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Abstract

Vascular inflammation causes endothelial barrier disruption and tissue edema. Several 

inflammatory mediators act through G protein–coupled receptors (GPCRs), including protease­

activated receptor-1 (PAR1), to elicit inflammatory responses. The activation of PAR1 by its ligand 

thrombin stimulates proinflammatory, p38 mitogen-activated protein kinase (MAPK) signaling 

that promotes endothelial barrier disruption. Through mass spectrometry phosphoproteomics, 

we identified heat shock protein 27 (HSP27), which exists as a large oligomer that binds to 

actin, as a promising candidate for the p38-mediated regulation of barrier integrity. Depletion 

of HSP27 by siRNA enhanced endothelial cell barrier permeability and slowed recovery after 

thrombin stimulation. We further showed that two effector kinases of p38 MAPK, MAPKAPK2 

(MK2) and MAPKAPK3 (MK3), differentially phosphorylated HSP27 at Ser15, Ser78, and Ser82. 

Whereas inhibition of thrombin-stimulated p38 activation blocked HSP27 phosphorylation at all 

three sites, inhibition of MK2 reduced the phosphorylation of only Ser15 and Ser78. Inhibition 

of both MK2 and MK3 was necessary to attenuate Ser82 phosphorylation. Thrombin-stimulated 

p38-MK2-MK3 signaling induced HSP27 oligomer disassembly. However, a phosphorylation­

deficient mutant of HSP27 exhibited defective oligomer disassembly and altered the dynamics of 

barrier recovery after thrombin stimulation. Moreover, blocking HSP27 oligomer reassembly with 
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the small-molecule inhibitor J2 enhanced endothelial barrier permeability in vitro and vascular 

leakage in vivo in response to PAR1 activation. These studies reveal the distinct regulation of 

HSP27 phosphorylation and function induced by the GPCR-stimulated p38-MK2-MK3 signaling 

axis that controls the dynamics of endothelial barrier recovery in vitro and vascular leakage in 

vivo.

INTRODUCTION

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

homeostasis. Disruption of the endothelial barrier by inflammatory mediators leads to 

increased permeability, tissue edema, and subsequent organ failure (1). Many inflammatory 

mediators act through G protein–coupled receptors (GPCRs) to promote endothelial barrier 

disruption (2); however, the mechanism by which this occurs is not clearly understood. 

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

and Gα12/13 proteins and causes transient endothelial barrier disruption through increases in 

intracellular Ca2+ and activation of protein kinase C (PKC) and RhoA (1). These pathways 

converge on myosin light chain (MLC) phosphorylation, which promotes actin-myosin 

contractility and adherens junction disassembly, resulting in endothelial barrier permeability.

We and others have shown a role for p38 mitogen-activated protein kinase (MAPK), 

in addition to the classic GPCR effectors, in endothelial barrier disruption induced by 

thrombin (3, 4). We demonstrated that thrombin-dependent activation of PAR1 stimulates 

p38 MAPK signaling independently of the canonical, three-tiered kinase cascade, and 

instead occurs through a noncanonical pathway mediated by transforming growth factor–β 
(TGF-β)–activated kinase-1 binding protein-1 (TAB1) (4, 5). In addition, multiple other 

GPCRs, including the H1 histamine receptor, activate p38 through the noncanonical, TAB1­

dependent pathway in endothelial cells (5). We further showed that noncanonical activation 

of p38 signaling induced by thrombin-activated PAR1 promotes endothelial permeability 

(4). Similarly, other GPCRs, including the H1 receptor, also signal through p38 to promote 

endothelial barrier disruption (6); however, there is limited knowledge regarding the 

mechanisms by which GPCR-activated p38 MAPK signaling regulates endothelial barrier 

disruption.

Heat shock protein 27 (HSP27) is a small molecular chaperone that forms large oligomers 

that bind to monomeric actin and prevent actin polymerization (7, 8). Phosphorylation 

of HSP27 causes the disassembly of large oligomers and the release of actin, which 

promotes actin polymerization (8, 9). These findings suggest that HSP27 contributes to 

endothelial barrier disruption through modulation of actin-myosin contractility. However, 

overexpression of HSP27 suppresses actin polymerization and preserves blood brain barrier 

integrity, suggesting a counter-regulatory role for HSP27 that promotes endothelial barrier 

stabilization (10). HSP27 is a downstream target of p38 signaling (11); however, the role of 

HSP27 in GPCR-induced endothelial barrier disruption has not been previously examined.

In this study, we report that thrombin-activated, PAR1-induced p38 MAPK signaling 

was not integrated with the RhoA-MLC pathway and instead acted through an MK2­

MK3-HSP27 signaling axis to enhance endothelial barrier integrity. Activation of the p38­
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mediated MK2-MK3-HSP27 signaling axis is also conserved for other endothelial GPCRs. 

