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ABSTRACT OF THE DISSERTATION

HSP27 regulation of GPCR-induced vascular inflammation

by

Cara Coleen Rada

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2020

Professor JoAnn Trejo, Chair

The vascular endothelium plays a crucial role in maintaining fluid and macromolecule

homeostasis through the body as well as propagating inflammatory responses as a result of

pathogens and injuries. This process is generally protective and resolves efficiently. However,

dysregulation of this process can lead to chronic inflammation in diseases such as diabetes

and hypertension, or acute inflammatory conditions as seen in tissue edema or sepsis, in the

presence of bacteria, and can lead to death. Understanding the mechanisms that underlie this

balanced regulation and re-establishment of tissue homeostasis after inflammation is important

to understand as it has a vast array of therapeutic potential for combating inflammation-driven

xi



diseases. G-protein coupled receptors (GPCRs) are often activated by inflammatory media-

tors in the endothelium and are key modulators leading to endothelial barrier permeability and

cytokine production. In this dissertation, I describe a novel mechanism for endothelial GPCR

signaling through heat shock protein 27 (HSP27) in the resolution of vascular inflammation after

GPCR-induction both in vitro and in vivo.
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Chapter 1

Introduction: GPCR-induced vascular

inflammation and its effectors

1.1 Introduction

Vascular inflammation is a tightly regulated process that is responsible for controlling en-

dothelial permeability to plasma proteins into surrounding tissues to maintain tissue homeosta-

sis and protect the body from pathogens and injuries. This process creates inflammatory media-

tors, many of which act as agonists on the transmembrane G protein-couple receptors (GPCRs)

to promote endothelial barrier permeability and cytokine production (Sun and Ye, 2012, Goddard

and Iruela-Arispe, 2013). However, the exact mechanism by which GPCRs promotes endothelial

barrier permeability through pro-inflammatory signaling is unclear. The non-canonical activation

of the major pro-inflammatory mediator, p38 MAPK, by GPCRs has been shown to promote

endothelial barrier permeability (Grimsey et al., 2015, Borbiev et al., 2004). Yet despite vast

efforts, no p38 inhibitors have progressed beyond phase II clinical trials (Gupta and Nebreda,
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2015), indicating a need to better understand p38-dependent inflammatory signaling. Thus, a

thorough understanding of how GPCRs-induce p38 mediated pro-inflammatory signaling may

reveal new targets for drug development. The focus of this thesis dissertation is to elucidate

the mechanism by which GPCR-activated p38 signaling to the heat shock protein 27 (HSP27)

promotes vascular inflammation resolution.

1.1.1 Mechanisms of vascular inflammation

Blood vessels are essential physiological structures important for providing nutrients and

oxygen throughout the body. The vascular endothelium creates the inner-most lining of blood

vessel and provides a semi-permeable membrane to allow fluid and macromolecular homeosta-

sis with the surrounding interstitium (Komarova and Malik, 2010). During inflammation disruption

of the endothelial monolayer occurs creating interstitial spaces to allow large movement of fluids

into surrounding tissues, leukocyte transmigration, and platelet aggregation (Fig. 1.1) (Mehta

and Malik, 2006, Gavard, 2009). These interstitial spaces are created by disassembly of ad-

herens junctions and contraction of acton and myosin crossbridges. In a non-pathophysiological

state, vascular inflammation is a transitory state in which resolution of inflammatory mediators

and the endothelial barrier occurs in a timely manner. In diseases where vascular inflammation

remains in a chronic, sustained state, such as diabetes and acute lung injury, edema and hyper-

algesia can occur (Sun and Ye, 2012). Acute failures of vascular inflammation resolution, such

as seen sepsis with the presence of bacteria, can even lead to death.

Disruption of the endothelial monolayer through the paracellular pathway is a delicately

choreographed event involving rearrangements of proteins involved in cell-cell contact in in-

terendothelial junctions (IEJs). IEJs are comprised of tight junctions, adherens junctions, and
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gap junctions that form a paracellular zipperlike structure through homophilic adhesions (Mehta

and Malik, 2006, Sukriti et al., 2014). Gap junctions are comprised of two connexins from ad-

jacent cells to create a pore and facilitates signaling molecules and transmembrane potentials

(Sukriti et al., 2014). Tight junctions are comprised of occludins, claudins, and junctional ad-

hesion molecules all which interact to provide junctional stability through interactions with zona

occluden proteins to connect to the actin cytoskeleton. Tight junctions function more readily

as rheostats and increases barrier properties with their increased expression, and thus are ex-

pressed most highly in the blood-brain barrier, the vascular bed with tightest barrier properties

(Harris and Nelson, 2010). This enhanced function in the cerebral vasculature is recapitulated in

vivo with the highest expressed tight junction, claudin-5, specific knockout mice having defects

in their blood-brain barrier and dying shortly after parturition (Nitta et al., 2003).

Adherens junctions are the workhorse of the IEJs. Adherens junctions are comprised

of VE-cadherin which connects calcium-dependent extracellular domains from adjacent cells,

and catenins which connect to intracellular domains of VE-cadherin and create a scaffold for

connections to the actin cytoskeleton (Dejana et al., 2008, Sukriti et al., 2014). VE-cadherin

is required to maintain vascular integrity with gene deficiencies resulting in mouse embryonic

lethality (Carmeliet et al., 1999). Adherens junctions are also a major site of cell signaling

through post-translation modification, internalization, and transcriptional activators to effect mul-

tiple inflammatory pathways (Harris and Nelson, 2010).

While the IEJ proteins are important for disrupting paracellular adhesion, the actin cy-

toskeleton is required for gap junction formation through tensile forces pulling the endothelial

cells away from each other. This is through the polymerization of globular (g)-actin into fila-

mentous (f)- actin creating actin stress fibers. Stress fibers both internalize adherens and tight

3



junctions, and also cause changes in cell motility through isometric contractile machinery of

actin and myosin filaments (Sukriti et al., 2014). It is through both IEJ protein disassembly and

actomyosin machinery activation that gap junctions in the endothelial monolayer are created to

allow the passage of macromolecules and fluids as well as leukocyte transmigration to promote

inflammation. While much is known about the initiation of vascular inflammation, the natural

resolution of vascular inflammation has been understudied and a mechanism of GPCR-induced

barrier resolution will be addressed in this dissertation.

1.1.2 GPCR-activated endothelial barrier disruption pathways

Well-studied modulators of vascular inflammation are GPCRs. Many vascular inflam-

matory mediators such as histamine, bradykinin, prostaglandins, platelet activating factor, and

thrombin all function as GPCR agonists affecting vascular function (Sun and Ye, 2012, God-

dard and Iruela-Arispe, 2013). GRCPs are seven transmembrane receptors representing the

largest family of FDA -approved druggable targets and the most abundant signaling receptor

in the mammalian genome (Heng et al., 2013, Lappano and Maggiolini, 2011). GPCR activa-

tion occurs when a soluble extracellular ligand binds to the receptor causing a conformational

change allowing the intracellular domains to engage and activate the intracellular heterotrimeric

G protein signaling effectors ↵��. Upon GPCR stimulation the disassociation of the ↵ subunit

from the �� subunits allow each subunit to have distinct, localized signaling profiles (Oldham

and Hamm, 2008).

Activation of endothelial GPCRs by inflammatory mediators function initially to rapidly

increase vascular endothelial permeability and secondarily to increase gene transcription of

cytokines and chemokines to create a sustained increase in permeability through cytokine sig-
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naling (Sun and Ye, 2012, Dejana et al., 2008). GPCR-induced disruption of the endothelial

barrier to create gap junctions in the paracellular pathway is primarily mediated by disruption of

cell-cell contact in the IEJ through the adherens junctions disassembly and contractility of the

actin-myosin machinery (Mehta and Malik, 2006). Adherens junctions disassembly and inter-

nalization is initiated by the disassociation of VE-cadherin homophilic dimers through tyrosine

phosphorylation (Vestweber, 2008, Dejana et al., 2008). Downstream GPCR effectors G↵13

and RhoA GTPase have been shown to induce VE-cadherin phosphorylation, disassembly, and

internalization (Dejana et al., 2008, Gong et al., 2014). Catenins (↵,�,� and p120) are cadherin-

associated proteins that provide a linkage from VE-cadherin to the actin cytoskeleton (Gavard,

2009). The GPCR agonists, histamine and thrombin, are both shown to induced catenin phos-

phorylation and disassociation from VE-cadherin, to destabilize the adherens junctions and a

mechanism of GPCR-induced barrier disruption (Gavard, 2009, Parsons et al., 2010).

Modulation of the actin cytoskeleton is another major effector of gap junction formation

and endothelial barrier permeability. GPCR-induced changes in actin cytoskeleton are often

regulated by small GTPases (Parsons et al., 2010, Marinkovic et al., 2015). The G↵12/13 effec-

tor GTPase, RhoA, regulates stress fiber formation during cell contractions (Dejana et al., 2008).

Another GTPase, Rac1, often has opposing effects to RhoA and modulates actin polymerization

and reinforcement of cortical actin at the adherens junctions to stabilize the endothelial mono-

layer (Marinkovic et al., 2015). An additional key modulator of GPCR-induced actin modulation

is through the myosin light chain phosphorylation to cause myosin to engage in with actin stress

fibers to create tensile endothelial forces (Mehta and Malik, 2006) and will be discussed further

in PAR1 canonical signaling pathways.
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1.1.3 Thrombin generation and PAR1 canonical signaling pathways

One of the early steps of inflammation is the membrane protein, tissue factor—typically

kept segregated from the blood—binding to its soluble receptor, factor VIIa, and through a series

of zymogen conversions creating the protease thrombin (Levi et al., 2004). Thrombin irreversibly

activates the GPCRs protease activated receptors (PAR) 1,2, and 4 through proteolytic cleavage

of the N-terminus revealing a tethered ligand to bind intermolecularly on loop 2 of its cognate re-

ceptor and activate G protein signaling (Vu et al., 1991). Many cells of the vasculature including

monocytes, dendritic cells, platelets, and endothelial cells express tissue factor and the PARs to

specifically propagate inflammation (Chen and Dorling, 2009).

PAR1 is the prototype and the most abundantly expressed PAR in the vascular endothe-

lium, and its activation by thrombin by cleaveage of the N-terminus at arginine 41 leads to en-

dothelial barrier permeability, expression of adhesion molecules, and cytokine production (Sun

and Ye, 2012). PAR1 has also shown biased agonism through alternative cleavage sites of the

N-terminus. APC, for example, is shown to cleave PAR1 at arginine 46 and create cytoprotective

effects on the endothelial barrier (Soh and Trejo, 2011). However, the majority of this thesis will

focus on canonical cleavage of PAR1 through thrombin. Thrombin cleaved PAR1 has the ability

to couple and signal through three distinct heterotrimeric G proteins, G↵q/11, G↵i, and G↵12/13

(Fig. 1.2) (Soh et al., 2010).

The ↵ subunit of G12/13 induces RhoA activation through Rho guanine nucleotide ex-

change factor (GEFs) (Coughlin, 2000). RhoA can then activate Rho-activated kinases (ROCK)

which phosphorylate and inhibit myosin light chain (MLC) phosphatases (Coughlin, 2000). MLC

phosphorylation allows MLC to phosphorylate myosin and interact with F-actin creating stress

fibers and causes endothelial contraction through the actomyosin contractility (Grimsey and
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Trejo, 2016). This actin driven contraction also leads to adherens junction disassembly further

disruption endothelial barrier properties (Mehta and Malik, 2006).

The ↵ subunit of Gq/11 also converges on MLC phosphorylation through a different

mechanism. This is facilitated through mobilization of phospholipase C-� (PLC-�) generating

inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG), which activate to increasing intracel-

lular calcium and calmodulin (Grimsey and Trejo, 2016, Mehta and Malik, 2006, Alberelli and

De Candia, 2014). Increased intracellular calcium allows protein kinase C (PKC) activation and

canonical MAP kinase signaling cascades. Calcium and calmodulin also activate MLC kinase to

phosphorylate MLC and again lead to the actomyosin contractility of the endothelial monolayer

through stress fiber formation (Grimsey and Trejo, 2016). PKC-dependent kinases can also ac-

tivate RhoA to affect cytoskeletal changes through ROCK similar to G12/13 pathways (Gavard

and Gutkind, 2008).

G↵i inhibits adenylyl cyclase, a response primarily functioning in platelet responses

(Coughlin, 2000). The G�� subunits activate phosphoinositide-3-kinase (PI3K), G protein-

receptor kinases, potassium channels, and non-receptor tyrosine kinases (Alberelli and De Can-

dia, 2014). With PI3K being the main effector by modifying the inner plasma membrane creat-

ing scaffolds for actin and signaling complexes (Coughlin, 2000). G�� subunits have also been

implicated in the resolution of endothelial barrier permeability through focal adhesion kinase

activation leading to the recovery of adherens junctions re-assembly (Knezevic et al., 2009).

1.1.4 p38 MAPK canonical and non-canonical activation

The activation of p38 mitogen-activated protein kinase (MAPK) is classically activated

by cellular stresses through the three-tiered kinase cascade starting with MAPK kinase ki-
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nases (MAPKKKs), activating MAPK kinases (MKKs), and finally activating MAPKs (Cuenda

and Rousseau, 2007). Canonical activation of p38 MAPK (p38) occurs specifically by MKK3 and

MKK6 phosphorylating the Thr-Gly-Tyr motif of p38 on threonine 180 and tyrosine 182 to cause

activation through a conformational change (Fig. 1.3A)(Cuenda and Rousseau, 2007, Yang et

al., 2014). GPCR-induces canonical p38 signaling through G↵q coupled signaling pathways by

activation of MKK3/6 through either the PLC-DAG-PKC signaling or PLC-IP3-calcium-src sig-

naling pathways (Goldsmith and Dhanasekaran, 2007). There are four mammalian isoforms of

p38 ↵,�,�,� and all are activated by the three-tiered kinase cascade and share approximately

60 percent homology (Cuenda and Rousseau, 2007, Cuadrado and Nebreda, 2010).

