-derived ROS are necessary for flow-mediated dilation of human

arteries, 6> 1%

though insufficient scavenging of mitochondrial O, can reduce nitric oxide (NO)
bioavailability, leading to hypertension and atherosclerosis.'®*'” Thus, the expression of ROS generating

enzymes and endogenous antioxidant systems must be tightly regulated. Transcriptional control of

oxidative stress related genes is paramount to achieving homeostatic redox balance.

B Cell Lymphoma 6 (Bcl6) is a transcription factor that has been shown to differentially regulate expression
of oxidant stressors as well as redox proteins. As part of its well-documented role in the humoral response,
Bcl6 transcriptional activity promotes B Cell survival during genotoxic and oxidative challenge of germinal
center formation.'*" "' In non-Hodgkin’s lymphoma, overexpression of Bcl6 in lymphoma has been
shown to promote resistance to chemotherapeutics such as etoposide by preventing apoptotic ROS
generation.'”! Similarly, a subset of diffuse large B Cell Lymphoma (DLBCL) cells will undergo a
metabolic shift to oxidative phosphorylation and require Bcl6-dependent expression of thioredoxin to
tolerate the oxidative challenge.'” Oxidative protection by Bcl6 is not limited to its ability to directly alter
expression of oxidants and reductants. Bcl6 exhibits mutual antagonism with pro-oxidant, proinflammatory
transcription factor NFkB, repressing many of the transcriptional targets that NFkB activates.'*"'*? Bcl6
engages in a diverse repertoire of protein-protein interactions to fulfill these roles. In the cytosol, MAPK
can phosphorylate Bcl6 PEST motifs, resulting in rapid recruitment of Bcl6 to SCF ubiquitin ligase through
interactions with FBXO11 resulting in proteasomal degradation.'** '* However, functional roles have not
been identified for all Bcl6 interactions. For example, an unbiased screen for binding partners of Bcl6

108

identified an interaction with pannexin 3 (Panx3), ™ though the product of this interaction is not known.



Panx3 belongs to the family of pannexin channels of which there are three isoforms: Panx1, Panx2 and
Panx3. Panx1 has well-documented roles at the plasma membrane contributing to purinergic, adrenergic
and calcium signaling in the vasculature.®* 7% 148151 173176 Wwhile low levels of Panx3 expression has been

77 jts functional

noted in RNA-Seq datasets from endothelium throughout the systemic microvasculature,
role has yet to be described. Published reports on the localization and functional implications of Panx3
demonstrate a high degree of plasticity across cell types and expression systems. When localized to the
endoplasmic reticulum, Panx3 has been suggested to contribute to calcium store release.”’ However, Panx3
58, 60,

has also been reported to localize to the plasma membrane where it has been implicated in dye uptake

7217 and ATP release.®%°!

In this study, we demonstrate a channel-independent function of pannexins in general (Panx3), wherein its
interactions with a Golgi-localized pool of Bcl6 can dictate transcriptional repression of oxidative stress

related genes, and could provide novel insight into development of hypertension.



3.3: Results

Because pannexins have been implicated in hypertension, "% 4% 131 173. 175

we examined mRNA transcripts
from hypertensive humans and mice. In treatment resistant hypertensive humans (mean systolic pressure
158.5+13.35mmHg; Figure 1A), Panx3 mRNA (Figure 1B) was significantly reduced compared to controls
(mean systolic pressure 118.8+14.19mmHg), which corresponded with expression patterns observed via
immunofluorescence (Figure 1C). Panx] mRNA trended upwards with variation, and Panx2 transcripts

were unchanged (Figure 1B). A significant decrease in Panx3 was also observed in spontancously

hypertensive mice (Figure 2).

Because Panx3 has not previously been reported in resistance arteries, we examined its localization. Global
Panx3”" mice were used to demonstrate Panx3 antibody specificity (Figure 3A-B). Transverse sections of
thoracodorsal arteries indicated Panx3 was only in endothelium and not smooth muscle (Figure 3C). Next,
mesenteric arteries were labeled with gold beads conjugated to Panx3 (Figure 3D). Qualitative assessment
of the distribution of gold beads across four subcellular membranous domains (apical, intracellular, nuclear,
and basal membranes) suggested Panx3 preferentially localizes to intracellular membranes (Figure 3D).
Subcellular distribution was further assessed by immunohistochemical staining of Panx3 with markers of
interendothelial junctions (CD31), endoplasmic reticulum (calnexin), and the Golgi Apparatus (GM130) in
mesenteric arteries prepared en face (Figure 4A). Panx3 was restricted to the Golgi Apparatus, which was
validated with Manders’ colocalization analysis (Figure 4B). This polarized perinuclear Panx3 distribution
pattern was distinct from that of Panx1, which traffics to the plasma membrane and colocalizes with Claudin
5 at interendothelial junctions (Figure 4C). Because Golgi is polarized in arterial endothelium due to flow,
but not in low-flow veins, we corroborated Panx3 localization to Golgi by examining mesenteric arteries
and veins. Distribution of Panx3 in both vessel types identified a polarization pattern similar to Golgi

(Figure 4D). Last, glycosylation states of Panx1 and Panx3 help to traffic the channels to the cell surface.*’



Using PNGase F to remove glycosylation on the channels, we could not identify glycosylation of
endogenous Panx3 in mesenteric arteries, unlike Panx1 (Figure 4E). Thus, Panx3 is endogenously

expressed in endothelium at the Golgi Apparatus.

Assessments of Panx3 expression in endothelial cells grown in culture suggest that its subcellular
distribution may be regulated by exposure to shear stress. Inmunostaining of human aortic endothelial cells
grown under static conditions demonstrates that Panx3 localizes to the endoplasmic reticulum with an
anisotropic distribution pattern (Figure 5A). However, exposure to shear stress polarizes Panx3 within the
cell (Figure 5B-C), suggesting that shear sensing traffics Panx3 from the endoplasmic reticulum to the

Golgi Apparatus.

Genetic deletion of endothelial Panx3 results in spontaneous hypertension.
We posited the hypertension associated with attenuated Panx3 observed in Figures 1-2 may be recapitulated

if we removed Panx3 from the endothelium. Thus, EC Panx3

mice were generated by crossing mice
carrying loxP sites flanking exon 2 of the murine Panx3 gene'”’ with mice carrying the tamoxifen-inducible
driver of Cre recombinase under the vascular endothelial cadherin promoter (Cdh5-CreER™"; Figure 6A).
Following tamoxifen administration, Panx3 gDNA is excised (Figure 6B), and Panx3 mRNA and protein
is significantly reduced (Figure 6C-F), with no corresponding change in Panx1 (Figure 6G). The EC
Panx3* mice do not recapitulate phenotypes reported in global Panx3” mice; there is no change in body
length®?, body fat'®, gonadal fat'®, or blood lipids'®' (Figure 7A-G). However, similar to the observation
in humans and genetically inbred hypertensive mice in Figures 1-2, EC Panx3** mice present with
spontaneous hypertension with significantly increased mean arterial and systolic pressure (Figure 8A-B).
There was no significant change in diastolic pressure, heart rate or cardiac output (Figure 8C-E). To

determine if salt and water retention functions of the kidney were part of the etiology of the spontaneous

hypertension, we examined plasma sodium, potassium and renin, and found no significant differences



(Figure 8F-H). Ejection fraction, creatinine, creatine kinase, and blood urea nitrogen levels in the blood
were unchanged (Figure 7H-K). Assessments of renal immune infiltration was similarly unaffected by
genetic deletion of endothelial Panx3 (Figure 9A-B). However, acetylcholine (ACh) cumulative dose-
response curves from third-order mesenteric arteries demonstrated inhibition of dilatory capacity (Figure
8I). The dilation impairment was not due to loss of smooth muscle function, as the arteries constricted to
KCI (Figure 8J), or changes in eNOS protein expression or inhibitory eNOS phosphorylation at Thr495
(Figure 8K); however, dilation to NS309 was significantly impaired (Figure 8L). Based on this data, we
find mice with genetic deletion of Panx3 in endothelium develop spontaneous hypertension that is likely
due to endothelial dysfunction impairing peripheral resistance, possibly through endothelial SK/IK

inhibition.

Panx3 exerts channel-independent functions through interactions with Bcl6.

Because genetic deletion of endothelial Panx3 causes severe vascular impairments at the tissue and systemic
level, we wanted to determine the functional role Panx3 in endothelium and first tested properties associated
with Panx1. Mesenteric arteries exhibited no change in intracellular or stimulated release of ATP (Figure
10A-B) suggesting Panx3 may not contribute to endothelial purinergic signaling. Panx3 has previously
been reported to facilitate IPs-induced calcium store release.®® °' However, assessments of calcium
signaling in mesenteric arteries revealed no impairments between genotypes at baseline or following
stimulation with muscarinic agonist carbachol (Figure 10C). Interestingly, examination of TRPV4-
mediated extracellular calcium sparklets, accomplished through exposure to cyclopiazonic acid (CPA;
20uM) which inhibits sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA), demonstrated loss
of endothelial Panx3 increases the number of TRPV4 events and increased TRPV4 channel open probability

(Figure 11A-B).

Next, because Panx3 is localized to Golgi, we hypothesized it may regulate luminal pH. Subcellular

distribution of glycosyltransferases was used as an indirect measurement of Golgi homeostasis as



neutralization of the Golgi luminal pH causes redistribution of Golgi-resident protein into the endosomal
system (Figure 10D)."*>'® However, the colocalization of BAGALT1 and MGAT1 with Golgi marker
eNOS are unchanged by Panx3 expression in intact endothelium (Figure 10E-F; Figure 12A), indicating no
impairments in Golgi homeostasis or luminal pH regulation. The sum of this data precipitated the question
of whether Panx3 monomers assemble into a channel endogenously. To test this, the oligomeric state of
endogenous Panx3 was assessed in mesenteric vascular lysates following exposure to chemical crosslinker
bis-sulfosuccinimidyl-suberate (BS?). Crosslinking of vascular lysates was insufficient to identify an
oligomeric species of Panx3, unlike Panx1, instead revealing a Panx3 doublet at ~80 kDa, which suggests
the presence of a stable dimeric Panx3 protomer (Figure 10G). Without evidence for Panx3 channel
function or confirmation of the oligomeric species, we next interrogated the possibility that Panx3 may
exert its cellular function through protein-protein interactions. In an unbiased protein-protein interaction
screen, Panx3 was reported to bind transcriptional repressor Bcl6.'”® Immunostaining indicates both
proteins can be detected in the Golgi Apparatus of intact endothelium (Figure 10H). Proximity ligation
assays on mesenteric endothelium corroborated Panx3 and Bcl6 interaction, with eNOS and Cav1 used as

a positive control (Figure 10I; Figure 12B).

Panx3 interactions with Bcl6 protect against H,O»-induced oxidative stress via repression of Nox4.

In efforts to investigate how Panx3/Bcl6 interactions would affect Bcl6 transcriptional activity, Bcl6
expression was first assessed in EC Panx3“ tissue. Bcl6 mRNA is unaffected by loss of Panx3, though
Bcl6 protein is significantly decreased, suggesting Bcl6 may be destabilized in the absence of Panx3 (Fig
13A-B). Notably, this reduction in vascular Bcl6 abundance was not associated with alterations in the
development of B220"GL7 FasL" splenic germinal centers via flow cytometry (Figure 7L). To understand
how loss of vascular Bcl6 might alter oxidative-related genes, we levied publicly available genomic
datasets, we first predicted Bcl6 transcriptional activity via in silico sequence assessments of the Bcl6 DNA
binding motif (Figure 13C). The Bcl6 DNA binding motif was detected in the promoter region of Bcl6-

sensitive genes in endothelium (Ccna2, Cenbl, Hesl, and DII4),'* as well as Nfkbia, Nfkb2, and Nox4, but



not NoxI or Cybb (Figure 13C-D). This was further corroborated through evaluation of all publicly
available murine Bcl6 ChIP-Seq datasets,'*" ' 12 which revealed numerous instances of Bcl6 binding of
autoregulated NFxB family members Nfkbia and Ntkb2 (Figure 13E-F). Intriguingly, demonstration of
Bcl6 repression predicts upregulation of transcript abundance in vascular tissues of EC Panx3** mice for
multiple genes, suggesting loss of Bcl6 transcriptional activity in the absence of endothelial Panx3. Nfkbia
and Nfkb2 are significantly upregulated (Figure 13J-K), suggesting a Bcl6-dependent increase in NFkB
activity following loss of endothelial Panx3. Because NF«B activity is associated with increased expression

of vascular NADPH Oxidase enzymes,'* 185188

we next interrogated their expression following deletion of
endothelial Panx3. Nox4 transcripts are uniquely upregulated following loss of endothelial Panx3 (Figure
13L-N), which can be explained by differential regulation of Nox expression by Bcl6 (Figure 13G-I). In

the absence of endothelial Panx3, Bcl6 is destabilized resulting in de-repression of NFxB family members

and Nox4.