We further showed that HSP27 acted in a counter-regulatory role and resolved endothelial 

barrier permeability induced by thrombin. GPCR regulation of HSP27 activity required 

MK2- and MK3-mediated HSP27 phosphorylation at distinct sites, which controlled 

the dynamics of HSP27 oligomerization and endothelial barrier recovery. Furthermore, 

inhibition of HSP27 oligomer reassembly with J2 enhanced thrombin-stimulated endothelial 

barrier permeability in vitro, and J2 also increased PAR1-induced vascular leakage in vivo.

RESULTS

Thrombin-induced p38 signaling is not integrated with the RhoA-MLC pathway but 
promotes HSP27 phosphorylation

The mechanism by which p38 signaling contributes to endothelial barrier disruption induced 

by GPCRs is not known. To assess whether thrombin-activated p38 signaling was integrated 

with the RhoA-MLC signaling pathway, we tested the effect of p38 blockade on the 

activation of RhoA and the phosphorylation of MLC, which are downstream effectors of 

Gαq and Gα12/13 signaling. Thrombin induced a rapid and substantial increase in RhoA 

activation in human umbilical vein endothelial cell (HUVEC)-derived EA.hy926 cells in 

vehicle-treated control cells (Fig. 1A, top, lanes 1 and 2), whereas inhibition of p38 with 

SB203580, a selective inhibitor of p38α and p38β, had no effect on RhoA activation (Fig. 

1A, top, lanes 3 and 4). Phosphorylation of MLC, an MLC kinase substrate regulated by 

RhoA and Ca2+, peaked after 1 min of thrombin stimulation in HUVECs and then declined 

(Fig. 1B, lanes 1 to 6). A similar change in MLC phosphorylation was observed in cells 

treated with SB203580 (Fig. 1B, lanes 7 to 12), suggesting that thrombin-induced RhoA 

signaling was not dependent on p38 activation. Next, we determined whether p38 signaling 

was dependent on RhoA activation in response to thrombin. Endothelial EA.hy926 cells 

were pretreated with the p38 inhibitor SB203580 or Fasudil, a specific inhibitor of the 

RhoA effector Rho-associated protein kinase (ROCK), alone or in combination and then 

were stimulated with thrombin. Thrombin-induced p38 phosphorylation was significantly 

inhibited by SB203580 but this failed to affect phosphorylation of the ROCK substrate 

myosin phosphatase target subunit 1 (MYPT1) compared to that in the DMSO-treated 

control (fig. S1, lanes 1 to 6). Conversely, inhibition of ROCK with Fasudil had no 

effect on thrombin-stimulated p38 phosphorylation but significantly decreased MYPT1 

phosphorylation compared to that in the DMSO-treated control cells (fig. S1, lanes 1 to 

3 versus lanes 7 to 10). These data suggest the thrombin-stimulated activation of p38 and 

RhoA signaling are not interdependent. As expected, SB203589 and Fasudil blocked both 

p38 and MYPT1 phosphorylation (fig. S1, lanes 10 to 12).

To identify previously uncharacterized downstream mediators of thrombin-activated p38 

signaling, a quantitative phosphoproteomics analysis of thrombin-stimulated endothelial 

EA.hy926 cells (12) was examined and HSP27 emerged as a promising candidate. HSP27 

was previously implicated in the regulation of endothelial barrier integrity (10, 13, 14). 

Incubation of EA.hy926 cells with thrombin for 2.5 or 5 min resulted in a significant 

increase in HSP27 phospho-peptide abundance containing four distinct sites, including 

Ser15, Ser78, Ser82, and Ser83 (Fig. 1, C and D). The HSP27 Ser15 and Ser82 phospho-sites 

Rada et al. Page 3

Sci Signal. Author manuscript; available in PMC 2022 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



present in thrombin-stimulated cells were detected on single peptides, whereas the Ser78 

phospho-site was only detected together with the Ser82 phospho-site or both the Ser82 

and Ser83 phospho-sites (Fig. 1, C and D). HSP27 phosphorylation at Ser15, Ser78, and 

Ser82 affects HSP27 function (11), but whether GPCR-stimulated HSP27 phosphorylation 

regulates endothelial barrier integrity is not known and was examined.