The p38↵ isoform is the most abundant isoform and is reported to be activated non-

canonically independent of the MKK pathway (Martinez-Limon et al., 2020). The first mechanism

is described in T cells through the T cell antigen receptor where a tyrosine kinase, ZAP70,

phosphorylates p38 on Tyrosine 323 to causing p38 autoactivation. This autoactivation causes

a conformational change allowing phosphorylation of its own Thr-Gly-Tyr motif as well as other

downstream effectors (Fig. 1.3B) (Salvador et al., 2005a, Salvador et al., 2005b). The second

pathway of autophosphorylation of the p38↵ isoform can occur by directly binding transforming

growth factor �-activated kinase -1 (TAB1) (Cuenda and Rousseau, 2007). TAB1 promotes a

conformational change to p38 enabling autophosphorylation in cis and increases p38↵ affinity

toward ATP (DeNicola et al., 2013).

PAR1 has been shown to activate non-canonical p38 activation through the E3 ubiquitin

ligase, Nedd4-2. Ubiquitination of the receptor allows TAB2 to bind through a zinc-finger domain

to the K63-linked ubiquitin moiety (Grimsey et al., 2015). TAB2 stabilizes TAB1 and allows p38

to bind to the complex and autoactivate (Fig. 1-3C) (Grimsey et al., 2015, Grimsey and Trejo,
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2016). TAB3 can act as a functional homolog for TAB2 in this pathway to also stabilize TAB1

and bind to the K63-linked ubiquitin (Fig 1.3C)(Grimsey et al., 2019). Other GPCR agonists

such as histamine, prostaglandin E2, and ADP can also activate non-canonical p38 through this

mechanism (Grimsey et al., 2019). PAR1 can activate p38 (Borbiev et al., 2004) through this

non-canonical pathway to lead to endothelial barrier permeability (Grimsey et al., 2015) and the

mechanism in which this occurs is a main focus of this dissertation.

1.1.5 HSP27 activity and phosphorylation

The small heat shock protein 27 (HSP27) is a small ATP-independent chaperone regulat-

ing multiple cellular functions including protein folding, cytoskeletal architecture, and cell growth

and metabolism (Kostenko and Moens, 2009). HSP27 has a highly conserved ↵-crystallin do-

main (ACD), a WDPF N-terminal domain, and a short, flexible C-terminal domain (Fig. 1.4A)

(Kostenko and Moens, 2009). HSP27 forms homodimers with the alignment of the � 6 and

7 strands in the ACD of adjacent HSP27 monomers (Haslbeck et al., 2019, Mymrikov et al.,

2020, Lambert et al., 1999). HSP27 can form larger homo- and hetero-oligomers up to 800 kDa

through a mechanism not completely understood but the use of WDPF domain, ACD, and flex-

ible regions of HSP27 domains are implicated, with the WDPF domain regulating higher order

multimers (Kostenko and Moens, 2009, Mymrikov et al., 2020, Lambert et al., 1999).

HSP27 regulates its modulation of the cytoskeleton through oligomerization and can

function as an actin capping protein to inhibit F-actin formation (Fig. 1.4B) (Pichon et al.,

2004, Rogalla et al., 1999, Benndorf et al., 1994). HSP27 can also prevent action polymeriza-

tion through globular actin sequestration (During et al., 2007). The phosphorylation of HSP27

causes a conformational change and disrupts large HSP27 oligomeric complexes and releases
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its constraints on actin and decreases chaperone function (Rogalla et al., 1999, Salinthone et

al., 2008). This disassociation of HSP27 oligomers allows polymerization of F-actin. F-Actin

polymerization contributes to endothelial barrier disruption through modulation of actin-myosin

contractility by creating tensile forces to pull the endothelial monolayer apart and create gap

junctions. Complete dissociation of HSP27 oligomers in vitro are regulated by phosphorylation

of three serine residues of HSP27: 15, 78, and 82. This was determined through a series of in

vitro mutagenesis studies, in which a constitutively phosphorylated mutant for one, two, or all

three serines were phosphorylated, and oligomerization status assessed through size exclusion

gel filtration and confirmed with electron microscopy and light scattering experiments (Rogalla

et al., 1999). Serine 15 is found in the WDPF domain while serine 78 and 82 are found in the

flexible region immediately prior to the ACD. It is unknown the implication of each phosphosite

alone in contributing to endothelial barrier permeability.

The predominate pathway of HSP27 phosphorylation is through p38 regulated mitogen-

activated protein kinase-activated protein kinases (MKs), although PKC and PKD have also

been shown to phosphorylate HSP27 independent of p38 pathways (Kostenko and Moens,

2009, Evans et al., 2008). Kinase specificity for each of the three HSP27 phosphosites are

cell type and stimulation dependent. Endothelial modulations of HSP27-induced microfilament

dynamics is generally accepted to be regulated and phosphorylated by the p38-MK2 signal-

ing axis upon stimulation of a stressor such as osmotic stress or UV light (Huot et al., 1997,

Kostenko and Moens, 2009). MK3 and MK5, which have a high degree of homology in the

catalytic domain to MK2, are also thought to be major regulators of HSP27 phosphorylation and

MK2 is exclusively regulated by p38↵ (Gaestel, 2006). MK5 has been shown to phosphory-

late HSP27 in endothelial cells, while MK3 has only phosphorylated HSP27 in in vitro settings
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(Huot et al., 1997). Thrombin stimulation causes p38-MK2-induced phosphorylation of HSP27

in platelets (Tokuda et al., 2016) and vascular smooth muscle cell lines (Nakajima et al., 2005,

Brophy et al., 1998), but endothelial specific GPCR-induced HSP27 phosphorylation is unknown

and will be addressed in this thesis.

HSP27 phosphorylation is a reversible process, but dephosphorylation of HSP27 has

been studied to a lesser extent. Protein phosphatase 2A (PP2A) has been implicated as the

main phosphatase to dephosphorylate HSP27 in vitro and in vivo with direct activity on HSP27

and indirectly through MK2 dephosphorylation and deactivation (Cairns et al., 1994, Kostenko

and Moens, 2009). To a lesser extent, PP2B and protein phosphatase 1 exhibit phosphatase

activity with purified proteins in vitro but this function is not recapitulated in vivo (Cairns et al.,

1994, Kostenko and Moens, 2009).

While it is well established HSP27 functionally regulates actin dynamics, little work has

been done to examine HSP27’s role on endothelial barrier permeability. One study demon-

strated endothelial overexpression of HSP27 preserves blood brain barrier integrity after oxygen

deprivation in vitro and in vivo, suggesting a role for HSP27 in regulation of endothelial barrier

permeability (Shi et al., 2017). Another study showed specific phosphorylation of HSP27 has a

protective response to hyperpermeability after burn serum challenge in the endothelium, impli-

cating the phosphorylation of HSP27 being required for endothelial barrier permeability (Sun et

al., 2015). Whether HSP27 and its phosphorylation status mediates GPCR-induced endothelial

barrier permeability is not known and will be addressed in this dissertation.
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1.1.6 Cytokine response to GPCR stimulation

A second main effect of endothelial GPCR stimulation is transcriptional regulation of

genes encoding cytokines, chemokines and adhesion molecules. This creates a prolonged,

sustained inflammatory response opposed to the more rapid responses of endothelial barrier

permeability through cell signaling to adherens junctions and actomyosin contractility. Endothe-

lial GPCRs coupled to G proteins G↵i and G↵q/11 lead to activation of transcription factors such

as CREB, c-Jun, NF-�, and STAT3 to translocate to the nucleus to regulation pro-inflammatory

gene expression (Sun and Ye, 2012).

Specifically, thrombin has been shown to upregulate the pro-inflammatory genes includ-

ing interleukin (IL)-1, IL-6, IL-8, vascular cell adhesion molecule 1 (VCAM-1), intercellular ad-

hesion molecule 1 (VCAM1), monocyte chemotactic protein-1 (MCP-1) and P-selectin (Naldini

et al., 2000, Ellinghaus et al., 2016, Marin et al., 2001). Increased transcription of these genes

leads to cytokine production and leukocyte recruitment, adherence, rolling, and transmigration,

all essential for the inflammatory response (Granger and Senchenkova, 2010). IL-6, specifically,

is a potent multifunctional pro-inflammatory cytokine that has been shown to be secreted by en-

dothelial cells after thrombin and histamine stimulation and regulated in a p38-dependent man-

ner (Marin et al., 2001, Li et al., 2001). How thrombin-induced non-canonical p38 and HSP27

affect cytokine induction is not known and will be the focus of chapter 4 of this dissertation.
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1.3 Figures

Figure 1.1: Vascular Inflammation. The vascular endothelium creates a semi-permeability
membrane with relatively low movement of fluids and macromolecules into surrounding tissues.
Vascular inflammation creates interstitial spaces to allow large movement of fluids and antimi-
crobial chemicals into surrounding tissues. This also facilitates leukocyte transmigration and
platelet aggregation.
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Figure 1.2: G↵12/13 and G↵q/11 signaling upon PAR1 activation. In the endothelium, thrombin-
activated PAR1 couples to G↵q which activates and mobilizes phospholipase C-� (PLC-�) gen-
erating inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 generation allows calcium
(Ca2+) mobilization. Ca2+ can either activate protein kinase C (PKC) with DAG to facilitate
canonical MAP kinase signaling cascades, or Ca2+ in conjuncture with calmodulin allow myosin
light chain (MLC) phosphorylation that initiates actin myosin contractility and pulls the endothelial
monolayer apart through interactions with filamentous (f)-actin and producing endothelial per-
meability. PAR1 also couples to G↵12/13 and activates RhoA through Rho guanine nucleotide
exchange factor (GEFs). RhoA then activates Rho-activated kinases (ROCK) which phospho-
rylate and inhibit MLC phosphatases. Again, phosphorylated MLC can interact with f-actin and
produce endothelial permeability.
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Figure 1.3: p38 MAPK canonical and non-canonical signaling. A.) Classic canonical p38
mitogen-activated protein kinase (MAPK) 3 tier kinase cascade signaling. External stimuli acti-
vate MAPK kinase kinases (MAPKKKs) which phosphorylates MAPK kinases (MKKs), and then
to phosphorylate p38 MAPKs. B.) Non-canonical p38 activation in T cells, where T cell receptor
gets stimulated and activates the kinase ZAP70, which phosphorylates p38 at a non-canonical
residue causing a conformational change and autophosphorylation of p38. C.) GPCR-induced
p38 non-canonical activation begins with GPCR ubiquitination. TAB2 to associates with the re-
ceptor at the site of ubiquitination and allows TAB1 to stabilize and form a complex. p38 bind to
the complex causing a conformational change and autoactivates.
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Figure 1.4: HSP27 structure and activity. A.) Heat shock protein (HSP) 27 protein has a highly
conserved ↵-crystallin domain, a WDPF N-terminal domain, and a short, flexible C-terminal do-
main. The three phosphorylated serines (S) at highlighted with residue of phosphorylation. B.)
HSP27 regulation of the cytoskeleton through oligomerization and function as an actin capping
protein to inhibit f-actin formation. Phosphorylation of HSP27 by the kinase MAPKAPK2 (MK2)
and dephosphorylation of HSP27 by protein phosphatase 2A (PP2A) causing formation and
disruption of large HSP27 oligomeric complexes.
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Chapter 2

PAR1-induced p38 activation causes

specific phosphorylation of HSP27

through kinases MK2 and MK3

Vascular inflammation results in increased endothelial barrier permeability and tissue

edema. Protease-activated receptor-1 (PAR1), a G protein-coupled receptor (GPCR) for throm-

bin, mediates hemostasis, thrombosis, and inflammatory responses including barrier disrup-

tion. Thrombin activation of PAR1 stimulates p38 MAPK pro-inflammatory signaling via a non-

canonical pathway that promotes endothelial barrier disruption, a process that remains poorly

understood. Using mass spectrometry phosphoproteomic analysis, we identified heat shock

protein 27 (HSP27), which exists as a large oligomer and binds actin, as a promising candi-

date for p38-mediated barrier disruption. We confirm HSP27 phosphorylation is sensitive to

p38 inhibition in microvascular and macrovascular endothelial cell lines after PAR1 or histamine
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stimulation. We further show that MAPKAPK2 (MK2) and MAPKAPK3 (MK3), downstream ki-

nases of p38, differentially phosphorylate HSP27 at three distinct sites Ser15, Ser78, and Ser82.

While inhibition of thrombin-stimulated p38 activation ablated HSP27 phosphorylation, blockade

of MK2 resulted in only loss of Ser15 and Ser78 phosphorylation, whereas both MK2 and MK3

are required for Ser82 phosphorylation. Moreover, thrombin-initiated disassembly of HSP27

oligomers requires p38 signaling and is dependent on both MK2 and MK3 activity. In this chap-

ter we show GPCR activated p38 signals to MK2 and MK3 to specifically phosphorylate HSP27

and affect its activity through oligomerization.

2.1 Introduction

Vascular endothelial cells form a semi-permeable barrier that is important for normal

tissue homeostasis. Disruption of the endothelial barrier by inflammatory mediators can lead

to endothelial barrier disruption and cytokine production resulting in increased permeability, tis-

sue edema, and subsequent organ failure (Komarova and Malik, 2010 ). Many inflammatory

mediators act through G protein-coupled receptors (GPCR) to promote endothelial barrier dis-

ruption (Sun and Ye, 2012), however, the mechanism by which this occurs is not clearly un-

derstood. Protease-activated receptor-1 (PAR1), a GPCR for the protease thrombin, couples to

G↵q and G↵12/13 proteins and causes endothelial permeability through increases in Ca2+/PKC

and RhoA activation (Komarova and Malik, 2010). These pathways converge on myosin light

chain (MLC) phosphorylation, which promotes actin-myosin contractility and adherens junction

disassembly resulting in endothelial barrier permeability.