To examine the vascular oxidative state, the abundance of Nox4 was assessed via western blot. Following
loss of Panx3, Nox4, but not cofactor p22°"**, was upregulated (Figure 14A). Because Nox4 is understood
to be a constitutively active oxidase'®” '° largely generating H,05,*° we next assessed oxidative damage in
the circulation and vascular wall. EC Panx3“* mice exhibited increased 3-nitrotyrosine (3NT) protein
adducts (Figure 14B) and increased H»O, levels in deproteinized blood plasma (Figure 14C). Small arteries
from EC Panx3** mice exhibit increased levels of hyperoxidized peroxiredoxin, a specific measure of
chronic H,O, generation'”' (Figure 14D). In large arteries, hyperoxidized peroxiredoxin and 3NT protein
adducts are significantly increased, while 4-hydroxynonenal, marker of lipid peroxidation, exhibited a
similar trend (Figure 15). No changes were observed in eNOS mRNA or coupling status (Figure 16A-B).
Similarly, other redox related genes and H,O»-generating enzymes Xdh, Eroll, Prx4 and Cyb5r3 were not
altered by Panx3 expression (Figure 16C-F). Finally, ACh dose response curves were repeated on

mesenteric arteries in the presence of H,O»-scavenger catalase (1000U/mL Pegylated-Catalase). Catalase



treatment abolished the significant difference in dilation between Panx3™"" and EC Panx3** arteries (Figure
14E). These data suggest Panx3-Bcl6 interactions stabilize Bcl6, which represses endothelial Nox4
expression under normal physiological conditions. In the absence of Panx3, Nox4 de-repression results in
increased abundance and resultant chronic H,O» generation in the vascular wall, impairing endothelial-

mediated dilation of small arteries.

Blocking Panx3-Bcl6 interactions phenocopies genetic deletion of endothelial Panx3.

To further demonstrate the role for Panx3-Bcl6 interactions in maintaining oxidative balance, a mimetic
peptide was designed to disrupt the Panx3-Bcl6 complex. BCLiP, which mimics L.328-P344 of Bcl6, was
selected from a pool of 10 candidate mimetic sequences for its potential to competitively inhibit the Panx3-
Bcl6 interaction (Figure 17A-B, Table 1). To assess the ability of BCLiP to disrupt the Panx3-Bcl6
interaction, PANX3 and BCL6 were expressed in HEK293T cells and exposed to BCLiP. Following
immunoprecipitation of Panx3-Flag, Bcl6 pull down was reduced by BCLiP treatment (Figure 17C). Next,
stearylated BCLiP peptide or scramble control was administered to C57Bl/6n mice (12.5mg/kg via IP for
five days) to assess its ability to disrupt the Panx3-Bcl6 interaction in vivo. Similar to the observation in
EC Panx3*2 mice, Bcl6 transcripts were unaffected by BCLiP exposure (Figure 17D), but Bcl6 protein
abundance was significantly reduced by BCLiP treatment (Figure 17E), supporting the hypothesis that
BCLiP promotes Bcl6 degradation, likely due to inhibition of Panx3-Bcl6 interactions. NFxB activity was
increased following BCLiP exposure (Figure 17F-G), further mimicking the EC Panx3* phenotype.
Specific upregulation of Nox4, but not Nox1 or Cybb, was also induced following BCLiP administration
(Figure 17H-J). Finally, BCLiP administration induced a sustained increase in mean arterial, systolic and
diastolic blood pressure (Figure 17K-M), recapitulating hypertension observed following genetic deletion

of endothelial Panx3.



Figure 1: Hypertensive humans exhibit significantly reduced expression of Panx3.
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Figure 1: Hypertensive humans exhibit significantly reduced expression of Panx3. (A) Systolic blood
pressure measurements in normotensive (black) and hypertensive (blue) human participants. (B) Transcript
abundance of Pannexin isoforms in human adipose arteries. (C) Paraffin sections of normotensive and
hypertensive human adipose arteries stained for Panx3 (magenta), CD31 to denote endothelial cells

(yellow). Nuclei are depicted in cyan and IEL is shown in green. Scale bar is S0um.



Figure 2: Murine vascular Panx3 is attenuated by hypertension.
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Figure 2: Murine vascular Panx3 is attenuated by hypertension. (A) Systolic pressure of genetically inbred
BPH/2 mice (red) and their similarly inbred normotensive counterparts (BPN/3, black). (B) Pannexin
isoform expression in the thoracodorsal arteries of BPN/3 and BPH/2 mice. (C) Immunostaining of Panx3

(magenta) and CD31 (yellow) with IEL in green and nuclei depicted in cyan. Scale bar is 50pm.



Figure 3: Endogenous Panx3 expression in vascular endothelium.
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Figure 3: Endogenous Panx3 expression in vascular endothelium. (A) Panx3 (magenta) expression in third-
order mesenteric artery prepared en face from control and Panx3 global knockout mice (Panx3™).
Interendothelial junctions are visualized by staining for CD31/PECAM-1 (yellow) and nuclei are

represented in cyan. Scale bar is 20um. (B) Western blot of Panx3 protein from control and Panx3”



generated from lung tissue using the same Panx3 antibody (Thermo Fisher Scientific, #433270) depicted
in (A). Full blot shown for transparency. (C) Murine thoracodorsal artery cross sections reveal Panx3 (red)
visualized in endothelium via an alternative Panx3 antibody (Panx3 CT-379°% - '4%) Secondary only
control shown at right. Autofluorescence from internal elastic laminae (IEL) is shown in green. Nuclei are
represented in blue. Asterisks denote vessel lumen. (D) Immunogold labeling of Panx3 in third-order
mesenteric resistance arteries demonstrates a preference to localize to intracellular membranes. Scale bar
in lower magnification view is 10um and 5nm in the inset. Abundance and distribution of gold beads

conjugated to Panx3 antibody quantified at right.



Figure 4: Endothelial Panx3 localizes to the Golgi Apparatus of intact endothelium, unlike Panx1.
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Figure 4: Endothelial Panx3 localizes to the Golgi Apparatus of intact endothelium, unlike Panx1. (A)
Immunostaining of murine third-order mesenteric arteries prepared en face. Cellular compartment markers
(yellow; Top: CD31/PECAM-1, interendothelial junctions; Middle: Calnexin, endoplasmic reticulum;
Bottom: GM-130, Golgi Apparatus), Panx3 (magenta), nuclei (cyan). (B) Colocalization between Panx3
and each cellular compartment was quantified via unpaired t-tests of Manders’ Overlap Coefficients (** is
p<0.01, *** is p<0.001). Each dot represents one mouse (3 fields of view). (C) Panx1 (red) colocalizes with
interendothelial junction marker Claudin 5 (yellow) in resistance endothelium prepared en face. Nuclei are
shown in cyan. (D) Polarization of endothelial Panx3 is dependent on vessel type. Panx3 is polarized
upstream (white arrowheads) of the nucleus in arteries, but polarization is lost in veins. Black arrowheads
indicate downstream polarization. Blood flow arrow indicates direction of flow. Quantification at right. ***
indicates p<0.001 via two-way ANOVA (p=0.0003). Artery N = 7 mice, Vein N = 3 mice. (E) Western
blotting for Panx3 (mesenteric vascular lysate) and Panx1 (lung lysate) following deglycosylation by

PNGase F. Scale bars are 20um throughout.



Figure 5: Subcellular distribution of endothelial Panx3 is requlated by shear stress.

A

Static

LSS
(10 dynes/cm?)

C

Static:

LSS

Panx3 / DAPI Calnexin / DAPI eNOS / DAPI Overlay

Panx3 / DAPI

In Vitro Polarization of Panx3

Il Polarized
_| [ Anisotropic

dedkokok

T T T T T
20 40 60 80 100

Percentage of Cells

Figure 5: Subcellular distribution of endothelial Panx3 is regulated by shear stress. (A) Immunostaining of

human aortic endothelial cells grown under static conditions. Panx3 is depicted in magenta. Endoplasmic

reticulum is depicted in yellow, via Calnexin, and the Golgi Apparatus is shown in white via eNOS. (B)

Comparison of Panx3 (magenta) and filamentous actin (phalloidin, yellow) in human aortic endothelial



cells grown under static conditions (top) or exposed to 10 dynes/cm? of laminar shear stress (LSS). (C)

Quantification of Panx3 polarization. Scale bars are 20um.



Figure 6: Generation of an inducible, endothelial cell-specific Panx3 knockout mouse (EC Panx3"4).
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Figure 6: Generation of an inducible, endothelial cell-specific Panx3 knockout mouse (EC Panx3%). (A)
Genetic targeting strategy for the generation of EC Panx3** mice using the inducible Cdh5-CreER™
system. (B) gDNA excision of the second exon of Panx3. (C) Panx3 mRNA abundance is reduced ~85%
in endothelial-rich lung tissue. * is p<<0.05 via unpaired t-test with Welch’s correction. (D, E) Loss of Panx3
protein in EC Panx3** mice is shown by western blot from mesenteric vascular tissue and
immunohistochemistry of the endothelium of third-order mesenteric arteries viewed en face. (F)
Fluorescence intensity quantification. **** is p<0.0001 via unpaired t-test with Welch’s correction. (G)
Panx1 mRNA abundance is unchanged by loss of Panx3 in endothelial-rich lung tissue. Throughout the

figure, each dot represents one mouse.



Figure 7: EC Panx3%4 mice exhibit unremarkable gross anatomy, blood lipids, heart and kidney functions,

and splenic B cell development.

[ Panx3m" [[] EC Panx3»
A Body Length B Body Weight C Gonadal Fat D Triglycerides
12 ns 40 ns 0.6 ns 100 - ns
T . .I ..o | | | .' 80 . |
o 5 oV o - 30 ° . P o, °
w ¥ ) = ST 5047 g
5 e °® Yy - = %' 60 T 3
B 5 20 ) i G ) T —
£ @ ® |l = E 404 <.
£ 2 0.2 °
€ 4 s 0.2 L .
3 10 * 204 | ° ¢
0 0 0.0 0
E Cholesterol F HDL G LDL H  Ejection Fraction
150 - 80 50 - 100
ns ns ns ns
l_| 60 l—l 40 l_l 80 1—|
100 -
3 = c A 3 07 ¢ ¥ 601
= o|® ° = 40— T = o °\° ° ‘—:—:
o —9 o . o ° .
E -1 r* E T 2= g€ 24 [*] % 40
50 * . . e o R
* 209 |, 10 20
0 0 0 0
Splenic
| Creatinine J  CreatineKinase K BUN L Germinal Centers
0.25 350 ns 40 T 40~
ns -
300 X ns
0.20- pasq poo . | I_I =
2504 30 . S 304
.1! K .
2 015 | 2001 T . 2 = L a :
> 5,..| [T 209 || [ @ 20
€ 0.10- 150 * N £ O U
100 |l 3 4
- L] . [e] - L]
0.05- 10 = 11 [5] =
50 B ®e O
L]
0.00 0 0 I u

Figure 7: EC Panx3** mice exhibit unremarkable gross anatomy, blood lipids, heart and kidney functions,
and splenic B cell development. (A, B, C) Body length (nose to anus), body weight, and gonadal fat pad
weight are unchanged by loss of endothelial Panx3. (D-G) Blood lipids were unchanged by genotype. (H)
Cardiac MRI revealed no significant differences in functional parameters including ejection fraction. (I-K)
Blood testing for serum creatinine, creatine kinase, and Blood Urea Nitrogen (BUN) reveal no difference

AA

in kidney function between EC Panx3** mice and controls. (L) Flow cytometry reveals the abundance of

B220"GL7 FasL" splenic germinal centers are unchanged by endothelial Panx3 expression.



Figure 8: Genetic deletion of endothelial Panx3 impairs peripheral resistance and induces

spontaneous hypertension.
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Figure 8: Genetic deletion of endothelial Panx3 impairs peripheral resistance and induces spontaneous
hypertension. (A, B) EC Panx3* mice exhibit significantly increased mean arterial and systolic blood
pressure at each time period assessed as measure by implanted radiotelemetry. * is p<0.05; ** is p<0.01
via unpaired t-test. (C, D) Diastolic pressure and heart rate remain unchanged. (E) Cardiac output as
measured by cardiac MRI. (F, G) Blood levels of sodium and potassium. (H) Renin concentrations in blood

plasma collected during the active period. (I) Acetylcholine (ACh)-induced dilation of third-order

3A/A 3ﬂ/ﬂ

mesenteric arteries from EC Panx (magenta) mice is severely impaired as compared to Panx
littermates (black) via pressure myography. N = 5 mice/group with 1-3 arteries averaged per condition per

mouse. * is p<0.05; ** is p<0.005; *** is p<0.0005 between genotypes via two-way ANOVA with Sidak’s

multiple comparison test. (J) Constriction to KCI. (K) Western blot analysis of eNOS expression and



phosphorylation at Thr495. (L) Dilation of third-order mesenteric arteries to 1uM NS309. * is p<0.05 via

unpaired t-test. Each dot represents one mouse.