GPCR agonists stimulate p38-dependent HSP27 phosphorylation in multiple endothelial 
cell types

To better understand HSP27 function, we examined the kinetics of thrombin-induced HSP27 

phosphorylation. HUVECS were stimulated with thrombin over a 60-min time-course and 

phosphorylation of HSP27 on Ser15, Ser78, and Ser82 was detected with phospho-specific 

HSP27 antibodies. Thrombin increased HSP27 phosphorylation at all three sites with 

varying kinetics. Ser15 phosphorylation peaked between 10 and 30 min after thrombin 

stimulation (Fig. 2A, lanes 1 to 6). A peak in Ser78 phosphorylation was detected at 10 

min after thrombin incubation (Fig. 2A, lanes 1 to 6), whereas Ser82 phosphorylation was 

detected at 5 min and remained increased in thrombin-treated cells (Fig. 2A, lanes 1 to 6) 

To examine whether thrombin-stimulated HSP27 phosphorylation required PAR1, HUVECs 

were pretreated with the PAR1-selective antagonist vorapaxar. In vorapaxar-treated cells, 

thrombin-induced HSP27 phosphorylation at all three sites was significantly inhibited 

compared to that in DMSO-treated control cells (fig. S2A, lanes 1 to 3 versus lanes 4 to 

6). Similarly to thrombin, the PAR1-specific agonist peptide TFLLRNPNDK significantly 

increased HSP27 phosphorylation at all three sites in control HUVECs (fig. S2B, lanes 1 to 

3), which was blocked by vorapaxar (fig. S2B, lanes 4 to 6). Thus, the thrombin-dependent 

activation of PAR1 promoted HSP27 phosphorylation in cultured human endothelial cells.

To determine whether the thrombin-induced phosphorylation of HSP27 required p38 

activity, HUVECs were pretreated with SB203580. Inhibition of p38 caused a significant 

reduction in thrombin-stimulated HSP27 phosphorylation at Ser15 and Ser78, whereas a 

modest but significant decrease in Ser82 phosphorylation was observed compared to that 

in DMSO-treated control cells (Fig. 2A, lanes 1 to 6 versus lanes 7 to 12). Next, the 

role of the p38α isoform in thrombin-stimulated HSP27 phosphorylation was assessed by 

siRNA-targeted depletion. Depletion of p38α blocked thrombin-induced phosphorylation of 

HSP27 Ser78 and Ser15 compared to that in HUVECs transfected with nonspecific siRNA 

(fig. S3, lanes 1 to 6 versus lanes 7 to 12). However, in contrast to the effects of SB203580, 

depletion of p38α failed to significantly inhibit the thrombin-induced phosphorylation of 

HSP27 at Ser82 (fig. S3), suggesting that residual p38α, the p38β isoform, or another kinase 

was sufficient to phosphorylate HSP27 at Ser82 under these conditions.

Thrombin-dependent HSP27 phosphorylation was next examined in primary human 

dermal microvascular endothelial cells (HDMECs) to determine whether the pathway was 

conserved in other endothelial cell types. HDMECs were stimulated with thrombin over 

a 60-min time course and HSP27 phosphorylation was determined. Thrombin caused a 

peak in phosphorylation of HSP27 Ser78 and Ser82 at 5 and 10 min, respectively, which 

remained increased and then declined (Fig. 2B, lanes 1 to 6). HSP27 Ser15 phosphorylation 

peaked at 5 min and was sustained for 60 min after thrombin incubation (Fig. 2B, lanes 
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1 to 6). Pretreatment with the p38 inhibitor SB203580 significantly inhibited thrombin­

induced HSP27 Ser15 and Ser78 phosphorylation, and modestly but significantly reduced 

Ser82 phosphorylation (Fig. 2B, lanes 7 to 12). In HUVECs and HDMECs, thrombin­

induced HSP27 phosphorylation was substantially inhibited by SB203580, suggesting that 

p38-mediated regulation of HSP27 phosphorylation functions in more than one endothelial 

cell type.

Histamine signals through its H1 and H2 GPCRs expressed in endothelial cells and 

promotes barrier disruption (6). To determine whether other GPCR agonists stimulated 

HSP27 phosphorylation, HUVECs were stimulated with histamine over a 30-min time 

course. Histamine induced a peak in the phosphorylation of HSP27 at Ser15, Ser78, and Ser82 

at 10 min (Fig. 2C, lanes 1 to 5), which then declined to baseline by 30 min. Pretreatment 

with SB203580 completely ablated the histamine-stimulated phosphorylation of HSP27 at 

Ser15, Ser78, and Ser82 (Fig. 2C, lanes 6 to 10). Similarly to thrombin, histamine promoted 

p38-dependent HSP27 phosphorylation at all three phospho-sites. These findings indicate 

that multiple endothelial GPCRs induce HSP27 phosphorylation through a p38-dependent 

pathway.

HSP27 depletion enhances thrombin-induced endothelial barrier permeability in vitro

In previous studies, we showed that p38 signaling mediates thrombin-stimulated endothelial 

permeability in vitro and PAR1-induced vascular leakage in vivo (4). HSP27 also modulates 

endothelial barrier in vitro (13) and in vivo (10); however, the role of HSP27 in thrombin­

induced endothelial barrier permeability is not known. To examine the function of HSP27 

in thrombin-stimulated barrier disruption, HUVECs were transfected with HSP27-specific 

or nonspecific siRNAs and then stimulated with thrombin for 10 min and the flux of 

Evans blue–bound albumin across the cell monolayer was quantified over time. In HUVECs 

transfected with nonspecific siRNA, thrombin increased endothelial barrier permeability 

based on the accumulation of Evans blue–bound albumin that peaked at 10 min compared 

to that in untreated control cells (Fig. 3, A and B), consistent with our previous reports (4, 

15, 16). Unexpectedly, however, in HUVECs depleted of HSP27, thrombin caused a 2.5-fold 

greater increase in endothelial barrier permeability at 30 min compared to that in control 

cells transfected with nonspecific siRNA (Fig. 3, A and B). These findings indicate that 

HSP27 has a role in regulating thrombin-induced endothelial barrier permeability.