Our group has demonstrated that PAR1 non-canonical activation of p38 MAPK occurs

independent of the canonical 3-tier kinase cascade, and instead signals through a TAB1 de-
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pendent pathway (Borbiev et al., 2004, Grimsey et al., 2015). We have further characterized

multiple other GPCRs, including the H1 histamine receptor, can activate non-canonical p38

(Grimsey et al., 2019). We show non-canonical activation of p38 is an important mediator of

PAR1-induced endothelial permeability (Grimsey et al., 2014). Other GPCRs, including the H1

receptor, have also been implicated to act through p38 to disrupt endothelial barrier disruption

(Adderley et al., 2015). However, these studies have failed to provide a causative mechanism

for how GPCR-activated p38 promotes endothelial barrier disruption.

Heat shock protein 27 (HSP27) is a small molecular chaperone that can oligomerize to

function as an actin capping protein to inhibit F-actin formation (Pichon et al., 2004, Rogalla et

al., 1999). Phosphorylation of HSP27 disrupts large HSP27 oligomeric complexes and releases

its constraints on actin (Rogalla et al., 1999, Salinthone et al., 2008). This allows actin to poly-

merize, which can contribute to endothelial barrier disruption through modulation of actin-myosin

contractility. However, specific regulation of HSP27 in the endothelium to affect its activity has

yet to be elucidated.

In this chapter, we show thrombin activated p38 signals independent of known G↵q and

G↵12/13 modulators and instead signals through an MK2-MK3-HSP27 signaling axis. Further-

more, we show this signaling axis is conserved for other GPCRs. We further delineate the

mechanism of HSP27 regulation on HSP27 activity by showing both MK2 and MK3 are required

for differential phosphorylation of HSP27 which affect its oligomerization and enhance oligomer

disruption.
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2.2 Results

Thrombin-induced p38 signaling is not integrated with the RhoA/MLC pathway

and promotes HSP27 phosphorylation

In addition to known RhoA and MLC kinase pathways that perturb endothelial barrier

integrity (Bogatcheva et al., 2002), we recently showed that thrombin-activated PAR1-induced

p38 activation occurs through a TAB1-mediated non-canonical pathway and promotes endothe-

lial barrier permeability (Grimsey et al., 2015). However, the mechanism by which p38 signaling

contributes to barrier disruption is not known. To assess whether thrombin-activated p38 is

integrated into known G↵q and G↵12/13 signaling pathways, we tested the effect of p38 block-

ade on RhoA activation and MLC phosphorylation, downstream effectors of G↵q and G↵12/13

signaling, respectively. Thrombin treatment induced a robust increase in RhoA activation in

HUVEC-derived EA.hy926 cells after agonist stimulation in vehicle control cells, whereas inhibi-

tion of p38 with SB203580, a p38↵ and � selective inhibitor, had no effect on RhoA activation

(Fig. 2.1A). Phosphorylation of MLC, an MLC kinase substrate regulated by RhoA and Ca2+,

peaked after 1 min of thrombin stimulation in HUVECs and then declined, however, a similar

change in MLC phosphorylation was observed in cells treated with SB203580, the p38 specific

inhibitor (Fig. 2.1B). This suggests thrombin-stimulated p38 signaling affects endothelial bar-

rier disruption independent of known PAR1-stimulated G protein signaling effectors and is likely

mediated by unknown proteins.

To identify the unknown mediators of PAR1-activated p38 signaling, we previously per-

formed a quantitative phosphoproteomics analysis on EA.hy926 endothelial cells stimulated with

thrombin for 0, 2.5, or 5 min (Lin et al., 2020). Heat shock protein 27 (HSP27), a downstream
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substrate of p38, has previously been implicated in regulation of endothelial barrier integrity (Shi

et al., 2017, Sun et al., 2015, Sun et al., 2019), emerged from this data set as a promising can-

didate for further interrogation. However, the role of HSP27 in GPCR regulation of endothelial

barrier integrity is not known. Thrombin caused a significant increase in HSP27 phosphoryla-

tion at four unique sites including serine (Ser) 15, 78, 82, and 83 (Fig. 2.1C and 2.1D). The

Ser15 and Ser82 sites of HSP27 phosphorylation induced by thrombin were detected on sin-

gle peptides, whereas Ser78 was only detected together with Ser82 or both Ser82 and Ser83

(Fig. 2.1C and 2.1D). HSP27 phosphorylation at Ser15, Ser78, and Ser82 are known to affect

HSP27 function (Kostenko and Moens, 2009), but how HSP27 phosphorylation contributes to

GPCR-induced endothelial barrier permeability is not known.

GPCR agonists stimulate p38-dependent HSP27 phosphorylation in multiple en-

dothelial cell types

To confirm our phosphoproteomic data and the specificity of PAR1-induced HSP27 phos-

phorylation, HUVECs were stimulated for 5 or 10 min with the PAR1 specific peptide agonist,

TFLLRNPNDK, which mimics the thrombin cleaved tethered ligand of PAR1. Phosphorylation

of p38, and HSP27 on Ser15, Ser78, and Ser82 were detected using phospho-specific HSP27

antibodies. The PAR1 peptide agonist caused significant phosphorylation for both 5 and 10 min

time points for p38, and on HSP27 at all three serine residues (Fig. 2.2A, lanes 1-3). The PAR1

specific antagonist, Vorapaxar, caused complete ablation of all HSP27 and p38 phosphoryla-

tion (Fig. 2.2A, lanes 4-6). These results confirm HSP27 phosphorylation is specific to PAR1

activation.

To understand the activity of HSP27, we employed a prolonged signaling time course
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to examine the kinetics of thrombin-induced HSP27 phosphorylation. HUVECS were stimu-

lated with thrombin over a 60 min time-course and phosphorylation of HSP27 on Ser15, Ser78,

and Ser82 was detected. Thrombin induced an increase in phosphorylation at all three sites with

varying kinetics. A peak in Ser82 phosphorylation was detected at 5 min following thrombin stim-

ulation (Fig. 2.2B, lanes 1-6), whereas Ser78 phosphorylation was detected later at 10 min after

thrombin incubation (Fig. 2.2B, lanes 1-6). Thrombin-stimulated Ser15 phosphorylation peaked

at 30 min and was sustained (Fig. 2.2B, lanes 1-6). To determine if thrombin induced HSP27

phosphorylation required p38 activity, HUVECs were pretreated with SB203580 or DMSO vehi-

cle control. Inhibition of p38 significantly ablated thrombin stimulated HSP27 phosphorylation at

Ser82, Ser78, and Ser15 (Fig. 2.2B, lanes 7-12).

Next, we examined if thrombin-triggered HSP27 phosphorylation is conserved in other

endothelial cell types using primary human dermal microvascular endothelial cells (HDMEC).

HDMECs were stimulated with thrombin over a 60 min time course and detection of HSP27

Ser15, 78, and 82 phosphorylation measured at various times (Fig. 2.2C, lanes 1-6). Thrombin

caused a peak in phosphorylation of HSP27 Ser78 and Ser82 at 5 min and 10 min, respec-

tively, that then declined, whereas Ser15 phosphorylation peaked at 5 min and was sustained

after thrombin (Fig. 2.2C, lanes 1-6). Pretreatment with the p38 inhibitor SB203580 significantly

inhibited thrombin-induced HSP27 Ser15 and Ser78 phosphorylation, and reduced Ser82 phos-

phorylation to a lesser extent (Fig. 2.2C, lanes 7-12). HDMECs exhibited similar kinetics of

thrombin-induced HSP27 phosphorylation compared to HUVECs at all three phosphorylation

sites and retained sensitivity to p38 inhibition.

In previous studies we showed multiple GPCR agonists can activate non-canonical p38

signaling in endothelial cells (Grimsey et al., 2015, Grimsey et al., 2019). Histamine is known
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to signal via H1 and H2 GPCR receptors expressed in endothelial cells and promotes barrier

disruption (Adderley et al., 2015). To determine if other GPCR agonists induce HSP27 phos-

phorylation, HUVECs were stimulated with histamine over a 30 min time course. Histamine

induced a peak in phosphorylation of Ser15, Ser78, and Ser82 at 10 min (Fig. 2.2D, lanes 1-5),

and then declined to baseline by 30 min (Fig. 2D, lanes 1-5). SB203580 pretreatment com-

pletely ablated phosphorylation of Ser15, Ser78, and Ser82 (Fig. 2.2D, lanes 6-10). Similar to

thrombin, histamine induced p38-dependent HSP27 phosphorylation at all three sites. While

thrombin has been shown to phosphorylate HSP27 in platelets (Tokuda et al., 2016) and vas-

cular smooth muscle cell lines (Nakajima et al., 2005, Brophy et al., 1998a), endothelial specific

GPCR-induced HSP27 phosphorylation has not been previously reported.

MK2 and MK3 are required for thrombin-induced HSP27 phosphorylation

Although HSP27 phosphorylation is dependent on p38 MAPK, it is not likely a direct sub-

strate. HSP27 is instead a substrate of numerous p38 regulated kinases (Kostenko and Moens,

2009). To determine which p38 regulated kinases mediate thrombin-stimulated HSP27 phos-

phorylation, we used PHOXTRACK computational software (Weidner et al., 2014) to interrogate

the thrombin-induced phosphoproteome (Lin et al., 2020), and identified two candidates, MAP-

KAPK2 (MK2) and MAPKAPK3 (MK3) as potential HSP27 causal kinases (Fig. 2.2). HSP27 has

previously been shown to be a direct substrate of MK2 in platelets (Mendelsohn et al., 1991),

vascular smooth muscle cells (Brophy et al., 1998b), and in vitro using purified proteins (Stokoe

et al., 1992), while MK3 has only been shown to directly phosphorylate HSP27 in vitro (Kostenko

and Moens, 2009, McLaughlin et al., 1996). Neither MK2 nor MK3 have been previously linked

to endothelial GPCR-induced HSP27 phosphorylation.
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To determine if MK2 is required for thrombin induced HSP27 phosphorylation, HU-

VECs were pretreated with or without PF3644022, an MK2 specific inhibitor, stimulated with

thrombin over a 60 min time-course and HSP27 phosphorylation detected by immunoblotting.

Thrombin-stimulated Ser15 and Ser78 phosphorylation was significantly ablated by MK2 inhi-

bition, whereas the agonist-induced Ser82 phosphorylation was not altered in the presence of

PF3644022 (Fig. 2.4A, lanes 6-12). Thrombin also induced MK2 phosphorylation at Threonine

(Thr) 334 in both vehicle control and PF3644022 treated cells (Fig. 2.4A), indicating that MK2

is activated in the pathway. To confirm HSP27 is a direct substrate of MK2 in human cultured

endothelial cells, an in vitro MK2 kinase assay was performed using purified HSP27 as a sub-

strate. Endogenous MK2 was immunoprecipitated from cells treated with or without PF3644022

followed by stimulation with thrombin for 5 min. MK2 immunoprecipitates were then incubated

with purified recombinant GST-tagged HSP27 and ATP and changes in phosphorylation induced

in vitro detected by immunoblotting. MK2 immunoprecipitates from control cells stimulated with

thrombin for 5 min showed increases in both HSP27 Ser78 and Ser82 phosphorylation (Fig.

2.4B, lanes 1-3). However, in cells treated with the MK2 inhibitor PF3644022 only thrombin-

induced HSP27 Ser78 phosphorylation was significantly inhibited (Fig. 2.4B, lanes 4-6). Taken

together, both the cellular assays and in vitro kinase assays to assess HSP27 phosphorylation

indicate that both Ser78 and Ser15 require MK2 activation, while Ser82 does not. These find-

ings further suggest that another kinase present in the MK2 immunoprecipitates is competent

to phosphorylate HSP27 at Ser82.

To examine the role of MK3 in thrombin-induced HSP27 phosphorylation, HUVECs were

transfected with MK3 specific siRNA or non-specific (NS) siRNA, since there are no specific MK3

inhibitors, and then stimulated with thrombin over a 30 min time-course (Fig. 2.4C, lanes 1-8).
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Thrombin-induced significant changes in HSP27 phosphorylation in NS siRNA treated HUVECs,

however, in MK3 depleted HUVECs only Ser82 showed a significant decrease in phosphoryla-

tion at 10 min, whereas there were no significant effects on Ser15 and Ser78 phosphorylation

(Fig. 2.4C, lanes 5-8). To determine if MK2 and MK3 kinases were both necessary to fully

phosphorylate HSP27, we used the MK2-specific inhibitor PF3644022 and MK3 siRNA to as-

sess the contribution of both MK3 and MK2 to thrombin-induced HSP27 phosphorylation. Using

MK3-specific siRNA and the MK2 inhibitor PF3644022, thrombin-induced HSP27 phosphory-

lation at all three phosphorylation sites was abolished (Fig. 2.4C, lanes 9-12). These results

show differential regulation of thrombin-induced HSP27 phosphorylation, where HSP27 Ser15

and Ser78 phosphorylation depends on MK2 activation, while robust phosphorylation of Ser82

requires both MK2 and MK3 activity, suggesting a complex regulation of Ser82 phosphorylation

by both MK2 and MK3.

MK2 and MK3 are known to form a complex with their upstream activator p38↵ (Ronkina

et al., 2008). However, it is not known if MK2 and MK3 co-associate in endothelial cells and if

thrombin disrupts this interaction. To determine if MK2 and MK3 co-associate, HUVECs were

stimulated with thrombin over a 10 min time-course, lysed and immunoprecipitated with anti-

MK2 antibody, and co-associated MK3 detected by immunoblotting. MK2 and MK3 were found

to basally co-associate, whereas incubation with thrombin caused significant disassociation of

the MK2-MK3 complex after 10 min of agonist stimulation (Fig. 2.4D, lanes 2-4), suggesting that

MK2-MK3 co-exist in a complex that is dynamically disassociated by thrombin.