Figure 9: Renal infiltration by macrophages and Treq cells is unchanged by genetic deletion of endothelial

Panx3.
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Figure 9: The abundance of CD45", F4/80"°", CD11b" macrophages and CD4"*, CD25", FoxP3" Treg cells
were assessed in kidney homogenates from EC Panx3 mice by flow cytometry. Each dot represents one

mouse, with sex indicated by symbol. ‘ns’ indicates p > 0.05 via unpaired t-test.



Figure 10: Channel-independent association of Panx3 and transcriptional repressor Bcl6 in intact

endothelium.
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Figure 10: Channel-independent association of Panx3 and transcriptional repressor Bcl6 in intact

endothelium. (A, B) Loss of endothelial Panx3 does not alter intracellular ATP or ATP released following



ACh stimulation (10uM, 5 min) of third-order mesenteric arteries. Each dot represents one mouse. (C) The
number of transient calcium events per field of view under basal conditions or following 10uM carbachol
(CCh) stimulation in third-order mesenteric arteries. Each dot represents one artery. N = 4 mice per group
with 1-2 arteries per mouse. * indicates p<0.05 via paired t-test. Unpaired t-tests were used to compare
genotypes. (D) Golgi neutralization via treatment with 2.5mM NH,Cl displaces BAGALT1 (red) from the
Golgi (shown in yellow via eNOS) in human coronary artery endothelial cells. Nuclei are depicted in cyan.
(E) Intact mesenteric endothelium exhibits no change in the subcellular distribution of B4AGALT]I (red)
following loss of EC Panx3. Golgi is depicted in yellow (eNOS), nuclei are shown in cyan. (F)
Colocalization analysis of B4GALT1 and eNOS in resistance endothelium. (G) Top: Crosslinking of
endogenous Panx3 from mesenteric vascular tissue with 0.5mM (+) or 2.5mM (++) BS3 results in a doublet
at ~90 kDa but larger heptameric species are not observed. Bottom: Crosslinking of Panx1 from lung tissue
reveals heptameric state. (H) Immunostaining for Panx3 (magenta) and Bcl6 (yellow) in intact resistance
endothelium. Nuclei are depicted in cyan. (I) Proximity ligation assay suggests Panx3 and Bcl6 are within
close proximity in intact resistance endothelium. Negative (No Primary, Panx3 Primary alone) and positive
controls (eNOS/Cav1) shown at left. PLA puncta generation quantified at right. Each dot represents one

mouse. Scale bars are 20pum.



Figure 11: EC Panx3¥ mice exhibit increased endothelial TRPV4 activity.
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Figure 11: EC Panx3* mice exhibit increased endothelial TRPV4 activity. (A) The number of transient
calcium events per field of view in the presence of SERCA inhibitor, CPA (20uM; included to deplete
intracellular calcium stores) in third-order mesenteric arteries from Panx3™" (fI/fl, black) and EC Panx3~*
(A/A, magenta) mice. (B) Endothelial TRPV4 sparklet activity (NP,) per site in en face preparations of
third-order mesenteric arteries. ‘N’ is the number of channels per site and ‘P,’ is the open probability of the
channel. Each dot represents one artery. N = 4 mice per group with 1-2 arteries per mouse. *** indicates

p<0.0005, * indicates p<0.05 via unpaired t-tests were used to compare genotypes.



Figure 12: Genetic deletion of endothelial Panx3 does not alter Golgi pH but does ablate interaction of

Panx3/Bcl6 in intact endothelium.
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Figure 12: Genetic deletion of endothelial Panx3 does not alter golgi luminal pH regulation but does ablate
interaction of Panx3/Bcl6 in intact endothelium. (A) Visualization of MGAT] (red) in mesenteric resistance
endothelium with Golgi apparatus depicted in yellow (eNOS), and nuclei are shown in cyan. (B) Proximity

ligation assay for Panx3 and Bcl6 in Panx3""and EC Panx3*“ resistance endothelium. Scale bars are 20pum.



Figure 13: Genetic deletion of endothelial Panx3 is associated with decreased Bcl6 protein, increased
NF«B activity and the specific upregulation of Nox4, which can be predicted by evidence of Bcl6

transcriptional activity.
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Figure 13: Genetic deletion of endothelial Panx3 is associated with decreased Bcl6 protein, increased NFkB
activity and the specific upregulation of Nox4, which can be predicted by evidence of Bcl6 transcriptional
activity. (A) Bcl6 mRNA is unchanged following deletion of EC Panx3. (B) Western blotting for Bcl6 in
endothelial-rich lung tissue. (C, D) The JASPAR sequence logo for murine Bcl6 (MA0463.1) was used for
in silico assessments of the 1000bp sequences preceding the transcriptional start side (TSS) of genes of
interest. (E-I) Bcl6 ChIP-Seq'*" "2 binding profiles in the promoter region of genes of interest. (J-N)
Transcript abundance for the same genes of interest assessed in lung tissue from Panx3"" and EC Panx3*

mice. Each data point represents one mouse. * indicates p <0.05; ** indicates p < 0.001 via unpaired t-test.



Figure 14: Endothelial Panx3 protects against H202-induced oxidative stress and prevents endothelial-

mediated vascular dysfunction in resistance arteries.
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Figure 14: Endothelial Panx3 protects against H,O»-induced oxidative stress and prevents endothelial-
mediated vascular dysfunction in resistance arteries. (A) Western blot and quantification of Nox4 and

p22P"* in Jung lysates. (B) Relative abundance of 3-Nitrotyrosine protein adducts assessed from plasma. *



indicates p < 0.05 via unpaired t-test with Welch’s correction. (C) Quantification of H>O; in deproteinized
plasma collected via AmplexRed fluorescence. *** indicates p<0.001 via unpaired t-test. (D)
Immunodetection and quantification of hyperoxidized peroxiredoxin (PrxSOs, yellow) in transverse
sections of third-order mesenteric arteries. Nuclei are shown in cyan. In images, * indicates vessel lumen.
‘+ H,O,’ positive controls were exposed to ImM H,0O, and 1mM NaNO; prior to antigen retrieval. Mean
fluorescent signal was normalized to positive controls. Scale bars are 50um. ** indicated p<0.005 via
unpaired t-test. (E) Acetylcholine (ACh)-induced dilation of third-order mesenteric arteries. Vehicle
conditions replicated from Figure 8I. Pretreatment with PEG-catalase (1000U/mL) results in partial rescue
of the dilatory response. Repeated measures one-way ANOVA with Geisser-Greenhouse correction and
Sidak's multiple comparisons test was used to compare the dose response curves between each condition.

*** indicates p<0.001, **** indicates p<0.0001.



Figure 15: Evidence of Oxidative Stress in the aortic vascular wall in EC Panx3“* mice.
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Figure 15: Evidence of Oxidative Stress in the aortic vascular wall in EC Panx3“* mice. (A)
Immunodetection and quantification of hyperoxidized peroxiredoxin (PrxSOs, yellow) in transverse
sections of descending thoracic aorta. * indicates p<<0.05 via unpaired t-test between genotypes. Scale bars
are 50um. (B) 3-Nitrotyrosine protein adducts are significantly elevated in the vascular wall of EC Panx3%
mice as compared to controls. *** indicates p<0.005 via unpaired t-test between genotypes. (C) Lipid
peroxidation as observed via 4-hydroxynonenal staining exhibits a similar trend (p = 0.0846 via unpaired
t-test). In all graphs, ‘+H,O,’ indicates that samples were briefly exposure to ImM H,O; and ImM NaNO,
prior to antigen retrieval to be used as positive controls. Mean fluorescent signal was normalized to positive

controls. Each dot represents the average from 2-3 cross sections per mouse.



Figure 16: Assessment of other potential sources of oxidative stress following genetic deletion of

endothelial Panx3.
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Figure 16: Assessment of other potential sources of oxidative stress following genetic deletion of
endothelial Panx3. (A) Transcript levels of Nos3 (eNOS) are unchanged in endothelial-rich lung tissue by
endothelial Panx3 expression. (B) Structural eNOS coupling is not altered by loss of Panx3 in thoracic aorta
and lung tissue. Dimer to monomer ratio is normalized to controls. (C-F) mRNA abundance for Xdh
(xanthine oxidase), Eroll (endoplasmic reticulum oxidoreductase 1a), Prx4 (peroxiredoxin 4), Cyb5r3
(cytochrome B5 reductase 3) are consistent in lung tissue between EC Panx3* mice (magenta) and controls

(black).



Table 1: Rational Design of BCLIP peptide
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Table 1: Rational Design of BCLiP peptide. This table summarizes the selection of the BCLiP amino acid
sequence (highlighted in green). Ten candidate Bcl6 mimetic sequences were initially identified based on
literature review were modeled with the predicted Panx3 structure to assess potential interactions and
identify regions in Panx3 involved with the interaction (Figure 16). Docking scores (‘E’) assess binding
energetics due to electrostatic interactions and desolvation effects. Exclusion criteria for candidate peptides
include non-unique peptide sequences, binding predictions involving regions that would be inaccessible

under physiological conditions, and lower predicted binding affinity.



Figure 17: Inhibition of the Panx3/BCL6 interaction via BCLiP peptide phenocopies genetic deletion of

endothelial Panx3.
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Figure 17: Inhibition of the Panx3/Bcl6 interaction via BCLiP peptide phenocopies genetic deletion of
endothelial Panx3. (A) The BCLiP amino acid sequence mimics a highly evolutionarily conserved region
of BCL6 (L.328-P344). S333 and S343 are highlighted in red to denote MAPK phosphorylation sites which
drive Bcl6 degradation. (B) Side view (top) and top-down view (bottom) of dimeric Panx3 (monomers in
shades of grey) interaction with BCLiP (colored). Panx3 residues involved with peptide interactions are
depicted in maroon. (C) Immunoprecipitation of Bcl6 using Panx3-Flag as bait from HEK cells transfected
with Panx3-Flag and Bcl6. (D, E) mRNA of Bcl/6 is unchanged following five days of BCLiP or scramble
peptide administration (12.5mg/kg via L.P.), while Bcl6 protein is significantly reduced. (F, G) mRNA
expression of autoregulated NFkB family members Nfkbia and Nfkb2 is increased following BCLiP
administration. Nfkbia was compared via unpaired t-test with Welch’s correction. (H-J) BCLIiP treatment
significantly increased Nox4 expression but not Nox! or Cybb. (K-M) Radiotelemetry reveals elevation of
mean arterial (K), systolic (L) and diastolic (M) blood pressure throughout the period of BCLiP

administration. * is p<0.05; ** is p<0.01 via unpaired t-test.



Figure 18: Schematic of endothelial Panx3/Bcl6 interactions.
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Figure 18: Schematic of endothelial Panx3/Bcl6 interactions.



3.4 Discussion

Using both genetic and pharmacological systems, we present the first demonstration of the Panx3-Bcl6
interaction as an important regulator of vascular oxidative stress and systemic blood pressure. In our current
model (Figure 18), endothelial Panx3 distributes to the Golgi membrane where it can interact with the
extranuclear pool of Bcl6. In the absence of Panx3 or following peptide inhibition of the Panx3-Bcl6
interaction, the abundance of Bcl6 is significantly reduced, NFkB activity is increased, and Nox4 is
selectively upregulated, driving chronic H,O» generation and elevating blood pressure. In this system,

imbalance in endogenous ROS generation drives oxidative stress and cardiovascular disease.

Oxidative stress is a critical determinate of cardiovascular health. O, has well-established roles driving

197 199

hypertension,'* atherosclerosis,'*®* and ischemia/reperfusion injury.?’” **' Obesity-related
imbalances of peroxynitrite (ONOO") in endothelium have been shown to impair endothelial cell function
and drive hypertension.'® Circulating levels of O,  and H,O, are increased in hypertensive patients, though
the abundance of both ROS were effectively reduced when antihypertensive therapies successfully
attenuate blood pressure.’”> However, redox signaling is an important tenet of normal cardiovascular
physiology. H>O; in particular has been recognized as a major redox signaling molecule involved in many
beneficial cell processes.'* 3% 2*2% Perhaps it is not surprising that administration of general antioxidants
have been ineffective at reducing oxidative stress-related cardiovascular diseases.** ¥’ It is possible that
healthy physiological systems require a balance, not an ablation, of oxidant generation and antioxidant
defenses to avoid injurious effect. Indeed, ROS are mediators of a variety of cellular process in the
vasculature including but not limited to nitric oxide (NO)-mediated dilation, and O, production downstream
of renin-angiotensin-aldosterone signaling. Here we uncover a novel mechanism of redox dysregulation
which develops following disruption of the Panx3/Bcl6 interaction, involving persistent overproduction of

H,0;. Initial studies in human patients hint that maintenance of the Panx3-Bcl6 interaction may hold clinical

relevance as a potential therapeutic target for resistant hypertension (Figure 1). Developing clinical



strategies to target specific ROS imbalance may prove to be more effective than general antioxidants

administration for cardiovascular diseases.