GPCR-stimulated endothelial barrier disruption is rapid, transient, and reversible. To 

determine more precisely how the loss of HSP27 affected endothelial barrier dynamics, 

we used real-time, electric cell-substrate impedance sensing (ECIS). ECIS monitors the 

dynamics of barrier function, including the maximum change in impedance or barrier 

function, the time to maximum change in impedance, and the time to barrier recovery. 

HDMECs form strong cell-cell junctions that recapitulate the primary barrier and were used 

to examine HSP27 function in endothelial barrier dynamics. In HDMECs transfected with 

nonspecific siRNA, thrombin caused a rapid, 20% reduction in impedance (barrier function) 

that peaked at ~ 4 min (Fig. 3, C, D and E), which was followed by a rapid recovery that 

returned to baseline by ~40 min (Fig. 3, C and F). In contrast, HDMECs deficient in HSP27 

exhibited a greater, 30% reduction in impedance from baseline after exposure to thrombin, 
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with the maximum loss of barrier function at ~10 min (Fig. 3, C, D and E). Moreover, in 

HSP27-depleted HDMECs, the time to recovery was more prolonged, occurring ~60 min 

after thrombin stimulation, compared to that in cells transfected with nonspecific siRNA 

(Fig. 3, C and F). Depletion of HSP27 had no significant effect on baseline basal barrier 

function (Fig. 3, A and C). Because the loss of HSP27 function did not alter baseline barrier 

function or the capacity of thrombin to initiate barrier disruption, HSP27 appears to function 

primarily in controlling barrier recovery after thrombin stimulation.

MK2 and MK3 are required for the thrombin-induced phosphorylation of HSP27

GPCR-stimulated HSP27 phosphorylation is dependent on p38 MAPK; however, HSP27 

is not a direct substrate of p38, but rather a substrate of effector kinases downstream 

ofp38 (11). To determine which p38-regulated kinases mediated thrombin-stimulated HSP27 

phosphorylation, we used PHOXTRACK computational software (17) to interrogate the 

thrombin-induced phosphoproteome (12), and identified two candidates, MAPKAPK2 

(MK2) and MAPKAPK3 (MK3) as potential HSP27 causal kinases (fig. S4A). A previous 

study showed that MK2 activity is modulated by thrombin in endothelial cells (18), 

supporting a role for MK2. Moreover, MK2 directly phosphorylates HSP27 in platelets 

(19), vascular smooth muscle cells (20), and in vitro in experiments with purified proteins 

(21). MK3 also directly phosphorylates HSP27 in vitro (11, 22). However, neither MK2 nor 

MK3 has been previously linked to GPCR-induced HSP27 phosphorylation in endothelial 

cells.

To determine whether MK2 was required for thrombin-induced HSP27 phosphorylation, 

HUVECs were pretreated with or without PF3644022, a specific MK2 inhibitor, stimulated 

with thrombin over a 60-min time-course, and then examined for HSP27 phosphorylation. 

Thrombin-stimulated phosphorylation of HSP27 at Ser15 and Ser78 was significantly 

attenuated by the MK2 inhibitor PF3644022 compared to that in DMSO-treated control cells 

(Fig. 4A, lanes 1 to 6 versus lanes 7 to 12). However, thrombin-stimulated phosphorylation 

of HSP27 at Ser82 was not altered in the presence of PF3644022 (Fig. 4A, lanes 1 to 

6 versus lanes 7 to 12). Thrombin also induced MK2 phosphorylation at Thr334, a p38 

target site, in both control and PF3644022-treated cells (Fig. 4A), indicating that p38 

activity was not comprised. Next, siRNA-mediated depletion of MK2 was used to further 

interrogate MK2 function in thrombin-induced HSP27 phosphorylation. Similar to the 

effects of PF3644022, thrombin-stimulated phosphorylation of HSP27 at Ser15 and Ser78 

was significantly inhibited in MK2-depleted cells compared to that in cells transfected with 

nonspecific siRNA (fig. S4B, lanes 1 to 6 versus lanes 7 to 12). Unlike in the experiments 

with the PF364422 inhibitor, however, thrombin-induced phosphorylation of HSP27 at Ser82 

was modestly, yet significantly decreased at 60 min in MK2-depleted cells (fig. S4B). 