Based on the proximity of Ser78 and Ser82 in the primary structure of HSP27, it was sur-

prising that MK2 mediated phosphorylation of only Ser78 and Ser15 residues and not Ser82,

suggesting a more complex orientation in the tertiary structure of HSP27. While there is a
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HSP27 crystal structure of the highly ordered ↵-crystallin domain (Rajagopal et al., 2015),

Ser15, Ser78, and Ser82 reside in a highly disordered region that is not present in the published

structure. Thus, we used Phyre homology modeling (PDB 2N3J) (Kelley et al., 2015) to predict

the location of Ser15, Ser78, and Ser82 residues relative to each other in the unstructured re-

gion as illustrated in the ribbon, space-filled and merged diagram with the key residues shown

in green (Fig. 2.4E). This region is located in the C-terminal region distal to the ↵-crystallin �-

sheets (Fig. 2.4E) (Rajagopal et al., 2015). The homology modeling further predicts Ser15 and

Ser78 are adjacent and localized within a pocket that is clearly evident in the space-filled model,

whereas Ser82 is situated behind an ↵-helical loop in its own pocket (Fig. 2.4E). Thus, Ser78

and Ser82 reside farther apart in the tertiary structure, although they appear in close proximity

in the primary structure, whereas Ser15 and Ser78 are predicted to be more proximate in the

tertiary structure, which may contribute to the preferential phosphorylation of HSP27 Ser15 and

Ser78 residues by MK2 versus MK3.

GPCR-induced HSP27 activity requires p38, MK2 and MK3

Under physiological conditions HSP27 exists as large oligomers that interacts with actin

as a barbed-end-capping protein, whereas phosphorylation of HSP27 promotes oligomer dis-

assembly and controls actin polymerization (Salinthone et al., 2008), which is important for

regulating endothelial barrier function. To gain mechanistic understanding of how PAR1 regu-

lates HSP27 activity, thrombin-induced changes in HSP27 oligomerization were examined using

native non-denaturing polyacrylamide gel electrophoresis to facilitate analysis of oligomer dis-

assembly. In HUVECs, thrombin induced rapid disassembly of large HSP27 oligomers resulting

in the formation of smaller HSP27 oligomers that appear as lower bands on the native gel within
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minutes (Fig. 2.5A, lanes 1-5). HSP27 disassembly and formation of smaller oligomers peaked

at 10 min after thrombin stimulation, whereas reformation of HSP27 larger oligomers occurred

by 30 min based on the ratio of small versus large oligomers detected (Fig. 2.5A, lanes 1-5).

However, in cells pretreated with SB203580, the p38 inhibitor, thrombin-stimulated disassembly

of HSP27 larger oligomers was significantly inhibited (Fig. 2.5A, lanes 6-10), indicating that p38

enhances HSP27 disassembly. Histamine stimulation also caused disassembly of large HSP27

oligomers resulting in the formation of smaller HSP27 oligomers (Fig. 2.5B, lanes 1-5) that was

blocked by the p38 inhibitor SB203580 (Fig. 2.5B, lanes 6-10), similar to that observed with

thrombin, suggesting multiple GPCR agonists induce HSP27 activity through p38 signaling.

To determine if disassembly of large HSP27 oligomers required MK2 function, HUVECs

were pretreated with the MK2-specific inhibitor PF3644022 followed by thrombin stimulation.

Inhibition of MK2 failed to block thrombin-induced disassembly of HSP27 oligomer disruption

and re-formation (Fig. 2.5C, lanes 1-5 versus 6-10). Similarly, depletion of MK3 by siRNA

alone failed to inhibit disassembly of large HSP27 oligomers induced by thrombin (Fig. 2.5D,

lanes 5-8), compared to NS siRNA transfected control cells (Fig. 2.5D, lanes 1-4). These find-

ings indicate that neither MK2 nor MK3 function alone is sufficient to mediate disassembly of

HSP27 oligomers. However, inhibition of both MK2 and MK3 using PF3644022 combined with

MK3-specific siRNAs caused a significant decrease in thrombin-induced HSP27 disassembly,

where the presence of the large HSP27 oligomers were retained after 5 min and 30 min of ag-

onist stimulation compared to control HUVECs treated with DMSO and NS siRNA (Fig. 2.5D,

lanes 1-4 versus 9-12), suggesting alteration of both disassembly and recovery of HSP27 large

oligomers. These data suggest that the thrombin-induced p38-MK2-MK3 signaling axis is re-

quired for HSP27 phosphorylation at Ser15, Ser78, and Ser82 sites, and mediates disassembly
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of HSP27 large oligomers.

2.3 Conclusion and Discussion

In this chapter we define a GPCR signaling pathway that is distinct from the classically

known G↵q or G↵12/13 RhoA and MLC effector pathways in which GPCR-activated p38 induces

MK2-MK3 signaling to differentially phosphorylate HSP27 that controls the initiation of HSP27

oligomer disruption. We demonstrate that GPCR-induced phosphorylation of HSP27 by p38 is

critical for disassembly of HSP27 large oligomers, whereas both MK2 and MK3 are required

for HSP27 disassembly following thrombin stimulation. Taken together, this study provides a

mechanistic delineation of the p38-MK-MK3 signaling axis to specifically phosphorylate and

activate HSP27 after GPCR stimulation. These findings are summarized in Fig. 2.6 schematic.

An important finding of this study is thrombin activation of p38 signaling is indepen-

dent of effectors of the G↵q or G↵12/13 RhoA and MLC signaling pathways. Both G↵q and

G↵12/13 pathways converge on MLC phosphorylation by different mechanisms which increases

interactions with F-actin causing actomyosin contractility and opening of the endothelial barrier

(Komarova et al., 2007), however, our data suggest thrombin activated p38 is working through

HSP27 modulation of the barrier in lieu of MLC. Thrombin has been previously shown to phos-

phorylate HSP27 in various cell types such as vascular smooth muscle cells and platelets (Hi-

rade et al., 2002, Nakajima et al., 2005); however, this study is the first to report thrombin-

induced HSP27 phosphorylation by p38 and to affect HSP27 activity. A recent study showed

HSP27 overexpression mediates blood brain barrier preservation (Shi et al., 2017), but how

GPCR-stimulated p38 modulation of HSP27 affects barrier integrity has not been determined.

Thus, we sought to define the signaling link between HSP27 function and the GPCR-p38 signal-
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ing axis that promotes endothelial barrier disruption. We identified four different combinations of

HSP27 phosphorylation sites induced by thrombin using mass spectrometry. Two of the HSP27

phosphosites have also been identified in a phosphoproteomic screen in an endothelial derived

cell line when giving the PAR1 peptide agonist (van den Eshof et al., 2017), supporting our data

in which we identified 2 additional specific HSP27 phosphorylation sites after thrombin addition

in endothelial cells. While Ser82 and Ser15 appear to be phosphorylated alone, phosphorylated

Ser78 phosphorylation was only detected in combination with Ser82 or Ser83, suggesting there

may be a specific order in which HSP27 is phosphorylated on each site. We could speculate

one site may be a “priming site” and must be phosphorylated first, but we do not have sufficient

evidence to support this in our results.

p38 and HSP27 exhibits delayed signaling kinetics, peaking around 5-10 min of thrombin

stimulation, as opposed to MLC and RhoA activation, which peaks at 1 and 2.5 min respectively.

This suggests that a temporally distinct GPCR-p38 signaling pathway may contribute not only

the opening of the barrier, but potentially the initiation of barrier recovery. Importantly, we show

this pathway is conserved for other barrier disrupting GPCR agonists, such as histamine, in-

dicating that the pathway is relevant to GPCRs activated by inflammatory mediators. Another

locally produced inflammatory mediator of vascular permeability is bradykinin for allergy-induced

responses. Although we did not directly test bradykinin B1/B2 receptors, we would expect the

kinin peptide to illicit a response similar to histamine or PAR1 stimulation and also to mediate

barrier recovery through HSP27 modulation.

In this work, we also provide detailed mechanistic insight into how p38 causes PAR1-

induced HSP27 phosphorylation via the MK2-MK3 signaling pathway. In vitro systems have

clearly established both MK2 and MK3 are capable of specifically phosphorylating Ser15, Ser78,
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and Ser82 of HSP27 (Zakowski et al., 2004, Stokoe et al., 1992). Based on these studies, MK2

and MK3 are thought to have potentially redundant or compensatory effects on HSP27 phos-

phorylation (Ronkina et al., 2007). However, we show in a native endothelial cell system that

thrombin-activated MK2 specifically phosphorylates HSP27 at sites Ser78 and Ser15, and not

Ser82, whereas thrombin-activated MK3 prefers the Ser82 site of HSP27. MK2 and MK3 have

been shown to exhibit differential functions on gene expression (Ehlting et al., 2019), however,

this is the first report to show that MK2 and MK3 differentially phosphorylate HSP27. Phyre ho-

mology analysis provides a plausible explanation for how differential phosphorylation of HSP27

mediated by two different kinases might occur. The Phyre model indicates that Ser78 and Ser15

are located more proximal to each other and reside in the same pocket, whereas Ser82 is lo-

cated at the posterior face of the ↵-helical loop and in a distinct pocket. Thus, it is conceivable

the distinct pockets accommodate two different kinases that bind to and phosphorylate HSP27

at distinct sites. This is also supported by our finding that MK2 and MK3 complex disassociates

after thrombin stimulation, permitting the kinases to bind to and phosphorylate specific sites

located in the two spatially distinct HSP27 pockets.

While the previous literature using purified proteins in vitro has shown HSP27 activity is

regulated by its oligomeric state in a phosphorylation-dependent manner (Rogalla et al., 1999),

this study utilized a newly developed approach to examine endogenous HSP27 activity through

oligomerization in a native cell system. Here, we show that direct modulation of endogenous

HSP27 activity by alteration of HSP27 oligomerization state can be disrupted by GPCRs. In

fact, both thrombin- and histamine-induced changes in HSP27 phosphorylation correlates with

a change in activity, with peak in HSP27 phosphorylation and de-oligomerization occurring be-

tween 5-10 min and return to higher order oligomerization around 30 min. Inhibition of p38
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blocks GPCR-induced HSP27 disassembly, suggesting that p38 is critical for the initiation of

HSP27 activity. However, neither inhibition of MK2 or MK3 alone is sufficient to block oligomer

disassembly, suggesting that all three phosphorylation sites are necessary for the re-formation

of the larger oligomer. Blockade of MK2 and MK3 together, cause significant inhibition of the

HSP27 de-oligomerization, although to a lesser extent than occurs with p38 alone. This sug-

gest that p38 has additional functions such as regulating another effector kinase or phosphatase

to decrease or increase HSP27 activity. The phosphatase PP2A is known to dephosphorylate

HSP27 in vitro (Cairns et al., 1994); it was not tested in these experiments, yet provides a poten-

tial avenue for further investigation. In summary, this chapter mechanistically profiles differential

phosphorylation of HSP27 after thrombin induction and the role of the p38-MK2-MK3 signaling

axis in affecting HSP27 activity after GPCR induction.

2.4 Materials and Methods

Immunoprecipitation and in vitro kinase assay

Cells were stimulated with ↵-thrombin (10 nM) for indicated times and processed as

described (Grimsey et al., 2015) with Triton lysis buffer. HUVEC cells were grown in 6 cm

dishes for 3 days, serum starved for 2 h, and lysed in Triton lysis buffer containing 200 mM

Tris-HCl pH 7.0, 1.5 mM NaCl, 10% Triton X-100, 10 mM EDTA, 10 mM EGTA, 10 mM �-

glycerophosphate, 25 mM NaPP, 10 mM NaVO4, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 10

µg/ml trypsin protease inhibitor, 10 µg/ml pepstatin, and 10 µg/ml PMSF. Cell lysates were

homogenized, cleared by centrifugation. Protein concentrations determined by bicinchoninic

acid assay and equal amounts of lysates were used for immunoprecipitations using the anti-MK2
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antibody , samples were eluted with 2X Laemmli sample buffer containing 200 mM dithiothreitol

(DTT), resolved by SDS-PAGE and developed by chemiluminescence. In vitro kinase assays

were performed on immunoprecipitated MK2 in the presence of 200 µM ATP and purified kinase

substrate GST-HSP27 for 30 min at 30�C in kinase buffer containing 250 mM Tris-HCl pH 7.0,

20 mM DTT, 50 mM �-glycerophosphate, 1mM NaVO4, and 100 mM MgCl2. Samples were

eluted in 3X Laemmli sample buffer and resolved by SDS-PAGE. Aliquots of cell lysates were

also immunoblotted with specific antibodies as indicated.

HSP27 phosphorylation assays

HUVECs or HDMECs were serum-starved for 2 hr and were treated under various con-

ditions. Samples were collected in 2X SDS Laemmli sample buffer containing 200 mM DTT.

Equivalent amounts of cell lysates were resolved by SDS-PAGE, transferred to membranes

and probed with anti-HSP27 phospho-specific and HSP27 antibodies. Membranes were devel-

oped by chemiluminescence and quantified by densitometry with Image J (National Institute of

Health).

Transfections and siRNA

HUVECs were transfected with siRNAs using TransIT-X2 according to manufacturer’s in-

structions (Mirus Bio). MAPKAPK3 (5’-CCAGATAGTAATAAACACCAT-3’) used at 25 nM and

nonspecific (ns) All Stars Negative Control siRNA (5’-GGCUACGUCCAGGAGCGCACC-3’)

were all obtained from Qiagen.
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Native gel electrophoresis

HUVECs were serum-starved and treated under various conditions and time courses.