Our evidence implicates oxidative dysfunction of resistance arteries and blood pressure is due to H.O»,
likely by Nox4. However, although the majority of reactive species produced by Nox4 appear to be H,O,
it does not completely preclude effects due to superoxide (O2).*° We observe a significant increase in 3-
nitrotyrosine in the circulation (Figure 14B) and aortic wall (Figure 15B) following loss of endothelial
Panx3. 3NT protein adducts are canonically generated following tyrosine nitration by ONOO". H,O, is
insufficient to directly drive production of ONOO", but nitric oxide (NO) reacts rapidly with O, to generate
ONOO', which may suggest dysregulation of O, following genetic deletion of endothelial Panx3. However,
it is unclear if this occurs downstream of disrupting the Panx3-Bcl6 interaction because tyrosine nitration
can alternatively be generated when H,O, and nitrite (NO,) react with heme-containing proteins,”” such

as endothelial a-globin.?!%2!!

In the vasculature, H>O, has been shown to induce contradictory vasoactive effects based on dose, duration,
and vascular tone. Ex vivo systems across multiple species and vascular beds demonstrate exposure to low
levels (<10*M H,0) strengthens basal tone and induces a mild constriction, likely mediated by
thromboxane As/prostaglandin H,.’* 2 2% 2% Higher concentrations (>10*M H,0,) induce a potent

52,204, 205,208

dilatory response following a brief constriction, with many works suggesting a role for H,O» as

an endothelium-derived hyperpolarization factor (EDHF).2'>%!”

Constitutive endothelial-specific
overexpression of Nox4 has been reported to lower blood pressure.”> While Nox4 expression was not
quantified, vascular H»O, was increased 7-fold in this system via xylenol orange assay, suggesting a
dramatic increase in Nox4 abundance in their system.” In contrast, interruption of the Panx3-Bcl6
interaction, either from our genetic model or following BCLiP administration, results in mild, but

significant increase in expression and abundance of H,O»-producing Nox4 (Figures 13N, 14A, and 17J).

This was associated with catalase-sensitive impairments in ACh-induced dilation (Figure 8I and 14E) and



systemic hypertension (Figure 8A-B) following genetic deletion of endothelial Panx3. Thus, interruption
of the Panx3-Bcl6 interaction induces a mild elevation of intracellular H>O,, as the catalase-sensitive dose
response to ACh was significantly impaired. Hydrogen peroxide exposure drives phosphorylation of

219, 220

TRPV4 at Ser284, by protein kinase A*'® as well as Src family of kinases, ultimately enhancing
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conductance through TRPV4, which is in line with our observations from intact EC Panx3** endothelium

(Figures 11, 13N, and 14A-D). Interestingly, arteries from EC Panx3* mice also exhibit reduced dilation
to NS309 (Figure 8L), suggesting that H,O, imbalances impair conductance through small- and
intermediate-conductance Ca®*-activated K channels (SK, IK). This finding is not in alignment with reports
that exposure to H,O, promotes conductance through SK/IK channels, though the discrepancy may be due

to high doses of H,0> (>10*M) used in each study.”"**

Indeed, much of the literature on the effects of H,O» involve bath applied exposure to exogenous H>O»,
often provided at supraphysiological levels.””> Recent advances in chemogenetic H,O, probes have been
used to demonstrate endogenous imbalance of H»O» can drive distinct localized cellular effects in
endothelial cells as compared to application of exogenous H»>O,, even when intracellular H,O, abundance
is perturbed to the same degree.””” For instance, when the H,O, generating probe was targeted to caveolae
at the plasma membrane, H>O, generation caused a rapid increase in inhibitory eNOS phosphorylation at
Thr495 which was not observed following bath exposure to the same concentration of exogenous H,0,.2"”
The work presented here establishes EC Panx3% mice and BCLiP administration as models of redox

imbalance which could be used for future studies uncovering role of mild H,O, elevation generated from

cellular dysfunction rather than exogenous addition.

Hypertension in EC Panx3* mice is independent of renal immune infiltration. Both hypertensive patients
and murine models of hypertension are commonly associated with increased tubulointerstitial immune

infiltration.””**** Proinflammatory leukocytes can act locally to damage renal tissue through overproduction



of ROS,**%2?7 exacerbating hypertension through activation of the renin-angiotensin-aldosterone system**
229 and promotion of sodium retention to increase blood volume.?° On the other hand, there is a negative
association between renal accumulation of anti-inflammatory white blood cells and high blood pressure.
Aldosterone-induced hypertension is associated with a reduction in Ty cells in the kidney, and adoptive
transfer of FoxP3" Ty cells, but not other CD4" T cells, protects against the development of hypertension. '

However, kidneys from EC Panx34*

mice and littermate controls exhibit similar degrees of renal invasion
by proinflammatory macrophages and anti-inflammatory Tr cells (Figure 9), indicating that these cell
types are unlikely to contribute to their H,O»-induced spontaneous hypertension. Hypertension induced
following deletion of endothelial Panx3 is not likely to be driven by the pathological positive feedback loop
of renal invasion by proinflammatory macrophages, or by anti-inflammatory Ty cells. BCLiP, the novel
Bcl6 mimetic peptide, was generated as an orthogonal means to inhibit the Panx3-Bcl6 interaction from
our genetic model. BCLiP exposure reduced the ability of PANX3 to immunoprecipitate with BCL6 from
human cells (Figure 17C). After five days of IP administration to wildtype mice, BCLiP exposure
successfully recapitulates every mechanistic step of our model, including: (1) reduction in Bcl6 protein, but
not mRNA (Figure 13A-B, 17D-E), (2) increased NF«B activity (Figure 13J-K, 17F-G), (3) specific
upregulation of Nox4 (Figure 13L-N, 17H-J) and (4) elevation of blood pressure (Figure 8A-B, 17K-M).
Further refinement of the dosing schedule and route of administration could likely escalate the effect of
BCLIiP on blood pressure. While the use of the BCLiP peptide enabled us to corroborate our findings from
our genetic model, we recognize its various limitations. First, we cannot draw conclusions about the
participation of the L328-P344 region of Bcl6 in the endogenous Panx3-Bcl6 interactions from our current
findings. Moreover, given that BCLiP mimics a region of Bcl6 involved in interaction with MAPK, BCLiP
could potentially compete with Bcl6 for MAPK binding. However, inhibition of B¢l6 binding MAPK would
protect Bcl6 from targeted degradation. Our evidence contradicts this prediction, as BCLiP exposure is
associated with reduced Bcl6 protein abundance (Figure 17E). In addition, BCLiP indiscriminately

interrupts Panx3-Bcl6 interactions, thus we cannot preclude the possibility of BCLiP additionally inducing



oxidative stress in other cell types, such as lymphocytes from which the Panx3-Bcl6 interaction was first
reported.'® Endogenous Nox4 expression is largely restricted to the vasculature and the kidney,”* which
would limit these confounding effects. Despite these limitations, BCLiP administration phenocopies

genetic inhibition of the Panx3-Bcl6 interaction.

Bcl6 stabilization is crucial to redox balance though this has not been studied in endothelium. During
germinal center B cell development, Bcl6 is required to drive B cell proliferation and survival despite
genotoxic and oxidative damage.'*" ' Whole mouse genetic knockout of Bcl6 results in premature
cardiovascular death due to myocarditis and pulmonary vasculitis by mechanisms that still are not
understood.'?! Studies of Bcl6 in endothelium have been limited to its role in angiogenesis, where Bcl6 has
been reported to inhibit vascular sprouting and branching,'?? possibly through Bcl6-associated zinc finger
protein (BAZF)-mediation of VEGF signaling and downregulation of notch signaling.'*® The current study
presents the first evidence of a homeostatic role for repression by Bcl6 in endothelium to prevent vascular
oxidative stress, as well as a novel regulatory mechanism of Bcl6 activity via interactions with Panx3. The
transcriptional activity of Bcl6 is canonically regulated through its targeted degradation, which is
accomplished by multiple MAPK phosphorylation sites (including S333 and S343) within PEST motifs
driving recruitment to a SCF ubiquitin ligase complex containing FBXO11.'*23> Minor alterations in the
balance of Bcl6 expression and degradation have been reported to significantly alter the transcriptome.'**
In endothelium, the expression of Panx3 promotes Bcl6 stability (Figure 13A-B), suggesting that the Panx3-
Bcl6 perinuclear interaction inhibits Bcl6 degradation. Here, Bcl6 protein is significantly reduced, and
NF«B activity (Figure 13J-K) and expression of Nox4 (Figure 13N, 14A) are significantly increased.
Mutual antagonism between Bcl6 and NFxB has been described in other cell types,'**"'** but these data are
the first description of this negative feedback regulation of vascular NF«xB. Bcl6 has previously been
suggested to regulate vascular Nox4 expression: spontaneously hypertensive rats (SHR) exhibit increased

Nox4 expression and reduced Bcl6 expression as compared to Wistar-Kyoto rats (WKY).?** Furthermore



lentiviral expression of Bcl6 was able to rescue Nox4 expression and reduce systemic blood pressure in
SHR,** further supporting our assertions that stabilization of Panx3-Bcl6 has potential as antihypertensive
therapy. Overall, our data suggests Bcl6 promotes homeostatic redox signaling; in the vasculature,

interactions with Panx3 maintain Bcl6 expression.

This study also elucidates novel roles and characteristics of endogenous Panx3, for which there is little
described in the literature. Vascular Panx3 appears to exert its effect solely through this protein-protein
interaction. Although it is unconventional for a channel-based protein to have channel-independent
functions, there are examples from other large-pore channels, including connexins and innexins where this
has been documented.**>*® Unlike Panx 1, many characteristics of Panx3 appear to vary based on cell type

and expression system. Many of the previous works reporting functional roles (dye transfer,” 7%°": 178 ATP

68, 78,91 68,91

release, calcium store release”™ ") for Panx3 rely on exogenous overexpression systems, which can

dramatically alter Panx3 subcellular distribution®*%* 7>

and potentially even Panx3 oligomeric state. The
endothelial-specific Panx3 knockout mouse model enabled us to study the function of endogenous Panx3
despite its low expression level. For example, we found Panx3 does not contribute to endothelial purinergic
signaling (Figure 10A-B) or IP3-mediated calcium store release (Figure 10C) in intact endothelium. In the
vasculature, Panx3 is not sensitive to deglycosylation by PNGase F (Figure 4E), and Panx3 is retained in
the membrane of the Golgi apparatus (Figure 4A, 3A, and 3D), suggesting that Panx3 exhibits minimal, if
any, glycosylation in this tissue. Unexpectedly, we noted that the subcellular distribution of Panx3 varied
between our in vivo and in vitro systems. We consistently observed Panx3 localizing to the Golgi Apparatus
in intact endothelium (Figures 3A, 3D, and 4A-B). However, in cultured endothelial cells, endogenous
Panx3 is distributed to the endoplasmic reticulum under static culture conditions (Figure 5A), though it
readily traffics to the polarized perinuclear region following exposure to shear stress (Figure 5B-C). It is
unclear if reports of Panx3 localizing to the endoplasmic reticulum and contributing to calcium store release

(as reported in: osteoprogenitor C2C12 cells,”’ primary calvarial cells,”’ primary dental mesenchymal

cells,” primary chondrocytes® or immortalized ATDCS cells®®) would be similarly confounded when cells



are exposed to physiological stimuli. This illustrates the importance of defining Panx3 subcellular

distribution in intact tissue prior to making functional conclusions.

The Panx3 structural conformation is another parameter for which the field has little direct evidence. In
order to generate our predicted Panx3 structure, we levied AlphaFold2 computational structural predictions
and the Panx3 amino acid sequence. Panx1 has been well-documented as a heptameric large-pore ion
channel.”™ *** However, the precise structure of Panx3 has yet to be described. Our crosslinking studies
were unable to support heptameric Panx3 assemblies as has been observed for Panx1. As a comparison,
chemical crosslinking of Panx2 was previously used to demonstrate octameric oligomerization,®” which
sets precedence that pannexin isoforms may exhibit variation in oligomeric state. Exposure to low
concentrations of BS3 produced a band roughly the molecular weight of two 40kDa Panx3 monomers
(Figure 10G), suggesting a dimeric Panx3 promoter may be a stable structural unit within a greater Panx3
oligomer. Exposure higher concentrations of BSs, in which we can readily resolve the Panx1 heptamer
(Figure 10G), produced feint bands at approximately 160 and 240kDa, suggesting serial incorporation of
dimeric Panx3 promoters into a tetramer (160kDa) and hexamer (240kDa). It is unclear from the current
data if tetrameric or hexameric Panx3 oligomers are stable, functional channels and further work would
need to be completed to assess the Panx3 oligomerization. Furthermore, it is unclear if Panx3 would exhibit
the same oligomerization patterns in different tissues or expression systems. Together, these data suggest
Panx3 to be a highly plastic channel protein. In endothelium, there is no direct evidence for channel
functionality; instead we posit that Golgi-localized Panx3 exerts oxidative effects on the cardiovascular

system through protein-protein interactions with Bcl6.