This discrepancy may be due to the ~75% reduction in p38 protein abundance observed in 

MK2-depleted cells compared to that in control cells (fig. S4C), which is consistent with 

previous reports showing that ablation of MK2 protein results in a concomitant reduction in 

p38 abundance (23).

To determine whether HSP27 served as a direct substrate for MK2 in endothelial cells, an 

in vitro MK2 kinase assay was performed with purified HSP27 as substrate. HUVECs 
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pretreated with or without PF3644022 were incubated with thrombin for 5 min, and 

endogenous MK2 was immunoprecipitated. MK2 immunoprecipitates were then incubated 

with purified recombinant GST-tagged HSP27 and ATP in vitro and phosphorylation was 

detected by immunoblotting. MK2 immunoprecipitates from control cells stimulated with 

thrombin for 5 min showed increases in HSP27 phosphorylation at both Ser78 and Ser82 

(Fig. 4B, lanes 1 to 3). However, only thrombin-induced HSP27 phosphorylation at Ser78 

was significantly inhibited in cells treated with the MK2 inhibitor PF3644022 (Fig. 4B, 

lanes 4 to 6), whereas phosphorylation at Ser82 remained intact. Together, the results from 

studies of thrombin-stimulated HSP27 phosphorylation in cells and in vitro kinase assays 

suggest that the phosphorylation of both Ser78 and Ser15 requires MK2 activation, whereas 

the phosphorylation of Ser82 occurs independently of MK2. These findings further suggest 

that another kinase present in the MK2 immunoprecipitates is competent to phosphorylate 

HSP27 at Ser82.

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

an MK3 siRNA-targeted depletion approach was used because there are no specific MK3 

inhibitors. Endothelial cells transfected with MK3-specific or nonspecific siRNA were 

stimulated with thrombin over a 30-min time-course and phosphorylation of HSP27 was 

detected. Thrombin-induced significant changes in HSP27 phosphorylation in HUVECS 

treated with nonspecific siRNA (Fig. 4C, lanes 1-4). However, in cells depleted of MK3, 

only thrombin-stimulated Ser82 phosphorylation showed a significant decrease at 10 min, 

whereas there was no significant change in Ser15 and Ser78 phosphorylation (Fig. 4C, lanes 

5-8). To determine whether MK2 and MK3 were both required to fully phosphorylate 

HSP27 at these three sites, cells were treated with the MK2 inhibitor PF3644022 and 

transfected with MK3-specific siRNA. Indeed, this combination of treatments effectively 

abolished thrombin-induced HSP27 phosphorylation at all three phosphorylation sites 

(Fig. 4C, lanes 1-4 versus 9-12). These results indicate that thrombin-induced HSP27 

phosphorylation is differentially regulated, such that MK2 mediates Ser15 and Ser78 

phosphorylation and MK2 and MK3 are both required for Ser82 phosphorylation, suggesting 

a complex regulation of Ser82 phosphorylation by MK2 and MK3.

MK2 and MK3 form a complex with p38α MAPK, a key upstream kinase activator 

(24). However, it is not known if MK2 and MK3 co-associate in endothelial cells and 

whether thrombin alters this interaction. HUVECs were left unstimulated or were stimulated 

with thrombin over a 10 min time-course, lysed, and immunoprecipitated with anti-MK2 

antibody, and co-associated MK3 was detected by immunoblotting. We found that MK2 

and MK3 co-associated in unstimulated endothelial cells (Fig. 4D, lanes 1-2). However, 

incubation with thrombin for 10 min caused significant disassociation of the MK2-MK3 

complex that correlated with increased Ser82 phosphorylation (Fig. 4D, lanes 2-4). These 

results suggest that the MK2-MK3 complex is dynamically regulated by thrombin in 

endothelial cells.

The capacity of MK2 to preferentially phosphorylate Ser15 and Ser78 but not Ser82 is 

unexpected given the close proximity of Ser78 and Ser82 in the primary structure of HSP27, 

suggesting that the residues exist in a different orientation in the tertiary structure of HSP27. 

A crystal structure of the highly ordered C-terminal α-crystallin domain of HSP27 has been 
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reported (25); however, Ser15, Ser78, and Ser82 reside in a highly disordered region that 

is not present in the published structure. To predict the location of the Ser15, Ser78, and 

Ser82 residues relative to each other in a three-dimensional (3D) structure, we used Phyre 

homology modeling (PDB 2N3J) (26) (Fig. 4E). The model predicts that the key residues 

Ser15 and Ser78 are more closely localized within a pocket evident in the space-filled model, 

whereas Ser82 is predicted to reside in a distinct pocket (Fig. 4E). The predicted locations 

of Ser15 and Ser78 versus Ser82 may contribute to the preferential phosphorylation of HSP27 

Ser15 and Ser78 residues by MK2 versus MK3.