Samples were collected in 2X Laemmli sample buffer in the absence of DTT and heat and sup-

plemented with 10 µg/ml leupeptin, 10 µg/ml aprotinin, 10 µg/ml trypsin protease inhibitor, 10

µg/ml pepstatin, and 10 µg/ml PMSF. Samples were resolved on a native PAGE gel in non-

denaturing running buffer (25mM Tris-HCl and 192 mM glycine), transferred to PDVF mem-

branes and immunoblotted with anti-HSP27 antibody. Membranes were developed by chemilu-

minescence and quantified by densitometry.

RhoA Activity Assay

RhoA activity was measured as described in (Soh and Trejo, 2011). Briefly, GST-rhotekin

Rho-binding domain (RBD) fusion protein was transformed into BL21 (DE3) Escherichia coli;

fusion proteins were induced and purified using standard techniques. Endothelial EA.hy926

cells were serum starved, incubated with p38 inhibitor, SB203580, for 1 hr and treated with

thrombin for 2.5 min at 37�C. Cells were lysed in buffer containing 50 mM Tris-HCl pH 7.4, 100

mM sodium chloride, 2 mM MgCl2, 1% Triton X-100, 10% glycerol containing 1 mM DTT, and

protease inhibitors. Equivalent amounts of lysates were used in pull-down assays with GST

Rhotekin-RBD bound to glutathione Sepharose beads for 45 min at 4�C. Beads were washed

with lysis buffer, and RhoA was eluted in 2X SDS Laemmli sample buffer containing 200 mM

DTT, resolved by SDS PAGE, transferred to PVDF membranes, and immunoblotted with anti-

RhoA antibody. Immunoblots were developed with enhanced chemiluminescence and analyzed

by densitometry.
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Mass Spectrometry Based Proteomics Analysis

Thrombin-induced phosphorylation of HSP27 was detected in a previous multiplexed,

quantitative, phosphoproteomic experiment performed by our lab (Lin et al., 2020). Briefly, cells

were serum starved and then stimulated with thrombin for 2.5 and 5 min. Phosphopeptide

abundances were grouped using k-means clustering, yielding thrombin-induced clusters. Within

a thrombin-induced cluster, we noted a drastic increase in a number of HSP27 phospho-sites

in response to thrombin. Formal statistical analysis (one-way ANOVA) of these phospho-sites

demonstrated a significant increase from basal levels.

PHOXTRACK computational software

Results selecting MAPKAPK2 (MK2) and MAPKAPK3 (MK3) as causal HSPB1 (HSP27)

kinases from our phosphoproteomic dataset input. Graphs show the likelihood of each HSP27

phosphorylation site, Ser15, Ser78, and Ser82 by MK3 and MK2 kinases. Kinases were se-

lected from Human Protein Reference Dataset (HPRD).

Cell culture

Pooled-primary human umbilical vein endothelial cells (HUVEC) or human dermal mi-

crovascular endothelial cells (HDMEC) were purchased from Lonza and used up to passage

6. HUVECs were grown in EGM-2 (Lonza). HDMECs were grown in EGM-2MV (Lonza).

EA.hy926, HUVEC derived immortalized endothelial cells, were grown in DMEM/F12 with 10%

FBS. All cells were cultured in a 37�C incubator with 5% CO2.
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Antibodies and reagents

↵-Thrombin was purchased from Enzyme Research Laboratories. Histamine dihy-

drochloride was from Tocris Bio-Techne. Rabbit IgG antibody and purified GST-HSP27 are

from Rockland Immunochemicals. PF3644022 was from Tocris. SB203580 was from LC lab-

oratories. Polyclonal rabbit anti-p38, polyclonal rabbit anti-MK2, polyclonal rabbit anti-MK3,

polyclonal rabbit phospho-MK2 (Thr334), polyclonal rabbit anti-MLC, monoclonal mouse anti-

phospho-MLC, monoclonal mouse anti-HSP27, and polyclonal rabbit phospho-HSP27 (Ser15,

Ser78, and Ser82) antibodies were from Cell Signaling Technology. Monoclonal mouse anti-

GAPDH antibody was from GeneTex. Monoclonal mouse anti-Anti-RhoA was from Santa Cruz.

HRP-conjugated goat–anti rabbit and goat–anti mouse antibodies were from Bio-Rad Laborato-

ries.

Statistical Analysis and Replications

Statistical significance between datasets with three or more experimental groups was

determined using one-way analysis of variance (ANOVA) including a Tukey’s test for multiple

comparisons. Statistical difference between two experimental groups was determined using a

two-tailed unpaired t-test. For all tests, a p-value of 0.05 was used as the cutoff to determine

significance. All experiments were repeated a least three times, and p-values are indicated in

each figure. All statistical analysis was performed using GraphPad prism 7.
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2.7 Figures

Figure 2.1: Thrombin-induced p38 signaling is not integrated with the RhoA/MLC pathway and
promotes HSP27 phosphorylation. A.)↵-Thrombin (10 nM) stimulated RhoA activity assay mea-
sured in EA.hy926 cells in the presence and absence of p38 inhibitor, SB203580 (3 µM). Cell
lysates were immunoblotted for RhoA, phospho-p38 and p38 as indicated. B.) HUVECs were
pretreated with p38 inhibitor, SB203580 for 1 hr and stimulated with ↵-Th, and phosphorylation
of MLC determined. The data (mean ± S.D., n = 3) were analyzed using a Student’s t test
were not significant. C.) Heat map of each phosphopeptide of HSP27 discovered from phos-
phoproteomic dataset from 2.5 and 5 min ↵-Th stimulation. The data (mean ± S.D., n=2) were
analyzed by 2-way ANOVA (*, P0.05; **, P0.01; ***, P0.001). D.) Schematic of HSP27
phosphopeptides identified in mass spec screen. Red “s” indicates phosphorylated serines.
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Figure 2.2: GPCR agonists stimulate p38-dependent HSP27 phosphorylation in multiple en-
dothelial cell types. A.)HUVECs pretreated with 100 µM PAR1 specific antagonist, vorapaxar,
for 1 hr and stimulated with 100 µM TFLLRNPNDK for 5 or 10 min and phosphorylation of S15,
S78, and S82 of HSP27 was determined by immunoblotting. B.) HUVECs and C.) HDMECs
were pretreated with p38 inhibitor, SB203580 (3 µM) for 1 hr and stimulated with 10 nM ↵-Th for
various times, and phosphorylation of Ser15, Ser78, and Ser82 of HSP27 was determined by
immunoblotting. A.) HUVECs stimulated with 10 µM histamine pretreated with SB203580 and
phosphorylation of HSP27 was determined. The data (mean ± S.D., n = 4) were analyzed using
a Student’s t test (*, P  0.05; **, P 0.01; ***, P0.001).
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Figure 2.3: PHOXTRACK computational software results selecting MAPKAPK2 (MK2) and
MAPKAPK3 (MK3) as causal HSPB1 (HSP27) kinases from our phosphoproteomic dataset in-
put. Graphs show the likelihood of each HSP27 phosphorylation site, Ser15, Ser78, and Ser82
by MK3 and MK2 kinases. Kinases were selected from Human Protein Reference Dataset
(HPRD).
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Figure 2.4: MK2 and MK3 are required for thrombin-induced HSP27 phosphorylation. A.) HU-
VECs were pretreated with MK2 inhibitor, PF3644022 (300 nM) for 1 hr and stimulated with 10
nM ↵-Th, and phosphorylation of Ser15, Ser78, and Ser82 of HSP27 was determined. The data
(mean ± S.D., n = 4) were analyzed using a Student’s t-test (*, P  0.05; **, P  0.01; ***, P 
0.001). B.) MK2 in vitro kinase activity was determined for specific phosphorylation of HSP27 on
S78 and S82 in HUVECs pretreated with PF3644022 and stimulated with 10 nM ↵-Th. The data
(mean ± S.D., n = 4) were analyzed using a Student’s t-test (*, P  0.05). C.) HUVECs tran-
siently transfected with non-specific (NS) or MK3 siRNA in addition to pretreatment of DMSO or
PF3644022 were stimulated with ↵-Th and phosphorylation of all three HSP27 sites measured.
The data (mean ± S.D., n = 4) were analyzed using a 2-way ANOVA (*, P  0.05; **, P 
0.01). D.) HUVECs were stimulated with ↵-Th and immunoprecipitated with MK2 to examine
co-association with MK3. The data (mean ± S.D., n = 3) were analyzed using a Student’s t-test
(**, P  0.01). E.) Homology stick, space filling, and transparent model of HSP27 with Ser15,
Ser78, and Ser82 highlighted in green.
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Figure 2.5: GPCR-induced HSP27 activity requires p38, MK2 and MK3. HUVECs pretreated
with 3 µM SB203580 and stimulated with A.) 10nM ↵-Th or B.) 10 µM histamine and resolved
on a native non-denaturing gel and immunoblotted for HSP27. C.) HUVECs pretreated with 300
nM PF3644022, MK2 specific inhibitor, and stimulated with thrombin and resolved on a native
gel and examine HSP27. D.) HUVECs transiently transfected with non-specific (NS) or MK3 (25
nM) siRNA in addition to pretreatment with DMSO or PF3644022 and stimulated with thrombin
and resolved on a native gel and immunoblotted for HSP27. The data (mean ± S.D., n = 3) were
analyzed using a Student’s t-test or 2-way ANOVA (*, P  0.05; ns, not significant).
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Figure 2.6: PAR1 signaling pathway through HSP27. Thrombin activated PAR1 couples to
G↵q to allow calcium (Ca2+) mobilization through calmodulin to allow myosin light chain (MLC)
phosphorylation that initiates actin myosin contractility and pulls the endothelial monolayer apart
creating endothelial permeability. PAR1 also couples to G↵12/13 and activates RhoA activation
and through an alternative pathway also enhances MLC phosphorylation and barrier permeabil-
ity. PAR1 activation also causes p38 activation which increases HSP27 phosphorylation through
two co-associated downstream kinases MK2 and MK3. Phosphorylation of HSP27 disrupts its
oligomeric complex and its constraints on actin. The dephosphorylation of HSP27 is important
to allow the large HSP27 oligomers to re-form.
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Chapter 3

PAR1 induced endothelial barrier

recovery is mediated by HSP27

Endothelial cells line the lumen of blood vessels and create a semi-permeable barrier

that is disrupted during vascular inflammation resulting in increased permeability, tissue edema,

and subsequent organ failure. Protease-activated Receptor-1 (PAR1) is a G protein-coupled

receptor (GPCR) for the coagulant protease thrombin and mediates hemostasis, thrombosis,

and inflammatory response to vascular injury. However, the distinct mechanism of how en-

dothelial PAR1 promotes vascular pro-inflammatory responses remains poorly understood. We

show the protein heat shock protein 27 (HSP27), which functions as a large oligomer to chap-

erone actin, as a promising candidate for p38-mediated barrier disruption. Indeed, depletion of

HSP27 by siRNA in vitro enhances barrier permeability and slowed recovery following throm-

bin stimulation. In contrast, a phospho-deficient HSP27 mutant completely attenuates HSP27

oligomer disruption induced by thrombin and enhances the kinetics of barrier recovery. Inhibition
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of thrombin-induced alterations in HSP27 oligomerization using the J2, HSP27 specific inhibitor,

increased endothelial barrier permeability in vitro and vascular leakage in vivo. In this chapter,

we show HSP27 function is required for initiating the recovery of the endothelial barrier through

phosphorylation of HSP27 after PAR1 stimulation.

3.1 Introduction

Vascular endothelial cells form a semi-permeable barrier that is important for normal

tissue homeostasis. During times of inflammation from pathogen or injury, a temporary disrup-

tion of the endothelial monolayer occurs to allow movement of fluids and macromolecules to

surrounding tissues, leukocyte transmigration, and platelet aggregation (Komarova and Malik,

2010). After resolution of inflammation, a return to homeostasis occurs and the endothelial

monolayer returns to its normal, low permeability state. Acute dysregulation of this process can

lead to tissue edema and in the presence of pathogens, sepsis, which can ultimately lead to

death. Many inflammatory mediators act through GPCRs to promote endothelial barrier dis-

ruption (Sun and Ye, 2012), however, the mechanism by which resolution occurs is not clearly

understood.

One of the early steps of inflammation is the generation of the protease, thrombin,

through a series of zymogen conversion in the blood (Levi et al., 2004). Thrombin irreversibly

actives the GPCR, Protease-activated Receptor-1 (PAR1) to promote G protein signaling lead-

ing to endothelial barrier permeability through disruption of adherens junction and actin-myosin

contractility (Coughlin, 2000). Recently, p38 has been described to regulate PAR1-induced en-

dothelial barrier permeability (Grimsey et al., 2015, Borbiev et al., 2004). In chapter 2 of this dis-

sertation we describe a novel signaling pathway of PAR1-activated p38 through the heat shock
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protein (HSP)27 independent of classical G protein signaling effectors RhoA and myosin light

chain. In this chapter, we describe the functional consequences of HSP27 on PAR1-induced

endothelial barrier permeability.

Endothelial overexpression of HSP27 preserves blood brain barrier integrity, further sug-

gesting a role for HSP27 in regulation of endothelial barrier permeability (Shi et al., 2017).

Chapter 2 of this dissertations shows phosphorylation of HSP27 by p38, MK2, and MK3 ki-

nases disrupts large HSP27 oligomeric complexes. Previous studies implicate that phospho-

rylated HSP27 releases its constraints on actin and allows actin to polymerize (Rogalla et al.,

1999, Salinthone et al., 2008), which can contribute to changes in endothelial barrier perme-

ability. In this chapter we will examine the functional consequences of PAR1-activated HSP27

on endothelial barrier permeability both in vitro and in vivo using both protein depletion and

pharmacological inhibition. Furthermore, we examine the role phosphorylation of HSP27 has

on endothelial barrier recovery.