Chapter 4: A potential role for basophils in blood pressure regulation

4.1: Abstract

Due to their position at the interface of the circulation, endothelial cells are poised to interact with immune
cells in the blood through physical interactions, such as leukocyte extravasation, as well as through secreted
cytokines and signaling molecules. In the previous chapter, endothelial Panx3 was shown to protect against
vascular oxidative stress through interactions that stabilize transcriptional repressor Bcl6. These studies
make use of the same inducible, endothelial cell-specific Panx3 knockout mouse to assess the potential for
endothelial Panx3/Bcl6 interactions to contribute crosstalk between the endothelium and inflammatory
cells. Genetic deletion of endothelial Panx3 is associated with increased myeloid expression of I1L4 and
increased expression of the IL4R in vascular tissue, suggesting immune-endothelial signaling through IL4.
Because IL4 is commonly associated with Th2 cells, we tested the ability of splenic T cells to produce
various cytokine including IL4, however results indicate endothelial Panx3 expression has no effect on I1L4
production by T cells. However, analysis of whole blood demonstrated a significant increase in the
circulating basophil population, a primary source of IL4, while other white blood cell types were
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unchanged. To understand if basophilia observed in EC Panx mice was associated with their

hypertensive phenotype, we tested the effects of basophil expansion on their blood pressure. Surprisingly,

344 mice but not controls,

we found that systemic blood pressure was reduced by ~2mHg in EC Panx
suggesting a relationship between circulating basophil populations and systemic blood pressure regulation.
To confirm the role for basophilic IL4 to mediate these effects, we next induced IL4 secretion from
basophils with acute IPSE exposure. This rescued Bcl6 protein abundance and likely transcriptional activity
in EC Panx3%* as Nox4 expression was restrained to levels nearly below controls. IL4R expression was
also rescued. To test if basophilic IL4 could be general mechanism of blood pressure regulation, we next

asked whether basophil depletion via functional antibody administration would alter hemodynamics in

wildtype mice. Basophil depletion was indeed associated with increased mean arterial pressure. Altogether,



these studies suggest a potential role for a basophil-endothelial signaling axis for the regulation of blood

pressure.



4.2: Introduction

The immune system is composed of a wide variety of specialized cell types which work in concert to protect
against foreign bodies and restore tissue integrity after insult or injury. Basophils are circulating
granulocytes that have well described roles in allergy and asthma. Basophils are the least abundant white
blood cell in the circulation, comprising less than 1% of white blood cells. The basophilic lifespan is
relatively short, estimated to be 1-2 days.?*” Their paucity and short lifespan added considerable challenges

to study basophils, and in many early studies, they were improperly characterized as circulating mast cells.

While their low abundance in the circulation may suggest basophils play peripheral or redundant
physiological roles, basophil-like cells have been conserved throughout evolution. Basophil-like
granulocytes, which respond to basic dyes from with the basophil was named,**' have been identified in the
circulation of agnathan jawless fish, like hagfish and lampreys, and Chondrichthyes cartilaginous fish, like
sharks.?* Perhaps more surprising, ascidian sea squirts, urochordates which are thought to have evolved
nearly 500 million years ago, exhibit circulating granular hemocytes with functional heparin and histamine
granules.”® Their evolutionary conservation implies selective pressures favoring the maintenance and

survival of basophils due to their beneficial physiological effects.

While basophils and mast cells share many features due to their functional similarities, recent work has
highlighted their important physiological distinctions. Mast cells reside in mucosal and epithelial tissues
such as the peritoneum, while basophils stay in the peripheral blood unless activated.”**?*’ In another
distinction, mast cells are relatively long lived as they can survive for more than ten months and maintain
the ability to replicate in their resident tissues, unlike post-mitotic basophils.?*® Mast cells and basophils are
both granulocytes, though mast cells typically contain more numerous, smaller granules while basophils
contain fewer, larger granules.”*” Despite their morphological distinctions, basophilic and mast granules
contain much of the same contents including heparin, histamine, serotonin, chondroitin sulfate and many

cytokines (IL2, IL3, IL4, IL5, IL6, IL9, IL13, IL15).2# 247250252



In the context of allergic response, basophils and mast cells play similar but distinct roles. Allergen
detection activates IL4 and IL13 secretion from Th2 cells. These cytokines act on B cells to stimulate
production and secretion of allergen-specific IgE antibodies. IgE binds the FceRI receptor expressed on
basophils and mast cells. Mast cell activation comprises the bulk of the allergic response as their
degranulation has two functional effects; mast cell release of histamine, proteases, leukotrienes and
prostaglandins triggers the acute allergic response, while their release of VEGF and other proteases drives
tissue remodeling, angiogenesis and lymphangiogenesis. At the same time, activation of the basophil FceRI
receptor leads to basophilic secretion of IL4 and IL13 which positively feeds back on Th2 cells, B cells and
mast cells to amplify the allergic response. Mast cells facilitate much of the acute response while basophils

promote cellular coordination and amplification of the inflammatory signals.

Both cell types arise from common and interwoven progenitors. Briefly, multipotent progenitor cells (MPP)
in the bone marrow can give rise to common myeloid progenitors (CMP) or to mast cell progenitors directly
(MCP). CMP can give rise to granulocyte monocyte progenitors (GMP). GMP can differentiate into MCP
or basophil/mast cell progenitors (preBMCP). Both MCP and preBMCP cells can migrate from myeloid
tissue to the spleen to give rise to basophil/mast cell progenitors (BMCP). However, if preBMCP are
retained in the marrow, they can generate MCP or basophil progenitors (BaP). As the name suggests,
circulating basophils are derived only from BaP.>*®> As one can assume from this convoluted differentiation
scheme, mast cells are much more abundant than their circulating counterpart. It does pose the question, if
basophils and mast cells are functionally redundant, why is the differentiation of basophils so tightly

controlled while mast cells differentiation is so permissive? Why limit the abundance of basophils?

Perhaps basophil specification is subject to more stringent regulation due to their exceptional capacity to

facilitate interactions and coordinate the operations of disparate cellular populations. A mounting body of



evidence would support this argument. Basophil-secretion of IL4 plays a unique role initiating a positive
feedback loop of Th2 activation following immune stimulus,”>* indicating a potential for basophil-derived
cytokine release in homeostatic regulation of other cell types. Lung-resident basophils have been shown to
support normal pulmonary development through the secretion of IL6, IL.13 and Csfl which is required for

maturation of functional alveolar macrophages.*”

Moreover, following myocardial infarction, basophil-
derived IL4/IL13 is required to switch from an initial inflammatory phase to the proliferative phase by
impairing recruitment of classically-activated M1 macrophages and promoting recruitment of alternatively-
activated M2 macrophages. Here, IPSE administration, which induces 1.4 secretion from basophils but no

other cell types,* %’

was shown to improve ejection fraction, end diastolic volume and longitudinal
volume in a basophil-dependent manner just four weeks after infarction.*® Similarly, in the cecal-puncture
model of sepsis, basophils are the first leukocyte recruited to the site of injury and basophil-derived TNF
directs the immune response. When basophilic TNF secretion was blocked, compensatory TNF secretion
by macrophages and neutrophils was insufficient to rescue bacterial clearance and mortality.**’ This implies
that cytokine secretion by basophils may be more effective at coordinating a response from multiple cell
types than the same factors secreted by other cell types in the same vicinity, though the reason for this
distinction is not known. In addition to its roles coordinating the behavior of immune populations, basophils
have also been reported to facilitate interactions with non-immune cell types including nervous and vascular
tissue. In atopic dermatitis, basophils induce mast cell-independent IgE-mediated acute itch episodes
through leukotriene secretion and direct interactions with sensory nerve fibers. Basophils even exhibit
unique strategies to facilitate direct interactions with other cell types. During the process of transmigration
and tissue extravasation, basophils can effectively alter their migratory kinetics, pausing to enable enabling
prolonged, direct interactions with endothelium in spite of circulatory forces. These extended interactions
facilitate efficient delivery of basophil-derived IL4 directly onto the endothelial surface, resulting in altered

expression of adhesion molecules.”®® Altogether, these studies indicate basophils exhibit a unique mastery

of intercellular communication with important effects in normal and pathological conditions.



In this study, we demonstrate a potential basophil-endothelial signaling axis which contributes to systemic
blood pressure regulation. Our data indicate the circulating basophil population appears to respond to
undetermined cues from the vascular endothelium and we propose that basophil derived IL4 acts upon

endothelium to protect against vascular oxidative stress



4.3: Results

Because genetic deletion of endothelial Panx3 results in significantly reduced Bcl6 protein (Figure 13A-B)
and inhibits repression by Bcl6 (Figure 13E-I), we considered that loss of endothelial Panx3 could
potentially impair Bcl6 activity in other cell types. Because Bcl6 expression is necessary for differentiation

of germinal center B cells,'”'®

we first assessed the abundance of splenic Follicular B cells and germinal
center B cells. GL7", CXCR5", B220" Follicular B cells and GL7", Fas*, B220" germinal center B cells
were unchanged in EC Panx3%“ mice (Figure 19A-B), indicating that B cell Bcl6 expression and activity
is unaffected by genetic deletion of Panx3 from endothelium. Similarly, endothelial expression of Panx3
had no effect on stimulated production of proinflammatory (IFNy, TNFa., IL17) or anti-inflammatory (IL4,
IL10) cytokines from splenic T cells (Figure 20). However, we observed increased IL4 in bone marrow
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lysates from EC Panx mice via ELISA (Figure 21A), indicating that endothelial Panx3 may alter

cytokine production from myeloid cells, but not splenic cells. Furthermore, expression of the IL4 type 11

receptor was increased in endothelial-rich lung tissue from EC Panx344

mice (Figure 21B), corroborating
that loss of endothelial Panx3 may promote signaling from myeloid cells to the vasculature through IL4.
Next, we assayed L4 receptor expression in human aortic endothelial cells (HAoEC) which endogenously
express Panx3. RNA interference (RNAi)-mediated knockdown of Panx3 results in increased /47

344 mice that loss of endothelial Panx3

expression (Figure 21C), recapitulating observation from EC Panx
primes endothelium to respond to IL4 signaling. Despite its effect on vascular Bcl6 activity, endothelial
Panx3 does not impact splenic B cell differentiation. However, inhibition of endothelial Panx3, in vitro or
in vivo, appears to prime the system for signaling from bone marrow to the vasculature through IL4, but
the product of this signaling is not yet known.

In order to characterize systemic immune environment in EC Panx34“

mice, white blood cell populations
were assessed by complete blood count. Circulating populations of lymphocytes, neutrophils and

monocytes were unchanged, though loss of endothelial Panx3 resulted in a significantly increased basophil



population (Figure 22). Because IL33 has been shown to induce basophil mobilization from the bone
marrow,*®! we measured IL33 from the circulation. Plasma levels of alarmin IL33 were unchanged (Figure

23).

We next posited whether our initial observation of increased vascular oxidative stress following deletion of
endothelial Panx3 could contribute alter circulating basophil populations. Intravenous administration of the
H,0s-scavenger catalase (PEG-catalase, 40U/kg) trended toward a reduction in circulating basophils
(Figure 24), indicating that vascular ROS may alter basophils in the blood. This observation led us to
hypothesize ROS-induced hypertension could alter circulating basophil population, and that basophil-
derived IL4 could act through endothelial I1L4 type II receptors to promote Bcl6 expression in a negative
feedback loop. To test this, we assessed blood pressure in freely moving, conscious EC Panx3%4 mice
following in vivo basophil expansion via IL3C treatment'?’ (Figure 25A). Loss of endothelial Panx3 was

associated with a 2mmHg decrease in blood pressure during IL3C treatment, which was not observed in

littermate controls (Figure 25B).

Next, we sought to determine if IL4 mediates the effect of basophils on blood pressure. To assess the
potential for basophil-derived IL4 to alter systemic blood pressure regulation, we administered 1L4-
inducing principle from S. mansoni eggs (IPSE, 25ug), to trigger basophil-specific release of IL4 in vivo.>>*
27 Mice fitted with implanted radiotelemeters underwent daily LV. injections of IPSE (25ug) or vehicle for
a period of five days prior to euthanasia and tissue harvesting.>® Following IPSE treatment, there was no
significant difference in Bc/6 mRNA expression, though the trend may suggest that IPSE treatment
promoted Bcl6 mRNA expression (Figure 26B). This resulted in a rescue of the Bcl6 protein abundance in
EC Panx34 mice (Figure 26C). Nox4 mRNA expression was also rescued, with a trend suggesting that
under IPSE treatment, lung endothelium lacking Panx3 may exhibit reduced Nox4 expression compared to

littermate controls (Figure 26D). Similarly, IPSE treatment ablated the genotype difference in //4ra



expression (Figure 26E). Baseline blood pressure was recorded for 48 hours prior to IPSE administration
and compared with continuous blood pressure recordings during IPSE administration. IPSE treatment was
insufficient to normalize the blood pressure of EC Panx3%4 mice (Figure 26F). Basophilic release of L4
rescued endothelial expression of Bcl6 and Nox4 in mice following genetic deletion of endothelial Panx3.
Over the short five-day treatment schedule, the reduction in Nox4 expression was insufficient to reduce
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systemic blood pressure in EC Panx3““ mice. However, it is unclear if an optimized dose or schedule of

IPSE administration would modulate systemic blood pressure.