GPCR-induced disassembly of HSP27 oligomers requires p38, MK2, and MK3 activities

HSP27 exists as large oligomers that bind to monomeric actin, whereas phosphorylation of 

HSP27 promotes oligomer disassembly, releases actin, and promotes actin polymerization 

(9). To gain mechanistic insight into how thrombin-activated PAR1 regulates HSP27 

activity, changes in HSP27 oligomerization status were examined by native, non-denaturing 

polyacrylamide gel electrophoresis. In HUVECs, thrombin induced the disassembly of large 

oligomeric complexes of HSP27, resulting in the formation of HSP27 small oligomers 

that appeared as lower bands on the native gel within minutes. HSP27 large oligomer 

disassembly with the formation of small oligomers peaked at 10 min after thrombin 

stimulation, whereas reassembly back into HSP27 larger oligomers occurred by 30 min (Fig. 

5A, lanes 1-5). However, in cells pretreated with the p38 inhibitor SB203580, thrombin­

stimulated disassembly of HSP27 larger oligomers was significantly inhibited (Fig. 5A, 

lanes 6-10), indicating that p38 regulates HSP27 disassembly. Histamine also caused the 

disassembly of HSP27 large oligomers with the resulting formation of small oligomers (Fig. 

5B, lanes 1-5), which was blocked by SB203580 (Fig. 5B, lanes 6-10). These findings 

indicate that more than one endothelial GPCR regulates HSP27 activity through the p38­

dependent modulation of HSP27 large oligomer disassembly.

To determine whether the disassembly of large oligomeric complexes of HSP27 required 

MK2 function, HUVECs were pretreated with the MK2 inhibitor PF3644022 before 

being stimulated with thrombin. Inhibition of MK2 failed to block the thrombin-induced 

disassembly of HSP27 large oligomers, which peaked at 10 min, or the reassembly of 

HSP27 oligomers at 30 min (Fig. 5C, lanes 1-5 versus 6-10). Similarly, depletion of MK3 by 

siRNA failed to inhibit the disassembly of HSP27 large oligomers induced by thrombin or 

oligomer reassembly compared to that in cells transfected with nonspecific siRNA (Fig. 5D, 

lanes 1-4 versus 5-8). These findings indicate that neither MK2 nor MK3 function alone is 

sufficient to mediate HSP27 oligomer disassembly or reassembly after thrombin stimulation. 

However, inhibition of both MK2 and MK3 with the combination of PF3644022 and 

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

disassembly, where a greater amount of HSP27 large oligomers were detected after 5 min 

compared to that in control cells treated with DMSO and non-specific siRNA (Fig. 5D, 

lanes 2, 6 versus 10). Moreover, inhibition of MK2 and MK3 appeared to enhance the 

reassembly of large oligomer of HSP27 from the population of small oligomers at 30 min 

after thrombin stimulation compared to that in control cells (Fig. 5D, lane 4, 8 versus 12). 

Taken together, these findings suggest that the p38-MK2-MK3 signaling axis is required for 
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HSP27 phosphorylation at the Ser15, Ser78, and Ser82 sites, which regulates the dynamics of 

HSP27 large oligomer disassembly and reassembly after GPCR stimulation.

HSP27 phosphorylation is required for proper endothelial barrier dynamics

Our results indicate that thrombin signaling through the p38-MK2-MK3 axis regulates 

HSP27 large oligomer disassembly through phosphorylation at three critical sites Ser15, 

Ser78, and Ser82. To determine the effect of HSP27 phosphorylation on thrombin-induced 

endothelial barrier disruption, a siRNA knockdown-rescue approach was taken with siRNA­

resistant wildtype HSP27 and a phosphorylation-deficient mutant in which Ser15, Ser78, and 

Ser82 were converted to alanine (A), termed triple alanine (TriA) (Fig. 6A). Endogenous 

HSP27 was detected in cells transfected with nonspecific siRNA co-expressing GFP and was 

depleted in GFP-expressing cells transfected with HSP27-specific siRNA (Fig. 6B, lanes 

1 versus 2). Exogenous expression of siRNA-resistant, FLAG-tagged wildtype and TriA 

HSP27 was retained in cells co-transfected with HSP27-specific siRNAs (Fig. 6B, lanes 

2-4). Exogenous wildtype and TriA HSP27 exhibited a slight mobility shift compared to that 

of endogenous HSP27, which was likely due to the presence of the FLAG epitope (Fig. 6B, 

lanes 3-4 versus lane 1).

We next assessed the effect of phosphorylation on thrombin-induced HSP27 oligomer 

disassembly in HUVECs by native non-denaturing polyacrylamide gel electrophoresis. 