3.2 Results

HSP27 mediates thrombin-induced endothelial barrier permeability in vitro

We previously demonstrated p38 signaling mediates thrombin-stimulated endothelial

permeability in vitro and PAR1-induced vascular leakage in vivo (Grimsey et al., 2015). HSP27,

a substrate phosphorylated by p38 signaling, has also been reported to enhance endothelial

barrier in vitro (Sun et al., 2015) and in vivo (Shi et al., 2017). However, the role of HSP27

in regulation of thrombin-induced endothelial barrier permeability is not known. To examine

the thrombin-induced function of HSP27, endothelial cells were transfected with HSP27-specific
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siRNAs and endothelial barrier disruption measured in vitro. A monolayer of HUVECs were stim-

ulated with thrombin for 10 min and Evans blue-bound albumin flux was quantified for 1 hr. In

non-specific (NS) siRNA transfected HUVECs, thrombin-induced a rapid increase in endothelial

barrier permeability compared to cells not treated with thrombin (Fig. 3.1A and 3.1B), consis-

tent with previous reports (Grimsey et al., 2015, Knezevic et al., 2009). However, in HUVECs

depleted of HSP27 expression, thrombin-induced endothelial barrier permeability was unex-

pectedly significantly enhanced, resulting in 2.5-fold greater increase in permeability compared

to NS siRNA control cells measured at 30 min (Fig. 3.1A and 3.1B). These findings indicate that

HSP27 function is important for modulation of thrombin-induced endothelial barrier permeability.

Thrombin induces transient reversible barrier disruption, which recovers to prevent per-

sistent permeability. To understand how loss of HSP27 expression perturbs the dynamics of

endothelial barrier permeability, we utilized real-time electric cell-substrate impedance sensing

(ECIS) to monitor barrier disruption including the maximum change in impedance or barrier

function, time to maximum change in impedance, and time to barrier recovery in HDMECs. HD-

MECs form strong cell-cell junctions that recapitulates the primary endothelial barrier and were

used to examine loss HSP27 function on endothelial barrier dynamics. In NS siRNA transfected

HDMECs, the addition of thrombin caused a rapid 20% reduction in impedance or barrier func-

tion that peaked at ˜ 4 min (Fig. 3.1C, 3.1D and 3.1E), followed by a rapid recovery that returned

to baseline by 40 min (Fig. 3.1C and 3.1F). In contrast, HDMECs deficient in HSP27 expression

exhibited a much greater 30% reduction in impedance from baseline after thrombin stimulation

and with the maximum loss of barrier function occurred at ˜10 min (Fig. 3.1C, 3.1D and 3.1E).

Moreover, in HSP27 depleted HDMECs the time to recovery was much more prolonged, occur-

ring ˜60 min after thrombin stimulation, compared to NS siRNA transfected control cells (Fig.
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3.1C and 3.1F). The data also indicate that depletion of HSP27 expression has no significant

effect on the baseline or basal barrier function (Fig. 3.1B and 3.1C). However, thrombin stim-

ulation caused a significantly greater reduction in impedance or alteration in barrier function in

HSP27 deficient cells, as well as slower recovery time (Fig. 3.1C-F). This is also reflected by en-

hanced and more prolonged barrier permeability induced by thrombin in HSP27 deficient cells

observed in Fig. 3.1A and 3.1B. Given that loss of HSP27 function does not alter the capacity

of thrombin to initiate barrier disruption, we hypothesize that HSP27 functions primarily in con-

trolling the magnitude of barrier disruption as well as recovery of barrier function after thrombin

stimulation.

HSP27 phosphorylation is required for endothelial barrier recovery

Because HSP27 large oligomer disruption is attenuated by inhibition of p38 as well as

inhibition of both MK2 and MK3 which affect all three HSP27 phosphorylation sites, this sug-

gests that Ser15, Ser78, and Ser82 sites are all required to disrupt large HSP27 oligomers. To

determine the impact of thrombin-induced phosphorylation of Ser15, Ser78, and Ser82 on en-

dothelial barrier function, we performed knockdown-rescue studies with HSP27 siRNA resistant

wildtype (WT) and phosphorylation-deficient mutant in which HSP27 Ser15, Ser78, and Ser82

were converted to alanine, termed triple alanine (TriA) (Fig. 3.2A). HSP27 constructs resistance

to siRNA was confirmed by knocking down endogenous HSP27 and rescuing expression with a

GFP empty vector or HSP27 siRNA resistant WT or TriA plasmids (Fig. 3.2A and 3.2B). A slight

mobility shift can be seen with the re-expression of FLAG-tagged WT and TriA compared to the

endogenous HSP27 in the non-specific siRNA control (Fig. 3.2B, lanes 3-4 vs lane 1).

To determine the impact of the phosphorylation sites on HSP27 oligomerization, WT
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and TriA constructs were transfected into HUVECs and stimulated with thrombin and re-

solved using native non-denaturing polyacrylamide gel electrophoresis. Similar to endogenous

HSP27, thrombin induced disruption of the large FLAG-tagged WT HSP27 oligomer into smaller

oligomers with almost all the large oligomers being disrupted by the 10 min time point (Fig. 3.2C

lanes 1-3). In contrast, thrombin failed to cause disassembly of the large FLAG-tagged HSP27

TriA mutant as no changes in mobility were observed after 10 min of stimulation (Fig. 3.2C lanes

4-6). These data suggest that Ser15, Ser78, and Ser82 are required for HSP27 large oligomer

disruption induced by thrombin.

To determine the impact of thrombin-induced HSP27 oligomer disruption on endothe-

lial barrier function we performed knockdown-rescue studies with HSP27-siRNA resistant WT

and TriA phosphorylation-deficient mutant using ECIS. HDMECs transfected with siRNA to de-

plete cells of endogenous HSP27 were electroporated with either siRNA-resistant HSP27 WT

or TriA mutant or GFP empty vector control. As expected, expression of HSP27 WT signifi-

cantly reduced the pronounced alterations in thrombin-induced maximal change in impedance

and recovery time observed in HDMECs deficient in endogenous HSP27 expression (Fig. 3.2D,

3.2E, and 3.2G). Expression of HSP27 phosphorylation-deficient TriA also significantly reduced

maximal thrombin-induced impedance change and barrier recovery time alterations induced by

loss of HSP27 function (Fig. 3.2D, 3.2E, and 3.2G), in addition to significantly decreasing time

to peak impedance compared to GFP rescue (Fig, 3.2D and 3.2F). This suggests that phospho-

rylation of Ser15, Ser78, and Ser82 are important for initiating the resolution of the endothelial

barrier. Taken together this data suggest that thrombin-induced HSP27 Ser15, Ser78, and

Ser82 phosphorylation are required for disassembly of large HSP27 oligomers, which appears

to function primarily in recovery of the endothelial barrier.
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Disruption of HSP27 oligomerization enhances PAR1-induced vascular leakage

in vitro and in vivo

To determine the role of phosphorylation-independent effects of HSP27 on PAR1-

induced barrier disruption, we examined the function of HSP27 using the J2 HSP27 inhibitor

and assessed vascular leakage in vivo. The J2 inhibitor has been described previously to in-

duce abnormal HSP27 dimer formation, preventing the re-formation of large HSP27 oligomers

(Hwang et al., 2017), which is important for modulation of the actin cytoskeleton. To determine

the effects of J2 on HSP27 oligomerization, HUVECs were pretreated with J2 and then stimu-

lated with thrombin. While J2 failed to block disassembly of HSP27 large oligomer compared

to control cells (Fig. 3.3A, lanes 1-4 versus 6-9), the inhibitor significantly prevented HSP27

small oligomers re-formation into large HSP27 oligomer complexes at the 30 min timepoint (Fig.

3.3A, lane 5 versus 8). We further demonstrate the J2 inhibitor fails to block thrombin-induced

changes in HSP27 phosphorylation at Ser15, Ser78, and Ser82 (Fig. 3.3B). Thus, the J2 in-

hibitor disrupts HSP27 oligomerization in a phosphorylation-independent manner and prevents

re-formation of a large oligomeric complex.

To assess if disruption of HSP27 oligomerization affects PAR1-induced endothelial per-

meability, a monolayer of HUVECs were pretreated with and without the J2 inhibitor, stimulated

with thrombin, and measurement of Evans blue-bound albumin flux was quantified. HUVECs

pretreated with the J2 inhibitor had a significant 2.5-fold increase in thrombin-induced endothe-

lial permeability at 30 min compared to DMSO control (Fig. 3.3C). No significant changes in

baseline permeability were observed in the presence of the J2 inhibitor, indicating that alter-

ations are specific to thrombin effects on endothelial barrier permeability. HSP27 blockade by

J2 portrayed a similar enhanced PAR1-dependent barrier permeability phenotype to HUVECs
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depleted of HSP27 with siRNA in Fig. 3.1A and 3.1B, suggesting that the J2 inhibitor mimics

the HSP27 loss of function phenotype.

To determine if disruption of the HSP27 oligomerization affects PAR1-induced vascular

leakage, mice were treated with the J2 inhibitor or DMSO control and vascular leakage mea-

sured by the Miles assay (Hwang et al., 2017, Kim et al., 2018). In these studies, mice were

stimulated with the PAR1-specific synthetic peptide TFLLRN rather than thrombin, since throm-

bin activates murine platelet PAR4 resulting in activation and aggregation (Kahn et al., 1999).

Mice were pretreated with either high (15 mg/ml) or low (1.5 mg/ml) doses of the J2 inhibitor

by IP injection, and then stimulated with TFLLRN, vascular endothelial growth factor (VEGF),

or PBS control and vascular leakage measured. Under basal PBS conditions, vascular leakage

was not altered by the J2 inhibitor compared to DMSO vehicle control (Fig. 3.3D). Intradermal

injections of PAR1-specific peptide agonist, TFLLRN, induced a marked increase in Evans blue-

bound albumin leakage compared to the PBS injected control in DMSO treated mice (Fig. 3.3D).

However, vascular leakage induced by TFLLRN-activation of PAR1 was significantly enhanced

in J2 inhibitor pretreated mice (Fig. 3.3D), consistent with enhanced thrombin-induced barrier

permeability observed in HSP27 depleted cells and J2 preincubated cells in vitro (Fig. 3.1A

and 3.3C). Unlike PAR1-stimulated vascular leakage, inhibition of HSP27 by J2 inhibitor failed to

affect VEGF-induced vascular leakage, indicating that HSP27 function is specific to GPCR pro-

inflammatory signaling. These results strongly suggest HSP27 is critical for regulating activated

PAR1-induced endothelial barrier permeability in vitro and in vivo.
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3.3 Conclusion and Discussion

In this chapter we show HSP27 enhances GPCR-induced endothelial barrier permeabil-

ity recovery in vitro rather than initiating barrier disruption, and HSP27 functions to dampen

vascular leakage in vivo. We further demonstrate that PAR1-induced phosphorylation of HSP27

is critical for disassembly of HSP27 large oligomers and initiating resolution of the endothelial

barrier.

This illustrates an unexpected finding of HSP27 depletion enhancing endothelial barrier

leakage. Whereas knockdown of p38 MAPK causes loss of thrombin-induced barrier disruption

(Grimsey et al., 2015), our studies show that depletion of HSP27, a target of the p38 signaling

axis, results in an opposite effect and enhances thrombin-induced barrier permeability. These

differences may be caused by the broad actions of p38 on numerous downstream substrates

(Cuenda and Rousseau, 2007) that disrupt barrier integrity including modulation of adherens

junction destabilization (Khanna et al., 2010) and actomyosin contractility (Mirzapoiazova et al.,

2005). Moreover, HSP27 appears to function in barrier recovery in an agonist-dependent man-

ner following thrombin stimulation, since loss of HSP27 protein does not affect baseline barrier

permeability. Although thrombin is known to transiently disrupt barrier permeability through dis-

ruption of adherens junction and actin myosin contractility (Rabiet et al., 1996, Bogatcheva et

al., 2002), there is limited understanding of the mechanism responsible for resolution of the

endothelial barrier. A previous study showed G�� signaling through FAK modulates adherens

junctions reassembly and is important for thrombin / PAR1 induced barrier recovery (Knezevic

et al., 2009). Our study shows thrombin / PAR1 endothelial barrier recovery functions through

HSP27, an actin binding protein.

Furthermore, we show that the initiation of barrier recovery is dependent on HSP27
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phosphorylation using knockdown-rescue ECIS experiments. It has previously been reported

that an imbalance of both phosphorylation and dephosphorylation of HSP27 can lead to inade-

quate or excessive actin filaments and affect actin motility (Gurgis et al., 2014). This suggests

that by inhibiting HSP27 phosphorylation with our phospho-deficient mutant, TriA, there is a dys-

regulation in actin regulating the endothelial barrier, although we cannot definitively state if too

much or too little actin is being polymerized in our studies.

In summary, this chapter provides evidence that HSP27 is required for the resolution of

GPCR-induced barrier recovery in vitro and for PAR1-induced vascular leakage in vivo. The

J2 inhibitor alters HSP27 oligomerization consistent with a loss of function in which it does

not allow the HSP27 oligomer to reanneal. J2 is unique as it disrupts HSP27 activity but is

phosphorylation-independent so the functionality of the protein can be assessed in the smaller

oligomer state, recapitulating a loss of function protein. We show HSP27 activity is agonist

dependent and appears to be specific to GPCR regulation as VEGF had no change in vascular

permeability with the J2 inhibitor. This study demonstrates HSP27 as a target for localized

control of vascular leakage and a potential candidate for therapeutic intervention in vascular

diseases.

3.4 Materials and Methods

Endothelial barrier permeability assay

Endothelial barrier permeability was quantified by measuring the flux of Evans blue-

bound BSA as previously described (Grimsey et al., 2018). HUVEC cells were seeded onto

collagen-coated 3.0 µM transwell permeability support chambers (Corning) and grown for 5
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days until confluent. The cells were serum starved for 2 hr and treated with 10 nM thrombin.