Next, we investigated whether basophils may have a homeostatic role in systemic blood pressure regulation,
independent of endothelial Panx3 expression. We used IP injections with a functional antibody against
MAR-1 (FceRla, 5ug), which has been shown to induce basophil depletion in vivo.'* Each C57B1/6n
mouse treated with the basophil depletion antibody exhibited increased mean arterial blood pressure (Figure
27B), suggesting the presence of circulating basophils negatively regulates homeostatic blood pressure

regulation.



Figure 19: Splenic B Lymphocytes are unchanged by endothelial Panx3 expression.
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Figure 19: Splenic B Lymphocytes are unchanged by endothelial Panx3 expression. (A) GL7", CXCR5",
B220" Follicular B Cells and GL7", Fas*, B220" germinal centers (B) were quantified by flow cytometry.

Each dot represents one mouse. Symbol indicates sex. Unpaired t-tests were used to compare groups.



Figure 20: Endothelial Panx3 expression has no effect on cytokine production by splenic T cells.

Cytokine Production

89 ns ns
L fi/fl
3 . M O Panx3
YT 6 o o ] EC Panx34
3] °
+QE, 44 E % & ? ns lEI
§ ° ns L o
PO )
s g 3 g
2 AN .

o

T T
IFNy TNFa IL17 IL4 IL10

Pro-inflammatory Anti-inflammatory

Figure 20: Endothelial Panx3 expression has no effect on cytokine production by splenic T cells. Splenic
cells were exposed to ionomycin and Phorbol 12-Myristate 13-Acetate (PMA) in the presence of monesin
for five hours prior to analysis of the intracellular cytokines produced in T cells by flow cytometry. Genetic
deletion of endothelial Panx3 has no effect on T cell accumulation of IFNy, TNFa, IL17, IL4, or IL10.

Each dot represents one mouse. Unpaired t-tests were used to compare cytokine production across

genotypes.



Figure 21: Loss of endothelial Panx3 results in increased myeloid IL4 and increased IL4 receptor

expression.
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Figure 21: Loss of endothelial Panx3 results in increased myeloid IL4 and increased IL4 receptor
expression. (A) Abundance of IL4 assessed from bone marrow lysates of EC Panx3%“ mice by ELISA. (B)
Expression of I14ra, the murine IL4 type II receptor, in endothelial-rich lung tissue from EC Panx34“ mice.
(C) Quantification of the human IL4 type II receptor, 1l4r, in HAoEC following inhibition of Panx3
expression via RNAi (5nM, 72 hours). In A and B, each dot represents one mouse and * indicates p < 0.05
via two-tailed unpaired t-test. In C, each dot represents one technical replicate over the span of two

biological replicates, with * indicating p < 0.05 via one-tailed unpaired t-test with Welch’s correction.



Figure 22: Circulating basophils are uniquely increased following Panx3 deletion from endothelium.
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Figure 22: Circulating basophils are uniquely increased following Panx3 deletion from endothelium.
Terminal cardiac puncture was used to collect circulating blood for analysis by complete blood count
(CBC). Each dot represents one mouse with sex indicated by symbol. * indicates p<0.05 via unpaired t-

test.



Figure 23: Circulating levels of IL33 are unaffected by endothelial Panx3 expression.
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Figure 23: Circulating levels of IL33 are unaffected by endothelial Panx3 expression. Blood plasma from
EC Panx3*4 mice was assessed for IL33 content by ELISA. Each dot represents one mouse. Unpaired t-

test used to compare genotypes.



Figure 24: Scavenging hydrogen peroxide in vivo may attenuate the circulating basophil population.
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Figure 24: Scavenging hydrogen peroxide in vivo may attenuate the circulating basophil population. (A)
C57Bl/6n mice underwent five days of daily IV injections with 40U/kg of pegylated catalase prior to
terminal blood collection via cardiac puncture. (B) Flow cytometry was used to assess the circulating
basophil population (CD45", CD49b", IgE", FceRlIa.") and represented as percentage of total CD45" cells.

Unpaired t-test was used to compare circulating basophil counts between treatment groups.



Figure 25: In vivo basophil expansion relieves blood pressure elevation following loss of endothelial

Panx3.
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Figure 25: In vivo basophil expansion relieves blood pressure elevation following loss of endothelial Panx3.
(A) EC Panx3”“ mice were allowed seven days to recover from surgical implantation of the radiotelemeter
units before recording baseline blood pressure for 48 hours. To induce basophil expansion, mice were then
retroorbitally injected with IL3C, a solution containing recombinant IL3 (10ug) and anti-IL3 antibody
(5ug) in sterile saline. After a single IL3C injection, mice resumed blood pressure recordings for five days.
(B) The change in mean arterial blood pressure following IL3C administration was compared between EC

Panx3 mice and littermate controls. * indicates p < 0.05 via unpaired t-test. Each dot represents one mouse.



Figure 26: Stimulation of basophilic IL4 release with IPSE in EC Panx3“ mice.
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Figure 26: Stimulation of basophilic IL4 release with IPSE in EC Panx3%4 mice. (A) IPSE promotes 1L4
secretion from basophils without affecting other sources of IL4 including mast cells, eosinophils and Th2
cells.”**7 (B, C) Under IPSE treatment, there is no genotype difference for Bcl6 mRNA or protein in lung
tissue. (D) Nox4 mRNA expression in lung tissue. (E) Transcript abundance for [L4 type II receptor in lung
tissue. (F) Mean arterial pressure, averaged over 24 hours, is shown over time. N = 3 mice per group. In A-
E, each dot represents one mouse with unpaired t-tests used to compare groups. Welch’s correction was

used in C.



Figure 27: Basophil depletion significantly elevates systemic blood pressure.
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Figure 27: Basophil depletion significantly elevates systemic blood pressure. (A) C57Bl/6n mice were
allowed seven days to recover from surgical implantation of the radiotelemetry units before recording
baseline blood pressure. Twice daily IP injections of MAR-1 antibody or the IgG control was used to deplete
circulating basophils."*® (B) Mean arterial pressure from baseline recordings (-1) and following basophil

depletion (10). IgG mice (left) show no alterations in blood pressure while mice treated with MAR-1 exhibit

moderate blood pressure increase. ** indicates p < 0.01 via paired t-test.



4.4: Discussion

Our data propose that the peripheral basophil population responds to cues from endothelium and likely
exert homeostatic regulation on blood pressure through IL4 signaling to endothelium in a bidirectional
signaling mechanism. EC Panx3% mice are primed for cytokine signaling through IL4 (Figure 20). While
most white blood cell populations are unaffected, EC Panx3¥“ mice exhibit significantly increased
circulating basophils (Figure 22), granulocytes known to be a primary source of IL4.2** Manipulation of the
circulating basophil population in vivo was negatively associated with systemic blood pressure, in EC

3A/A

Panx as well as wildtype mice, further suggesting the basophil-endothelial signaling axis could be a

general mechanism of blood pressure control independent of endothelial Panx3 expression.

There are several notable limitations of the current study. First, these data demonstrate an association
between endothelial expression of Panx3 and IL4R, basophil abundance and blood pressure regulation,
though together they fail to establish causal connections between these variables. It is tempting to suggest
that the absence of endothelial Panx3 induces hypertension and triggers basophil mobilization through an
undetermined mechanism. In this scenario, the expanded population of circulating basophils can feedback
on the endothelium through IL4 signaling, potentially driving endothelial Bcl6 expression as has been
shown in other cell types,’®® which may result in normalization of blood pressure. However, further work
is required to substantiate this hypothesis. In addition, while multiple techniques are used to in attempts to
expand or deplete the circulating basophil population in vivo (Catalase, IL3C, MAR-1), confirmation of
the intended effects were not included in the original study. Thus, future studies would benefit from
quantification of the circulating basophil population with each treatment. Despite these limitations, the data
presented in the current study justify further investigation of the endothelial-basophil signaling axis.

While peripheral basophil numbers are increased by parasitic infection or allergic inflammation,*%: 24¢- 264

266 3A/A

the stimulus driving basophil expansion in EC Panx3%“ mice has yet to be identified. We first considered



whether the alarmin IL33 could mediate this response. Basophils are a direct target of L33, and have been

"'and degranulate, secreting 1L4,% in response to 1L33

reported to mobilize from the bone marrow*®
exposure. 1133 has been shown to promote proliferation of other cell types.?**?’° Furthermore, hypertension
can trigger vascular expression of the alarmin IL33.%”" Thus, we hypothesized basophilia in EC Panx344
mice could have been driven by increased concentrations of plasma IL.33 as a consequence of hypertension,
however this was not observed (Figure 24). It is worth noting that these measurements were taken from
mice nearly ten weeks after tamoxifen administration. In other models, neonatal exposure to IL33 has been

shown to impart effects on immune cells long into adulthood.?”?

As such, further investigation into the
temporal dynamics of plasma IL33 abundance in relation to genetic deletion of endothelial Panx3, the

consequent development of hypertension and basophilia would be needed to conclude whether 1133

mediates this effect.

We next posited whether the vascular oxidative stress observed in EC Panx3%4 mice (Figure 13) could
contribute to their overabundance of peripheral basophils. While it has yet to be shown to drive basophil
mobilization directly, common myeloid progenitor cells, which eventually give rise to basophils,*
preferentially differentiate into another basophil progenitor intermediate when treated with H,O> in
culture.?” Our attempts to modulate vascular HO by intravenous administration of catalase was promising
but ultimately insufficient to significantly deplete basophils in wildtype mice (Figure 25). It remains to be
seen if catalase administration would be more effective at reducing the overabundant basophils in EC
Panx3*4 mice. In addition to IL33 and ROS as candidates to induce basophil mobilization, it would be
prudent to assess STATS expression in basophils isolated from EC Panx3% mice in future studies. While

not required for normal maturation, IL-3, GM-CSF and TSLP have each been shown to promote basophil

specification and activation by activating the STATS pathway.”’*



There are many unanswered questions when considering the role of IL4 signaling in this proposal. While

252, 274-277

IL4 is commonly associated with Type II inflammatory responses, its potential role in blood

pressure regulation has only been superficially explored. Hypertensive patients exhibit significantly
elevated levels of IL4.7"%2" Exogenously dosing IL4 is coupled with a reduction in blood pressure,?*2%!
although the mechanism isn’t defined. Cellular responses to IL4 are dependent on the type of IL4 receptor
(IL4R) complex expressed. The type I IL4AR complex is composed of IL4Ra and the common vy chain (yc),

282.283 a5 well as the heart, skeletal muscle and kidney.”** The

and is expressed hematopoietic lineage cells,
type II IL4R complex is IL4Ro/IL13Ro and expressed on nonhematopoietic cells, including
endothelium.?**?* Interestingly, in murine splenic B cells, which also express type I IL4R complexes,*®
IL4 stimulation drives significant increases in protein expression of Bcl6.”** It is possible basophil
expansion is a response to hypertension, and rescuing Bcl6 transcriptional activity could ameliorate this
effect. Next, we attributed the increased IL4 in myeloid tissue to basophils/basophil progenitors, but other
myeloid derived cells have been shown to secrete IL4, including eosinophils, Th2 cells and mast cells. %
287.288 I addition, our attempts to quantify IL4 in the circulation were in conclusive (data not shown), likely
because the abundance of the cytokine was below the limits of detection for the assay. This is of little
concern, because endothelium has been shown to respond to quantities of IL4 10-fold less than what is
required to activate other cell types.”® However, this may further support a role for basophilic release of
IL4. Basophils have been reported with the unique ability to instigate prolonged instances of direct contact
with endothelium for the purpose of efficient IL4 signaling.*®® Thus, it is possible for basophils to signal to
endothelium through IL4 in the absence of IL4 accumulation in the circulation. In support of this,
administration of IPSE into EC Panx3%“ mice normalized Bcl6 protein abundance and restricted Nox4 and
IL4R expression (Figure 26). IPSE has been reported to induce IL4 secretion from basophils but no other
cell types,”® 2*7 basophil IL4 stores were not assessed in the current study. Additional studies enabling
tracking of IL4 expression in vivo would strengthen this notion. One option could be the use of the 4get

bicistronic IL4 reporter mouse strain,”’” which paired with flow cytometry could be used to identify 1L4"

cell types.