Similarly to its regulation of endogenous HSP27, thrombin initiated the disassembly 

of exogenously expressed wildtype HSP27 large oligomers, which resolved as smaller 

oligomeric complexes after thrombin stimulation (Fig. 6C, lanes 1-3). In contrast, thrombin 

failed to induce changes in the oligomerization of the HSP27 TriA phosphorylation-deficient 

mutant (Fig. 6C, lanes 4-6). These data suggest that HSP27 phosphorylation at the critical 

Ser15, Ser78, and Ser82 sites is required to alter HSP27 oligomerization in response to 

thrombin.

The effect of HSP27 phosphorylation on thrombin-induced endothelial barrier function was 

next determined by ECIS and a knockdown-rescue approach with siRNA-resistant wildtype 

and TriA mutant HSP27 expressed in HDMECs. HDMECs devoid of endogenous HSP27 

were electroporated with siRNA-resistant HSP27 wildtype or TriA mutant or GFP as a 

control and then stimulated with thrombin. Under all transfection conditions, the baseline 

impedance of unstimulated cells was not altered (Fig. 6D). Thrombin-initiated rapid barrier 

disruption also remained intact (Fig. 6D), suggesting that HSP27 was not required for 

the initiation of barrier disruption. However, in HDMECs co-expressing GFP, depletion of 

endogenous HSP27 enhanced the thrombin-induced maximal impedance and slowed barrier 

recovery (Fig. 6, D to G), similarly to that observed in earlier experiments (Fig. 3, C 

and D). Expression of siRNA-resistant wildtype HSP27 in HDMECs lacking endogenous 

HSP27 restored most aspects of barrier function by significantly reducing thrombin-induced 

maximal impedance and recovery time (Fig. 6D, E and G). A similar effect was observed 

in HDMECs expressing the siRNA-resistant HSP27 phosphorylation-deficient TriA mutant 

(Fig. 6D, E and G). However, expression of the TriA mutant significantly decreased the time 

to maximal impendence compared to that in cells expressing wildtype HSP27 (Fig. 6, D 

and F), suggesting that HSP27 de-phosphorylation may be required for efficient endothelial 
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barrier recovery. These data suggest that the thrombin-induced, p38-MK2-MK3–mediated 

phosphorylation of HSP27 controls the dynamics of HSP27 oligomer disassembly and 

reassembly to properly regulate endothelial barrier recovery.

Disruption of HSP27 oligomerization enhances PAR1-induced endothelial barrier 
permeability in vitro and vascular leakage in vivo

Next, we determined the role of HSP27 oligomerization on PAR1-induced endothelial 

barrier function in vitro and in vivo in experiments with J2, a specific inhibitor of 

HSP27. J2 promotes HSP27 crosslinking, alters dimer formation, and results in functional 

inhibition of HSP27 activity (27). To determine the effects of J2 on HSP27 oligomerization, 

HUVECs were pretreated with J2 and then stimulated with thrombin. J2 failed to block 

thrombin-induced HSP27 oligomer disassembly compared to that in DMSO-treated control 

treated cells (Fig. 6A, lanes 1-4 versus 6-9). However, J2 treatment significantly inhibited 

reassembly of HSP27 large oligomer complexes after 30 min of thrombin stimulation 

compared to that in control cells (Fig. 7A, lane 5 versus 10). The effect of J2 on HSP27 

large oligomer reassembly was not due to alterations in phosphorylation, because J2 failed 

to block thrombin-induced HSP27 phosphorylation at Ser15, Ser78, and Ser82 (Fig. 7B, lanes 

1-5 versus 6-10). Thus, J2 altered the dynamics of reassembly of large HSP27 oligomers 

after their thrombin-stimulated disassembly.

To assess the effect of altered HSP27 oligomer reassembly on PAR1-induced endothelial 

permeability, HUVECs were treated with or without J2, stimulated with thrombin, and the 

flux of Evans blue–bound albumin was quantified. J2 did not alter baseline permeability 

compared to that of DMSO-treated control cells (Fig. 7C). However, HUVECs treated 

with J2 exhibited a significant increase in thrombin-induced endothelial permeability at 30 

min compared to that of control cells (Fig. 7C), similar to that observed in experiments 

with HSP27-depleted cells (Fig. 3, A and B). Together, these results suggest that the 

proper dynamics of HSP27 oligomer disassembly and reassembly has a critical function 

in controlling endothelial barrier recovery after PAR1 activation.