Evans blue conjugated to BSA was added to the upper chamber after 10 or 30 min of thrombin

stimulation. Samples were removed from the lower chamber at the indicated time points and the

amount of Evans blue diffusion was quantified by measuring the absorbance at 605 nm using a

microplate reader (SpectraMax Plus, Molecular Devices).

Vascular permeability assays

Vascular permeability was measured in vivo as described with minor modifications (Ko-

rhonen et al., 2009). Briefly, 8-week old CD1/CD1 female mice were injected intraperitoneally

with 100 µl of DMSO in PBS, 1.5 mg/kg, or 15 mg/kg of J2 HSP27 inhibitor. After 24 hr, mice

were anesthetized and injected in the tail-vein with 200 µl of 1.0% Evan’s blue-0.1% BSA di-

luted in PBS. After 1 min, 50 µl of 0.1% BSA in PBS, 4 ng/µl VEGF or 1µg/µl TFLLRN peptide

were injected intradermally into separate areas of the shaved back skin of the mouse. The mice

were sacrificed 10 min post injection and 8 mm punch biopsy of skin containing the site of in-

jection was removed. The skin biopsies were incubated in 500 µl of formamide at 65�C for 24

hr, and the amount of extracted Evan’s blue dye was measured using a microplate reader at

O.D. 595 nm. Animal studies were performed in accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health under pro-

tocols approved by the Institutional Animal Care and Use Committee (IACUC) at the University

of California San Diego.
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Native gel electrophoresis

HUVECs were serum-starved, incubated 10 µM J2 for 16 hr or no pretreatment with

HSP27 constructs, and treated with 10 nM thrombin over a 10 or 30 min time courses. Samples

were collected in 2X Laemmli sample buffer in the absence of DTT and heat and supplemented

with 10 µg/ml leupeptin, 10 µg/ml aprotinin, 10 µg/ml trypsin protease inhibitor, 10 µg/ml pep-

statin, and 10 µg/ml PMSF. Samples were resolved on a native PAGE gel in non-denaturing

running buffer (25mM Tris-HCl and 192 mM glycine), transferred to PDVF membranes and im-

munoblotted with anti-HSP27 antibody. Membranes were developed by chemiluminescence and

quantified by densitometry.

Transfections and siRNA

HUVECs and HDMECs were transfected with siRNAs using TransIT-X2 according to

manufacturer’s instructions (Mirus Bio). HSPPB1 siRNA (5’-AAGGACGAGCATGGCTACATC-

3’) used at 12.5 nM in HUVEC and 25 nM in HDMECs; and nonspecific (ns) All Stars Negative

Control siRNA (5’-GGCUACGUCCAGGAGCGCACC-3’) were all obtained from Qiagen. HD-

MEC knockdown rescue experiments were performed by transfecting HSP27 siRNA for 5 days

and then rescuing with siRNA resistant HSP27 constructs by electroporation on ECIS machine

for 36 hr.

Electrical cell impedance sensing (ECIS)

Following siHSP27/control knockdown, HDMECs were seeded on to cysteine/collagen-

coated gold microwell 8W10E+ ECIS array (Applied Biophysics, MA) and allowed to reach con-

fluence for 48-72 hr until impedance reached 3000 ohms. Baseline barrier was recorded and
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established using multiple frequency/time (MFT). Permeability was measured following 10 nM

thrombin treatment and recording continued until barrier recovered to baseline impedance. For

knockdown recovery experiments, cells were electroporated with 0.2 µg of plasmid DNA on

ECIS array electrodes at 36 hr and allowed 36 hr to recovery before adding thrombin.

HSP27 phosphorylation assays and Western Immunoblots

HUVECs incubated 10 µM J2 for 16 hr, serum-starved for 2 hr, and were treated with ↵-

thrombin over a 30 min time course. Samples were collected in 2X SDS Laemmli sample buffer

containing 200 mM DTT and heated at 95�C for 10 min. Equivalent amounts of cell lysates were

resolved by SDS-PAGE, transferred to PDVF membranes and probed with anti-GAPDH, anti-

HSP27, phospho-specific HSP27, anti-p38, and phospho-specific p38 antibodies. Membranes

were developed by chemiluminescence and quantified by densitometry with Image J (National

Institute of Health).

Cell culture and Plasmids

Pooled-primary human umbilical vein endothelial cells (HUVEC) or human dermal mi-

crovascular endothelial cells (HDMEC) were purchased from Lonza and used up to passage 6.

HUVECs were grown in EGM-2 (Lonza). HDMECs were grown in EGM-2MV (Lonza). PAR1 ex-

pressing Hela cells and EA.hy926, HUVEC derived immortalized endothelial cells, were grown in

DMEM/F12 with 10% FBS. All cells were cultured in a 37�C incubator with 5% CO2. N-terminal

FLAG-tagged human pcDNA of HSP27 WT and TriA mutant were generous gifts provided by the

Gary Brewer Lab (Rutger’s University, Newark, NJ). HSP27 siRNA resistance was generated

with QuikChange site-directed mutagenesis (Agilent Technologies) of 5 silent point mutations
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at the site of siRNA binding to residues c387t, g390a, t393c, c396t, c399t. All plasmids were

confirmed with sequencing.

Antibodies and reagents

↵-Thrombin was purchased from Enzyme Research Laboratories. Murine PAR1 agonist

peptide (TFLLRN) was synthesized and purified by reverse-phase high-pressure liquid chro-

matography at Tufts University Core Facility. VEGF was purchased from PeproTech. HSP27

specific inhibitor J2 was synthesized and purchased from ProbChem. PF3644022 was pur-

chased from Tocris. SB203580 was from LC laboratories. Polyclonal rabbit anti-p38, mono-

clonal mouse anti-HSP27, and polyclonal rabbit phospho-HSP27 (Ser15, Ser78, and Ser82)

antibodies were from Cell Signaling Technology. Monoclonal mouse anti-GAPDH antibody was

from GeneTex. HRP-conjugated goat–anti rabbit and goat–anti mouse antibodies were from

Bio-Rad Laboratories.

Statistical Analysis and Replications

Statistical significance between datasets with three or more experimental groups was

determined using one-way analysis of variance (ANOVA) including a Tukey’s test for multiple

comparisons. Statistical difference between two experimental groups was determined using a

two-tailed unpaired t-test. For all tests, a p-value of 0.05 was used as the cutoff to determine

significance. All experiments were repeated a least three times, and p-values are indicated in

each figure. All statistical analysis was performed using GraphPad prism 7.
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3.7 Figures

Figure 3.1: Loss of HSP27 enhances thrombin-induced endothelial barrier permeability in vitro.
A.) Representative tracing of HUVECs transfected with HSP27 siRNA or non-specific (NS)
siRNA were stimulated with or without 10 nM ↵-Th for 10 min and endothelial cell (EC) bar-
rier permeability measured by quantifying Evan’s blue albumin diffusion. Inset, shows siRNA-
mediated depletion of HSP27. B.) ↵-Th induced EC permeability was quantified at 30 min. The
data (mean ± S.E.M., n=4) and analyzed by a Student’s t-test (**, P0.01). C.) Representa-
tive tracing of HDMECs transfected with NS and HSP27 siRNA were stimulated with ↵-Th and
reduction in endothelial barrier impedance or function was determined by ECIS measurement.
The data normalized at time of thrombin addition (0 min) were quantified for maximum (max)
thrombin-induced change in impedance (D), time to max impedance (E), and time to barrier re-
covery (F), performed in duplicate and the data (mean ± S.E.M, n=4) and analyzed by a 2-way
ANOVA (*, P0.05).

77



78



Figure 3.2: HSP27 phosphorylation is required for endothelial barrier recovery. A.) Map of
N-terminal flag-tagged HSP27 wildtype (WT) and triple alanine substitution (TriA) constructs.
B.) Immunoblot confirmation of HSP27 siRNA resistance for HSP27 WT and TriA constructs,
but not GFP empty vector in PAR1 expressing Hela cells. C.) HUVECs transfected with WT or
TriA HSP27 plasmid and stimulated with 10nM ↵-Th and resolved on a native non-denaturing
gel and immunoblotted for HSP27. D.) Representative ECIS tracing of HDMECs depleted of
HSP27 with siRNA and re-expression of GFP or siRNA resistant HSP27 WT or TriA plasmids.
Addition of 10nM ↵-Th is at 0 min. Quantified data of E.) maximum (max) thrombin-induced
change in impedance, time to F.) max impedance and G.) barrier recovery. The data ran in
duplicate (mean ± S.E.M., n=4) and analyzed by a 2-way ANOVA (*, P0.05; **, P0.01).
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Figure 3.3: Disruption of HSP27 oligomerization enhances PAR1-induced vascular leakage
in vivo. A.) HUVECs pretreated with 10 µM J2, HSP27 specific inhibitor, and stimulated with 10
nM ↵-Th resolved on a native non-denaturing gel and immunoblotted for HSP27. B.) HUVECs
were pretreated with HSP27 inhibitor, J2 (10 µM) for 16 hr and stimulated with 10 nM ↵-Th for
various times, and phosphorylation of p38 and S15, S78, and S82 of HSP27 was determined by
immunoblotting. C.) Representative tracing of HUVECs pretreated with HSP27 inhibitor, J2 or
DMSO were stimulated with or without 10 nM ↵-Th for 30 min and endothelial cell (EC) barrier
permeability measured by quantifying Evan’s blue albumin diffusion. ↵-Th induced EC perme-
ability was quantified at 30 min. The data (mean ± S.D., n=3) were analyzed by a Student’s
t-test (*, P0.05) D.) The Miles Assay in which mice received intraperitoneal injection of PBS or
low or high doses of J2 24 hr before injection of PBS, 4 ng/µl VEGF, or 1 µg/µl TFLLRN. The
data (mean ± S.E.M., n = 24 mice) from four independent experiments were analyzed using a
2-way ANOVA (*, P0.05; **, P0.01; ***, P 0.001).
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Chapter 4

GPCR regulation of non-canonical p38

and HSP27 IL-6 cytokine production

The vascular endothelium plays a key role in the inflammatory response. Eliciting both

an immediate response to injury and pathogens, as well as a secondary sustain response to

thoroughly clear the body of infection and resolve injury before returning to fluid and macro-

molecule homeostasis. This secondary response is often through upregulation of chemokine

and cytokines, however, the mechanism through which this occurs after GPCR activation is un-

clear. In this chapter we provide a plausible mechanism for how GPCR-activated non-canonical

p38 signaling regulate IL-6 production in primary endothelial cells. We also show PAR1-induced

IL-6 production requires HSP27, suggesting PAR1 activated non-canonical p38 signals through

HSP27 for both endothelial barrier permeability as well as through the secondary inflammatory

response of cytokine upregulation.
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4.1 Introduction

Key hallmarks of vascular inflammation include endothelial barrier disruption and cy-

tokine production resulting in increased permeability, tissue edema, and subsequent organ fail-

ure if unresolved. Many vasoactive factors produced during inflammation signal through GPCRs

(Sprague and Khalil, 2009). Generation of the coagulant protease thrombin, during tissue injury

and inflammation can trigger inflammatory responses including endothelial barrier disruption

(Marin et al., 2001, ç et al., 2016) and cytokine production. Endothelial disruption is a rapid in-

flammatory response, while a secondary more sustained inflammatory response is the induction

of cytokine production. Cytokine production initiates for the recruitment of leukocytes to sites of

inflammation and helps in tissue resolution (Sun and Ye, 2012).

p38 has been shown to mediate GPCR induction of cytokine production (Cuenda and

Rousseau, 2007, Li et al., 2001, Kotlyarov et al., 2002, Marin et al., 2001). Classically p38 is

activated by a 3-tiered kinase cascade, however, PAR1-induced p38 activation has been shown

to promote pro-inflammatory signaling through p38↵ after TAB2 or TAB3 binding through a zinc

finger domain on the ubiquitinated PAR1 receptor allowing the stabilization of TAB1 to form a

complex and autoactivation of p38 through a conformational change allowing p38↵ to have a

higher affinity for ATP (Grimsey et al., 2015, DeNicola et al., 2013). However, it is unknown if

non-canonical p38 activators TAB1 and TAB2 or TAB3 regulate GPCR induced cytokine produc-

tion or if p38 induced cytokine production is from the classical 3-tiered kinase cascade and will

be determined in this chapter.

Mice with global knockout of the HSP27 gene, HSPB1, exhibit increased pro-

inflammatory cytokine generation (Crowe et al., 2013), suggesting a potential role for HSP27

in GPCR-induced cytokine regulation in vivo. In vitro studies have shown HSP27 is required
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for production of the pro-inflammatory mediators: IL-6, IL-8, and COX-2 after IL-1� stimulation

(Alford et al., 2007). However, it is not known if HSP27 has a role in GPCR-stimulated cytokine

generation and will be examined in chapter 4.

4.2 Results

Thrombin and histamine induced IL-6 production requires non-canonical p38

IL-6 is a pro-inflammatory cytokine secreted by endothelial cells following stimulation by

various GPCRs agonists including thrombin and histamine (Marin et al., 2001, Li et al., 2001).