Chapter 5: General Discussion and Future Directions

Altogether, the data in these studies demonstrate previously unrecognized roles for Panx3 and Bcl6 to
modulate blood pressure as well as interactions between endothelium and circulating basophils. In
endothelium, Panx3 and Bcl6 interact physically which shields Bcl6 from degradation and alters the
endothelial transcriptomic landscape. In the absence of endothelial Panx3, Bcl6 is degraded, allowing
NFxB to predominate. This results in elevated Nox4 expression and overproduction of H>O,, which impairs
endothelial-mediated dilation of resistance arteries and culminates in systemic hypertension. Through an
undisclosed mechanism, this is associated with a significantly increased population of circulating basophils.
While a role for basophils in the regulation of blood pressure has yet to be described, we accumulate
evidence to suggest that basophil-derived IL4 acts on the endothelial IL4R, perhaps to drive Bcl6 expression
in a negative feedback mechanism of homeostatic blood pressure regulation. This study represents the first
exploration of the functional contributions of Panx3 in the vasculature. Our findings that Panx3 contributes
to blood pressure regulation and vascular-immune interactions are in line with what we know about vascular

Panxl1.

Pannexin channels expression has been shown to be regulated in a cell-type- and vascular bed-specific
manner. Panx1 is expressed in endothelium throughout the vasculature and in SMC of renal, coronary and
resistance arteries.””’ In the vasculature, Panx2 expression is restricted to the pulmonary vessels where it is
expressed in endothelium, smooth muscle and alveoli.””® We show Panx3 is expressed in the endothelium
of resistance arteries, where it is localized to the Golgi Apparatus, though Panx3 expression has also been
noted throughout the vessel wall in small coronary arteries, arterioles of the cortical kidney and pulmonary

arteries.?”

Panx1 and Panx3 have both been shown to contribute to blood pressure, albeit through distinct mechanisms.

Panx1 channels on smooth muscle cells open in response to ol-adrenergic receptor activation, where



Panx1-dependent release of ATP promotes constriction through the activation of P2Y receptors.'** '*!

Endothelial Panx1 largely contributes to vascular-immune interactions, though it has been shown to exhibit
vasoactive effects on cerebral myogenic tone development®' and on pulmonary vessels, where signaling
between Panx1 and TRPV4 can lower pulmonary pressure.*’* In each case, ATP release following Panx1
channel activation mediates these vasoactive effects. Meanwhile, our data demonstrate a role for endothelial
Panx3 to contribute to blood pressure regulation in a channel-independent manner via interactions which

stabilize Bcl6 and restrict Nox4 expression.

Immune interactions with endothelial Panx1 and Panx3 serve distinct purposes. ATP release by endothelial
Panx1 channels can recruit immune cells and regulate leukocyte emigration. Under acute inflammation,
exposure to TNFo promotes ATP release by Panx1 through Src-dependent phosphorylation of Tyr198.
However, under chronic TNFa, exposure, NFkB activation drives Panx1 expression which is associated
with increased endothelial calcium activity and secretion of proinflammatory cytokine IL1p."7® To this end,
inhibition of Panx1 channel activity though genetic deletion and pharmacological inhibition have been
associated with improved outcomes following stroke and ischemia reperfusion injury. However, our
findings indicate genetic deletion of endothelial Panx3 may have initiated communication between
endothelium and basophils, possibly mediated through Nox4-dependent H,O» and IL4. Our data suggests
this signaling mechanism is likely to negatively feedback against oxidative stress-induced hypertension and

normalize blood pressure.

It is becoming increasingly clear that there are many exciting avenues for future research. In particular, my
findings have pointed towards a number of intriguing questions related to the role of Panx3/Bcl6
interactions in developmental angiogenesis, the potential application of our BCLiP peptide as a therapeutic
Bcl6 inhibitor, the regulation of Panx3 subcellular distribution by shear stress, and the impact of

physiological levels of hydrogen peroxide on conductance through SK/IK in endothelial-mediated dilation.



These areas of inquiry offer significant potential for advancing our understanding of the mechanisms
underlying vascular development and function. In the following sections, I propose several experimental

approaches aimed at addressing these important questions.

5.1: Elucidate the influence of endothelial Panx3/Bcl6 interactions on angiogenesis

Angiogenesis gives rise to new blood vessels formed through the proliferation and tissue invasion of
endothelial cells from preexisting vessels. This process involves coordination of endothelial proliferation,
specification, migration, and interendothelial signaling. During vascular sprouting, VEGF and Notch
signaling specify endothelial cells as polarized, invasive ‘tip’ cells or proliferative ‘stalk’ cells.** Arterial
and venous specification occurs later during vascular remodeling, in a complex process which integrates
morphogen signaling with precisely timed cell cycle arrest.*** A 2017 study by the Brostjan lab assessed
endothelial Bcl6 in the context of tumor-related angiogenesis, demonstrating that endothelial Bcl6 activity

was associated with increased proliferation and inhibition of endothelial sprouting.'?

While previous
chapters demonstrate that Panx3/Bcl6 interactions can dictate Bcl6 transcriptional activity in adult
endothelium (Figure 13J-N, 17F-J), it is unclear if Panx3 would regulate Bcl6 activity during angiogenesis.

In addition, Bcl6 has been shown to drive cell specification in other cell types®>2"7

and has been suggested
to promote endothelial stalk cell phenotypes,'* yet the effect of Bcl6 activity on arteriovenous specification

has yet to be described.

Future studies could assess the effect of endogenous Panx3/Bcl6 interactions on multiple aspects of retinal
angiogenesis by administering BCLiP peptide to wildtype pups or inducing perinatal genetic deletion of
endothelial Panx3 through modification of the tamoxifen dosing schedule. The perinatal mouse retina is a
well-characterized model of angiogenesis where, after some manipulation, the outward progression of
angiogenesis from the optic nerve to the retinal edge can be assessed in a flat preparation suitable for

micrscopy.”**?*® Measurement of Bcl6 expression and abundance would demonstrate if loss of endothelial



Panx3/Bcl6 interactions in the developing retina would result in reduced Bcl6 transcriptional activity, as
occurs in adult endothelium (Figure 13J-N, 17F-J). Next, plexus expansion would be quantified as a percent
of covered area to deduce how Panx3/Bcl6 interactions would affect progression of the angiogenic front.
Pharmacological inhibition of Bcl6 with small molecule inhibitor 79-6 on P5 and P6 resulted in increased
vascularized area with a greater number of branch points and more sprouting cells at the angiogenic edge
of P7 retinas.'? In contrast, preliminary studies generated with P6 retinas from EC Panx3% mice following
tamoxifen administration on P1-P3 suggest the potential for impaired angiogenesis (Figure 28). This
discrepancy may indicate a Bcl6-independenent role for Panx3 in angiogenesis, though further
experimentation would be required. While Bcl6 ChIP-Seq would directly measure how endothelial
Panx3/Bcl6 interactions affect DNA binding of the transcriptional repressor, one could also use transcript
abundance of a set of genes known to be regulated by Bcl6 (Ccna2, Cenbl, Hes1, Hey1, Nfkbia, Nfkb2)""
161.162.299 a5 an indirect method of Bcl6 activity. If Bcl6 activity is unaffected following perinatal deletion
of endothelial Panx3, it would further suggest a Bcl6-independnent role for Panx3 in angiogenesis.

However, if Bcl6 activity is reduced following loss of endothelial Panx3, then it instead would suggest that

the effect of Panx3/Bcl6 interaction on retinal angiogenesis is temporally regulated.

To this end, through Bcl6 repressive actions, endothelial Panx3/Bcl6 interactions could sway arteriovenous

specification by modulating cell cycle arrest,*

or directly regulating arterial or venous genes such as
Efrnb2 and Emcn, respectively. A pilot study using overexpression of Panx3 in HAoECs to promote
Panx3/Bcl6 interactions showed reduced expression of Bcl6-regulated targets Ccna2 and Cenbl, suggesting
stabilization of Bcl6 and increased transcriptional repressive activity (Figure 29A-C). In this condition,
venous marker Emcn was dramatically upregulated while expression of Efinb2 was reduced (Figure 29D-
E), suggesting that Bcl6 activity would promote venous specification of endothelium. Immunohistological

3A/A

staining and quantification of Endomucin and Ephrin B2 in P6-P8 retinas from EC Panx3%“ mice could be

used to determine if Panx3/Bcl6 interactions promote venous specification in vivo.



5.2: Evaluate the use of our novel BCLIP peptide as a therapeutic Bcl6 inhibitor
Bcl6 has a broad range of physiological functions including (1) regulating immune cell differentiation and
proliferation,''”- 2327390 (2) repressing proinflammatory NF«B activity,'*" '*! (3) facilitating pathological

31 and systemic lupus erythematosus.**® Dysregulation of

immune responses in autoimmune encephalitis
Bcl6 expression and activity has also been implicated in an expanding scope of soft tissue and solid tumors

(e.g. DLBCL**"% B-acute lymphoblastic leukemia,*®® **" chronic myeloid leukemia,®® 3% breast

310, 311 312, 313 314)

cancer, non-small cell lung cancer, glioma In all of these diseases, Bcl6 protein is

d,302-314

upregulate and this increased Bcl6 protein is an important target of pharmacological repression.’*:

315

In B cell development, Bcl6 is a master regulator of germinal center development. Upon immune activation,
germinal centers develop in secondary lymphoid organs, generating massive clonal expansion of B cells
and affinity maturation of the antibodies they produce. During this process, Bcl6 transcriptional activity
represses DNA damage response and inhibits transcription of cell cycle genes, for the ultimate goal of

promoting B Cell proliferation and survival.'"

While this process is required to mount an appropriate
immune response to foreign antigens, overriding the cellular checkpoints that regulate proliferation and cell
death are fundamental mechanisms of oncogenesis. In fact, mutations and chromosomal rearrangements of
Bcl6 are the most common genetic abnormalities associated with DLBCL,'"* the most common form of
Non-Hodgkin’s Lymphoma. Minor alternations in the precise balance of Bcl6 expression and degradation
can significantly alter the transcriptome. In fact, a study out of the Pagano lab in 2012 found that the
intracellular half-life of Bcl6 was extended in DBLCL in culture following the mutagenesis of FBXO11,
which forms a SCF ubiquitin ligase complex that targets Bcl6 for degradation.'* Interestingly, researchers
also observed that the gene encoding FBXO11 was commonly mutated or deleted in human primary

DBLCLs,'** further supporting that dysregulation of Bcl6 degradation can have deleterious effects on the

tissue and the system.



In addition to its role in B cells, Bcl6 is also expressed in macrophages as well as in several subtypes of T
cells. In macrophages, Bcl6 inhibits expression of the cytokine IL-6,"' which promotes macrophage
crosstalk with T cells and pathological Thl7 differentiation while inhibiting differentiation of
immunosuppressive Treg cells.’’® Furthermore, CD4" T follicular helper cells (Tfh), which are
characterized in part by their expression of Bcl6, have been implicated in autoimmunity.**3'7-3!® Inhibition
of Bcl6 has been shown to rescue experimental models of autoimmunity, effectively reducing the generation
of autoantibodies and preventing immune complex deposition in the kidney.*"* Altogether, this suggests
that Bcl6 upregulation is associated with immune overactivation and demonstrates that Bcl6 is a promising

therapeutic target in autoimmune diseases.

The BCLIiP peptide is a 17- amino acid sequence which mimics L328-P344 of Bcl6, a highly evolutionarily
conserved region containing degradation-targeting phosphorylation sites Ser333 and Ser343 (Figure 17A).
We added a N-terminal stearyl group to facilitate cell entry. Bcl6 is uniquely suited as a promising target
for the therapeutic strategy of inducing protein degradation, as its activity in vivo is largely regulating by
its targeted degradation.'*?*? Previous chapters demonstrate exposure to BCLiP promotes degradation of
endogenous vascular Bel6 (Figure 17D-E) following interruption of Panx3/Bcl6 interactions (Figure 17C).
In order to evaluate the potential application of the BCLiP peptide as a therapeutic to promote degradation

of the protein in pathologies driven by Bcl6 transcriptional activity (e.g. DLBCL,***% B-acute

306, 307 310, 311

lymphoblastic leukemia, chronic myeloid leukemia,**® ** breast cancer, non-small cell lung

312, 313 302

cancer, glioma®", and autoimmune disorders®*?), I propose a large scale study to first assess how

BCLIiP exposure affects proliferation of several immortalized cancer lines (including the LL-100 panel of
Lymphoblast and Leukemia cell lines,*" as well as the 30-4500K breast cancer panel,’** the TCP-1018

1’321

Glioma tumor cell pane the TCP-1016 Lung cancer panel). While the use of tumor cell lines has

considerable limitations, including genomic instability and lack of interaction with non-tumor components



(vasculature, immune cells), these experiments will demonstrate which pathology merits further study of

BCLiP administration in animal models.