However, the role and relevance of GPCR-stimulated TAB1–dependent p38 activation in IL-6

production has not been determined and was examined by measuring IL-6 production in HU-

VECs transfected with siRNAs targeting TAB1 and TAB2 or TAB1 and TAB3. Thrombin induced a

˜2-fold increase in IL-6 production that was significantly reduced in endothelial cells co-depleted

of TAB1–TAB3 (Fig. 4.1A), consistent with thrombin-induced TAB1–TAB3–dependent activation

of p38 in HUVEC protein (Grimsey et al., 2019). Despite the apparent decrease in IL-6 produc-

tion stimulated by thrombin in HUVECs co-depleted of TAB1–TAB2, the results were variable

and not significant (Fig. 4.1A). In contrast, co-depletion of either TAB1–TAB2 or TAB1–TAB3

resulted in a marked and significant decrease in IL-6 production stimulated by histamine com-

pared with nonspecific siRNA-transfected control cells (Fig. 4.1B). These findings are also con-

sistent with a role for both TAB1–TAB2 and TAB1–TAB3 in histamine-stimulated p38 activation

in HUVEC protein (Grimsey et al., 2019). Together, these findings indicate that GPCR ago-

nists induce p38 proinflammatory signaling in various endothelial cell types via a non-canonical

TAB1–dependent pathway.
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Thrombin induced IL-6 production requires HSP27

Chapters 2 and 3 of this dissertation show GPCR-activated p38 signals through HSP27

to regulate pro-inflammatory signaling leading to endothelial barrier recovery. However, it is un-

known if HSP27 regulates PAR1-induced IL-6 production. Previous studies have shown HSP27

regulates IL-6 induction in endothelial cells after IL-1� induction (Alford et al., 2007), but it is un-

known if HSP27 regulates GPCR-induced IL-6 production. To determine the impact of HSP27

on PAR1-activated IL-6 production, HUVECs depleted of endogenous HSP27 with siRNA or NS

siRNA were stimulated with ↵-Th for 2 hr and IL-6 transcript levels measured by qPCR. The

longer ↵-Th stimulated time course produced 6-fold increase in IL-6 production compared to

non-stimulated HUVECs (Fig. 4.2). This thrombin-induced upregulation of IL-6 was significantly

dampened by depletion of HSP27. This finding suggests HSP27 is required for Thrombin-

induced IL-6 production in primary endothelial cells.

4.3 Conclusion and Discussion

MAPKs exist as distinct signaling cascades, comprised of three evolutionarily conserved,

sequential acting kinases including a MAPK, MAP2K, and MAP3K (Cuenda and Rousseau,

2007). MAP3Ks are typically activated by phosphorylation mediated by upstream MAP2Ks. In

contrast to canonical MAPK cascades, the p38↵ isoform can also be autoactivated through

its interaction with TAB1 or through phosphorylation facilitated by the tyrosine kinase Zap70

(Ge et al., 2002, Salvador et al., 2005). Although MKK3 and MKK6 are the major upstream

MAP2Ks for p38↵ activation in response to cytokines or stress, we found that co-depletion of ei-

ther TAB1–TAB2 or TAB1–TAB3 caused a significant loss of GPCR-induced cytokine production
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of IL-6.

Although activation of p38↵ by the three-tiered kinase cascade is the presumed major

pathway for many inflammatory mediators, our data provide compelling evidence that TAB1-

mediated p38↵ autoactivation is the predominate pathway utilized by mammalian GPCRs in

human primary endothelial cells and reveal a new paradigm by which GPCRs stimulate p38

inflammatory signaling through HSP27 to regulate IL-6 transcription. In addition, the mecha-

nisms by which GPCR-stimulated TAB1-induced p38 signaling controls various inflammatory

responses including induction of cytokine production remains poorly understood. We provide

HSP27 as a plausible explanation for the mechanism by which PAR1 induces IL-6 production

base on HSP27 siRNA depletion significantly attenuating thrombin-induce IL-6 cytokine tran-

scription. What effect HSP27 phosphorylation has on IL-6 production is also a question that

warrants further exploration.

In this chapter we provide evidence for a plausible pathway of GPCR-induced pro-

inflammatory signaling for cytokine production through non-canonical activation of p38 to ac-

tivate HSP27 and regulation IL-6 production. Depletion of the p38↵ upstream non-canonical

activators TAB1 and TAB2 or TAB3 or HSP27 dampen PAR1 and histamine induced IL-6 upreg-

ulation affecting sustained pro-inflammatory responses.

4.4 Materials and Methods

Transfections and siRNAs

HUVECs and HDMECs were transfected with siRNAs using TransIT-

X2 according to manufacturer’s instructions (Mirus Bio). HSPPB1 siRNA (5’-
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AAGGACGAGCATGGCTACATC-3’); TAB1 siRNA (5-CGGCUAUGAUGGCAACCGATT-

3); TAB2 siRNA (5’-GUCAAUAGCCAGACCUUAATT-3); and TAB3 siRNA (5’-

CGGUAUAGUACAAAUCCAATT-3); and nonspecific (ns) All Stars Negative Control siRNA

(5’-GGCUACGUCCAGGAGCGCACC-3’) used at 12.5 nM in HUVEC and 25 nM in HDMECs

and were all obtained from Qiagen.

Antibodies and reagents

↵-Thrombin was purchased from Enzyme Research Laboratories. SYBR Green master

mix and TRIzol were purchased from Thermo Fisher Scientific, Direct-zolTM RNA MiniPrep Plus

was purchased from Zymo Research, iScript gDNA Clear cDNA Synthesis kit purchased from

Bio-Rad. Histamine dihydrochloride was from Tocris Bio-Techne.

qPCR

The cDNA was generated from mRNA extracted from confluent cell cultures using Direct-

zolTM RNA MiniPrep Plus (Zymo), cDNA synthesis was carried out using iScriptTM gDNA Clear

cDNA Synthesis kit (Bio-Rad). Reverse transcription-qPCRs were performed using iTAQTM Uni-

versal SYBR Green Supermix (Bio-Rad). The following gene-specific primers were used:�-actin

(forward 5-CAAGCAGGAGTATGACGAGTC-3, reverse 5-GCCATGCCAATCTCATCTTG-3); and

IL-6 (forward 5-GGAGACTTGCCTGGTGAAA-3, reverse 5-CTGGCTTGTTCCTCACTACTC-3).

The number of cycles until threshold (Ct) was determined using an Eppendorf Mastercycler Re-

alPlex2. To normalize for variation in the total number of cells and the efficiency of the mRNA

extraction, the Ct value for �-actin was subtracted from the Ct values for each target. The change

in expression for each target was then determined relative to cells transfected with nonspecific
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siRNA using the ��CT method. All experiments were performed in triplicate.

Cell culture

Pooled-primary human umbilical vein endothelial cells (HUVEC) were purchased from

Lonza and used up to passage 6. HUVECs were grown in EGM-2 (Lonza). All cells were

cultured in a 37�C incubator with 5% CO2.

Statistical analyses

Statistical significance between datasets with three or more experimental groups was

determined using one-way analysis of variance (ANOVA) including a Tukey’s test for multiple

comparisons. Statistical difference between two experimental groups was determined using a

two-tailed unpaired t-test. For all tests, a p-value of 0.05 was used as the cutoff to determine

significance. All experiments were repeated a least three times, and p-values are indicated in

each figure. All statistical analysis was performed using GraphPad prism 7.
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4.7 Figures

Figure 4.1: Thrombin and histamine induced IL-6 production requires non-canonical
p38.HUVEC transfected with nonspecific (ns), TAB1 and TAB2 (TAB1/2), or TAB1 and TAB3
(TAB1/3) siRNAs and were stimulated with (A) 10 nm ↵-thrombin (↵-Th) for 5 min or (B) 1 µm
histamine (His.) for 7.5 min and lysed, and total RNA was isolated for qPCR as described above.
The data (mean ± S.D., n = 3) are representative of three independent experiments expressed
as the fold over 0 min control and analyzed by Student’s t test (*, p  0.05; **, p  0.01).
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Figure 4.2: Thrombin induced IL-6 production requires HSP27. HUVEC transfected with non-
specific (ns) or HSP27 siRNA and were stimulated with 10 nm ↵-thrombin (↵-Th) for 2 hrs and
lysed, and total RNA was isolated for qPCR as described above. The data (mean ± S.D., n =
3) are representative of three independent experiments and analyzed by Student’s t test (p 
0.01).
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Chapter 5

Conclusion: Impact of GPCR-induced

vascular inflammation resolution for

therapeutic potential.

Vascular inflammation is a highly regulated complex process that involves not only the

opening of the endothelial barrier, but also a timely resolution of the inflammatory state. GPCRs

provided an exceptionally attractive drug targets for their ability to translate an external stimu-

lus (ligand) to an intracellular response, and over a third of FDA-approved drugs on the market

target GPCRs. Decades of research on pro-inflammatory endothelial GPCRs have translated

into numerous therapeutic interventions for the treatment of diseases associated with vascular

permeability, such as the blockbuster drug that blocks the histamine receptor in the treatment

of allergic responses. However, the mechanistic details of how resolution of the endothelial

barrier to the re-establishment of tissue homeostasis after inflammation have been understud-
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ied. My dissertation work has focused on detailed mechanistic understanding in elucidating the

transient signaling pathways of GPCR barrier resolution after agonist disruption and identifying

and characterizing the key modulator, HSP27. In the remainder of this chapter I will discuss

the impact my work has on the vascular inflammation field and how HSP27 could be targeted

therapeutically, as well as potential future directions of this project.

5.1 Delineation of novel GPCR signaling pathway

Much of the work on GPCRs in the vascular endothelium have examined the mech-

anisms of how the endothelial barrier opens, but the mechanisms of resolution have been

severely neglected. HSP27 provides a novel target for therapeutic intervention as a key temporal

regulator to dampen barrier opening and initiate the return to a homeostatic baseline of minimal

fluid, macromolecule, and leukocyte transmigration. The dynamic regulation of HSP27 by dual

kinase activity of MK2 and MK3 provides a unique tool to target specific HSP27 phosphorylation

by inhibiting each upstream kinase. Inhibition of p38 has the ability to stop phosphorylation on

all three phosphorylation sites, while MK2 or MK3 inhibitors alone affect specific phosphory-

lation giving an added level of regulation for HSP27. While I do not specifically delineate the

role of each individual phosphosite on HSP27 alone, further work could be done to determine

if each of the three highlighted Serine phosphorylation sites has a specific function in the vas-

cular endothelium. My work in delineating the kinases responsible for HSP27 phosphorylation

provides a much more attractive drug target than targeting the chaperone itself as kinase active

sites have been pursued in the pharmaceutical industry for over 20 years (Cohen and Alessi,

2013) and provide a specific pocket for blockade. Although p38 affects all three phosphorylation

sites on HSP27 and would be an ideal kinase to inhibit to affect HSP27 activity, p38 inhibitors
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have not made it through stage II of clinical trials due to off target effects (Martinez-Limon et al.,

2020). Thus, MK2 and MK3, which are expressed much less ubiquitously, would provide a more

attractive target for drug development for HSP27 activity inhibition.

5.2 HSP27 function in controlling endothelial barrier properties

The ability of HSP27 inhibition to open the endothelial barrier after GPCR agonist stim-

ulation could also play a unique role in hijacking the vascular system to open specific vascular

beds for localized drug delivery. Thrombin is a potential, yet localized inducer of vascular leak-

age. If HSP27 depletion has no effect on baseline permeability, an inhibitor such as the J2

compound could be used in conjunction with the PAR1 activating peptide (or other permeability

inducing GPCR agonists such as histamine or bradykinin) and selectively open a specific vas-

cular bed on command to a greater extent that thrombin alone. This could provide a wide array

of therapeutic potential to specifically open the vascular beds of specific organs to deliver drugs

that would not normally be permissible due to their structure.

In a study that overexpressed HSP27 in the brain microvascular cells, an increase in

blood brain barrier properties were observed with the overexpression of HSP27 (Shi et al.,

2017). PAR1 is also expressed in the brain microvascular (Brailoiu et al., 2017). This suggests

that PAR1-activated HSP27 function could potentially be leveraged in the notoriously fickle blood

brain barrier to allow selective drug delivery to the brain. One major pitfall of drugs for diseases

such as Parkinson’s and Alzheimer’s are their ineffectiveness to pass the blood brain barrier due

to their chemical structure and are thus unable to treat the brain pathophysiology. The potential

of HSP27 and PAR1 activation to provide a means of drug delivery could have large implica-

tions in the field of neurodegenerative diseases. And the blood brain barrier is but a single
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example of a potential vascular bed that HSP27 and GPCR agonism could hijack for therapeutic

intervention.

5.3 Future Directions of HSP27 regulation of Barrier Resolution

Future directions of this project would include the impact HSP27 has on actin dynamics.

HSP27 has been described to function as an actin capping protein to inhibit filamentous (F)-

actin formation (Rogalla et al., 1999, Pichon et al., 2004, Benndorf et al., 1994) although we do

not specifically test that assumption in our work. Thrombin is also well known to cause actin

stress fibers to pull the endothelial monolayer apart through actin myosin contractility (Coughlin,

2000, Mehta and Malik, 2006). However, the work of this thesis suggests that HSP27 may be

a key mediator to stop actin polymerization and creation of F-actin after thrombin induction and

be a temporal modulator to stop barrier opening and signal for the initiation of barrier resolution

and return to homeostasis.

It is also feasible to suggest that HSP27 is modulating a stabilizing pool of actin such

as cortical actin for barrier recovery after agonist induction more similar to what is seen in the

barrier stabilizing GPCR, S1PR1, through Rac1 activation (Marinkovic et al., 2015, Komarova

et al., 2007). We show this PAR1-p38 pathway does not affect the small GTPase RhoA but did

not asses the function of the barrier stabilizing GTPase Rac1. Rac1 has been shown to signal

through PAR1 after APC cleavage of the N-terminus at arginine 46 instead of canonical thrombin

cleavage of the receptor at arginine 41 (Ludeman et al., 2005). Since HSP27 phosphorylation

status controls the initiation of barrier resolution, it would be interesting to determine if Rac1

activation affects HSP27 phosphorylation status or activity.
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5.4 Final thoughts

Throughout my dissertation work I have had the opportunity to learn and grow as a

scientist while making contributions to the fields of vascular biology, pharmacology, and cell

signaling. I hope the findings of this dissertation advance each of these fields to lay groundwork

for further investigations of HSP27 in regulating vascular permeability and provide sufficient

evidence to lead to the development of therapeutic targets to treat the numerous diseases of

both chronic and acute vascular inflammation.
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