5.3: Uncover the mechanism by which the subcellular distribution of Panx3 is regulated by shear stress

The subcellular distribution of Panx3 is highly variable, with reports localizing the channel to intracellular
membranes and/or plasma membrane across a variety of cell types and expression systems,>*6% 62 68. 6. 71,
3-77.79.97 Previous work demonstrates that Panx3 delivery to the cell surface of BICR-M 1R cells involves
Sarl- and Arfl-dependent trafficking mechanisms,” though mechanisms behind its variable localization
have yet to be described. Even when considering a single cell type such as the endothelium, there can be
inconsistencies in the localization of Panx3. In static cultures of primary endothelial cells, Panx3 colocalizes
with Calnexin (Figure 5A), suggesting its localization to the ER. However, Panx3 traffics to the Golgi
Apparatus in the endothelium of mesenteric arteries (Figure 4A, B). In vitro studies indicate that the
distribution of endothelial Panx3 can be regulated by shear stress; Panx3 polarizes in a manner reminiscent
of the Golgi Apparatus®** following exposure to laminar flow (Figure SB-C). These data strongly support a
role for shear stress to dictate localization of the channel, as has been observed in other systems. For
instance, proximal tubule cells (PTC) in the kidney must tightly regulate electrolyte uptake in response to
variations in the glomerular filtration rate. In response to physiologically-relevant levels of shear stress,
PTC have been shown to differentially distribute salt balance machinery. Following exposure to shear
stress, NHE3 transporter and the Na+/K+ ATPase pump will move in an actin-dependent manner from
intracellular membranes to apical and basolateral membranes, respectively. Nonetheless, the mechanism
driving this phenomena has yet to be determined. This section contains a discussion of the endothelial
relationship to shear stress in addition to brief discussion on the mechanisms involved with Golgi

polarization and anterograde/retrograde transport of proteins.

Endothelial cells are specialized to respond to not only the rate, but also the pattern of circulatory flow.

Large conduit arteries must contend with the volume of blood rapidly ejected from each ventricular



contraction of the heart. Thus, the endothelium of conduit arteries is exposed to pulsatile flow patterns at a
relatively high speed (pulsatile flow ~10 dynes/cm?). Arterioles and capillaries experience the highest
degree of shear stress, at ~50 and 40 dynes/cm?, respectively. This decreases dramatically at the venules
(~15 dynes/cm?), with the lowest values of shear stress occurring in the vena cava (~1 dynes/cm?).***3* In
arteries, the endothelial microtubule organizing center (MTOC) is localized upstream of the nucleus.’”
Large veins exhibit MTOC localization downstream of the nucleus.*”® Similar polarization patterns have
been reported in localization of the Golgi Apparatus, which is localized upstream of bovine endothelial
cells grown under laminar shear stress in culture.*”? Polarization of the golgi upstream of nuclei has also
been observed in live zebrafish embryos using a fluorescent reporter for in endothelial cells. The Golgi was
localized upstream of endothelial nuclei in the dorsal aorta and branching arteries.*® In contrast, in the

posterior cardinal vein, where shear stress is much lower, endothelial cells do not exhibit golgi

polarization.*?

Golgi polarization occurs not only in shear-responsive tissues like endothelium, but also in most migrating
cells, where it re-orients towards the leading-edge protrusion. Both events are through to be driven by the
same mechanism. However, Golgi polarization is thought to support forward migration of the leading edge
with directed delivery of newly translated proteins, though the need for upstream-direct protein trafficking
does not seem as apparent. At its onset, polarization cues activate a polarity complex made up of Par6-Par3-
PKC??"-3% which recruits dynein motor proteins to the upstream side/leading edge. Once anchored at the
pole, the dynein motor activity instead pulls on microtubule filaments, drawing the MTOC at their minus
end towards its new orientation.’”” Golgi reorientation occurs after MTOC, though fragmentation of the
organelle, though GRASP65 phosphorylation or other means, is required for this process. Despite receiving

a great deal of research attention (as reviewed in**®**!

), the mechanisms regulating the final steps of Golgi
positioning are not well understood. Golgi resident protein Golginl60 recruits dynein, which generates

force required to move the Golgi fragments. However, many other components have been shown to regulate

the process, including focal-adhesion associated paxillin which is required to inhibit activity of the



cytoplasmic microtubule deacetylase HDAC6.***** Microtubule acetylation is associated with stabilizing

newly nucleated microtubule filaments,***

suggesting that Golgi repositioning requires polymerization of
new filaments. However, due to their inherent differences in size and complexity, the redistribution of an

entire organelle is likely differentially regulated than that of a single protein.

Newly translated membrane will travel through the ER and Golgi Apparatus before reaching their final
destination. Coat protein complex II (COPII) move cargo from ER exit sites toward the MTOC/Golgi via
association with dynein motor proteins. This was classically thought to occur via vesicle mediated transport
although recent work has challenged that dogma, instead proposing a complex network of interconnected
membrane tubules to facilitate anterograde transport.**> Transmembrane proteins often contain ER export
signals which can facilitate interactions with cargo adapters. Dihydrophobic®*® and dibasic motifs**’ in the
C-tail and diacidic motifs proximal to transmembrane regions**® have all been reported to promote transport

from the ER. In yeast, COPII vesicles are sufficient to delivery cargo to the Golgi directly®*®

though in
mammalian systems, COPII delivers cargo to ER-Golgi intermediate compartments (ERGIC), and COPI
proteins facilitate the transfer of vesicles from the ERGIC to the Golgi. COPI vesicles also facilitate

retrograde trafficking from the Golgi back to the ER. 3¥-3%

The COPI and COPII complexes are composed of layers of interacting proteins which facilitate cargo
selection, vesicle generation and transport. In COPII coats, the inner layer is initiated by Sarl GTPase which
when bound to GTP, becomes embedded in the membrane and recruits with Sec23/Sec24. The outer coat
of COPII vesicles is formed by heterodimers of Secl3 and Sec31.2% 341 Notably, the content of these
transport vesicles is determined through direct and indirect interaction with Sec24. Mammalian systems

express four isoforms of Sec24**%34

which are thought to facilitate the transport of a diverse repertoire of
vesicular cargo.’*"***3* In comparison, the composition of COPI coat is less well understood. Following

its activation, the small GTPase Arfl associates with the membrane and recruits the F-subcomplex (3-COP,

6-COP, y-COP and {-COP) and B-subcomplex (a-COP, B'-COP, e-COP) of COPI proteins. The B-



subcomplex is thought to regulate cargo discrimination of COPI vesicles.*****7 In COPII vesicles, isoforms
of Sec24 differentially discriminate cargo contents while recent proteomic studies have shown that COPI

vesicles made from different coatomer isoforms contain similar contents.***

Shear stress may alter how Panx3 associates with isoforms of COPII cargo adapter Sec24. Based on its
expression patterns, [ would hypothesize that under static conditions, Panx3 would be excluded from COPII
structures mediating exit from the ER while under shear stress Panx3 would be permitted into COPII
structures for passage to the Golgi Apparatus. To test this, I would perform proximity ligation assays and
co-immunoprecipitation experiments to assess the proximity and interaction between Panx3 and each of
the Sec24 isoforms (Sec24A, Sec24B, Sec24C, and Sec24D). In static HAoEC cultures, I would expect
Panx3 to be restricted from interaction with the COPII structures as it is retained in the ER. However, in
HAOEC cultured under laminar flow conditions, I would anticipate that Panx3 association with one or more
Sec24 isoforms to be readily detected. If shear stress does not alter the ability of Panx3 to interact with
Sec24, that would indicate ER retention of Panx3 under static conditions may instead result from retrograde

transport of Panx3 that is abolished under flow conditions.

5.4: Effects of hydrogen peroxide exposure on SK/IK channels

One aspect of the current work which merits further investigation is the effect of hydrogen peroxide on
calcium-activated small and intermediate potassium channels (SK/IK). Under normal physiological
conditions and redox balance, SK/IK channels are opened downstream vasodilatory signaling such as
muscarinic activation, inducing potassium efflux and membrane hyperpolarization, which is transduced to
signal relaxation of smooth muscle fibers. Hydrogen peroxide exposure induces a well-documented
biphasic effect on small arteries, where low concentrations can induce rapid constriction or augmentation
of basal tone, while high concentrations provoke a dramatic dilation.” 3 20% 208213 However, the question

of how hydrogen peroxide affects SK/IK channel conductance specifically remains to be seen.



Hydrogen peroxide activation of TRPV4 channels has been previously reported in the literature,*'®?*° which
is in line with our observations from intact mesenteric arteries (Figures 10, 12N, and 13A-D), and could
contribute to dilation induced following exposition to high concentrations of hydrogen peroxide. However,
incubation of small arteries with SK/IK inhibitors charybdotoxin and apamin, or with non-selective K+
channel blocker tetrabutylammonium chloride (TBA), effectively blocks hydrogen peroxide-induced
dilation,’* suggesting hydrogen peroxide-induced dilation involves conductance through SK/IK channels.
However, in the context of genetic deletion of endothelial Panx3, resistance arteries exhibit impaired
dilation to SK/IK agonist NS309 (Figure 8L), despite normal calcium store release (Figure 9C) and
enhanced TRPV4 sparklet activity (Figure 10). This suggests oxidative stress may inhibit current through
SK/IK channels in a calcium-independent manner. While this may seem to challenge reports that conclude
hydrogen peroxide promotes conductance through SK/IK channels, it is possible that hydrogen peroxide
exhibits an as of yet undescribed dose-dependent biphasic effect on SK/IK activity. While it has not yet
been linked to oxidant dosing, oxidation of large-conductance calcium activated channels (BK) can either
increase or decrease current through the channel, depending on whether methionine or cysteine residues
have been oxidized, respectively.348’ 3% To that end, it is possible that SK/IK residues are differentially
oxidized such that current is inhibited following exposure to mild hydrogen peroxide and augmented in

severe oxidative stress.

A two-pronged approach will enable assessment of the effect of hydrogen peroxide on SK/IK activity with
increasing specificity of our results. First, one should confirm that the hydrogen peroxide-induced dilation
impairments are derived from endothelial dysfunction rather than smooth muscle defects. This could be

accomplished by performing a dose response to an endothelial-independent dilation signal, such as nitric

3A/A

oxide-donor sodium nitroprusside (SNP) on mesenteric arteries from EC Panx3%* mice and controls. If

there is no difference in dilation to SNP, it can be concluded that the EC Panx3%“ mice exhibit endothelial-

3A/A

derived dilation impairments. If, however, EC Panx arteries are unable to dilate to SNP to the same



degree as controls, it would indicate that dilatory impairments (to SNP as well as ACh in Figure 81, and
NS309 in Figure 8L) may arise from smooth muscle relaxation machinery (soluble guanylyl cyclase,

cGMP, or cGMP-dependent channels and kinases).

To continue examination of endothelial SK/IK activity, dose response to SK/IK agonist NS309 should be
performed via pressure myography in mesenteric arteries under redox balance or oxidative stress. In
addition to the use of EC Panx3%4 mice, which exhibit mild hydrogen peroxide overproduction, it would
be informative to include an additional model which enables precise tuning of hydrogen peroxide
generation. To drive Nox4-independent H>O: overproduction in endothelium, we will capitalize on recent
innovations in hydrogen peroxide chemogenetic probes. Mice have been generated with a transgenic
construct inserted into the ROSA26 locus which drives expression of D-amino acid oxidase (DAAO) fused
with HyPer, an H,O»-specific, ratiometric fluorescent biosensor,™**' following Cre-mediated excision of
upstream stop codons. The yeast-derived DAAO generates H,O, at equimolar concentrations while
catalyzing the oxidation of D-amino acid substrates into their a-keto acids, such as pyruvate generated from
D-alanine.*' Similar chemogenetic targeting was used to demonstrate that oxidative stress if sufficient to
induce heart failure®*? and that oxidative impairments in heart function are reversible when then D-amino
acid substrates are removed.”” Here, inducible endothelial-specific targeting will be achieved via
interbreeding with Cdh5-ER™" mice. With these mice, we will be able to precisely tune the degree of
endothelial hydrogen peroxide generation and assess SK/IK channel activity indirectly via dilation to
NS309. The conclusions from these studies will clarify how H202 effects endothelial mediated dilation of

resistance arteries and contribute to our understanding of ROS in blood pressure regulation.



Figure 28: Perinatal genetic deletion of endothelial Panx3 may impair angiogenesis.
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Figure 28: Perinatal genetic deletion of endothelial Panx3 may impair angiogenesis. (A) P6 retinas from
EC Panx3* pups and littermate controls stained with IB4 to visualize endothelium in the developing
vascular network. Scale bar is 1mm. (B) Vascularized area was calculated as a percentage of IB4+ area
over total area of four ROIs. (C) Outward progression was averaged from 8 measurements of distance from
optic nerve to angiogenic front normalized to the distance from optic nerve to retinal edge. (D) Vascular
Density was calculated from skeletonized vessel area and normalized to total area. Each dot represents one

mouse.



Figure 29: Endothelial Panx3 expression may promote venous specification through modulation of

repression by Bcl6
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Figure 29: Endothelial Panx3 expression may promote venous specification through modulation of
repression by Bcl6. Transcript abundance of (A) Panx3, (B) Cyclin A2, (C) Cyclin B1, (D) Endomucin,
and (E) Ephrin B2 in HAoEC following mock transfection (mock) or overexpression of hPanx3 (Panx3

OE).
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