To determine whether the altered reassembly of HSP27 oligomers affected PAR1-induced 

vascular leakage in vivo, we treated mice with or without J2 and then measured vascular 

leakage with the Miles assay (4). In these studies, the PAR1-specific synthetic peptide 

TFLLRN rather than thrombin was used to activate endothelial PAR1, because thrombin 

activates the murine platelet receptor PAR4, which results in activation and aggregation 

(28). PAR1 is not expressed in murine platelets. Mice were pretreated with J2 at either 

a high (15 mg/ml) or low (1.5 mg/ml) dose and then stimulated with TFLLRN, vascular 

endothelial growth factor (VEGF), or PBS before vascular leakage was measured. Under 

control conditions, basal vascular leakage was not altered by J2 compared to that in DMSO­

treated control mice (Fig. 7D). Intradermal injections of the PAR1-specific peptide agonist, 

TFLLRN, induced a marked increase in Evans blue-bound albumin leakage compared to 

that in the DMSO-treated control mice injected with PBS (Fig. 7D). However, vascular 

leakage induced by the TFLLRN-dependent activation of PAR1 was significantly enhanced 

in mice pretreated with J2 (Fig. 7D), consistent with the enhanced thrombin-induced barrier 

permeability that we observed in HSP27-depleted endothelial cells in vitro (Fig. 3A and 

Rada et al. Page 10

Sci Signal. Author manuscript; available in PMC 2022 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6D). Unlike for PAR1-stimulated vascular leakage, inhibition of HSP27 by J2 failed to affect 

VEGF-induced vascular leakage (Fig. 7D), indicating that the effect of HSP27 activity on 

barrier function was specific to PAR1, a mediator of proinflammatory responses Together, 

these results suggest HSP27 has a critical role in regulating activated PAR1-induced 

endothelial barrier permeability in vitro and in vivo.

DISCUSSION

The intracellular signaling pathways induced by GPCRs that control the dynamics of 

endothelial barrier disruption and recovery remain poorly defined. In this study, we 

identified a GPCR-induced p38-dependent MK2-MK3 inflammatory signaling pathway that 

mediated HSP27 phosphorylation and activation, which functions to control endothelial 

barrier recovery (Fig. 8). We showed that GPCR-induced phosphorylation of HSP27 

was dependent on the p38-MK2-MK3 signaling axis and was critical for proper HSP27 

oligomer disassembly and reassembly and endothelial barrier recovery in vitro. We further 

demonstrated that HSP27 regulated vascular leakage in response to PAR1 activation in vivo. 

Together, these data provide mechanistic understanding of HSP27 function in endothelial 

barrier resolution after stimulation with proinflammatory GPCR agonists.

We showed that thrombin stimulated HSP27 phosphorylation in different endothelial 

cell types, whereas previous reports showed thrombin-induced HSP27 phosphorylation 

in vascular smooth muscle cells and platelets (29, 30). However, our study provides 

mechanistic insight demonstrating that the thrombin-dependent activation of PAR1-induced 

HSP27 phosphorylation was mediated by the p38 effectors MK2 and MK3 through a 

pathway independent of the canonical RhoA and MLC pathway, which promotes endothelial 

barrier disruption. Moreover, the p38-MK2-MK3 signaling pathway displayed a slower 

onset, peaking between 5 and 10 min, compared to the rapid activation of RhoA and 

MLC phosphorylation induced by thrombin, which occurs within 1 to 2 min (Fig. 1), 

suggesting that these temporally distinct signaling pathways may impart different functions 

on endothelial barrier regulation. We also defined four different combinations of HSP27 

phosphorylation sites induced by thrombin in endothelial cells by mass spectrometry 

(Fig. 1C and D). Whereas Ser82 and Ser15 appeared to be phosphorylated alone, Ser78 

phosphorylation was only detected in combination with that of Ser82 or Ser83, suggesting 

that there may be a specific order in which HSP27 is phosphorylated at each site in 

response to thrombin. Two of the HSP27 phosphorylation sites, Ser15 and Ser82, were 

previously identified by mass spectrometry in endothelial cells stimulated with the PAR1 

peptide agonist (31), consistent with our results. In addition to being activated by thrombin, 

we showed that p38-MK2-MK3-mediated HSP27 phosphorylation and activation was 

induced by histamine, indicating that the pathway is activated by other endothelial GPCRs. 

Bradykinin, an inflammatory mediator that induces vascular permeability (32) is also likely 

to signal through the p38-MK2-MK3 pathway to regulate HSP27 function and barrier 

recovery similarly to thrombin and histamine but has yet to be tested. Thus, different 

endothelial GPCRs induce p38-MK2-MK3 signaling, which displays temporarily distinct 

kinetics compared to those of the RhoA-MLC pathway implicated in barrier disruption.
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In this study, we sought to define a link between HSP27 function and GPCR-induced 

endothelial barrier regulation and discovered an unexpected role for HSP27 in endothelial 

barrier recovery. We and others showed that thrombin-activated p38 promotes endothelial 

barrier permeability but not barrier stabilization (3, 4). However, we found that inhibition 

of HSP27 function substantially enhanced thrombin-induced barrier permeability in vivo. 

These findings suggest that HSP27 functions in barrier resolution, rather than in the 

initiation of barrier disruption, which is consistent with a study showing that HSP27 

overexpression enhances blood brain barrier stabilization (10). The different effects of 

p38 versus HSP27 on barrier integrity are likely due to the broad actions of p38 on 

multiple downstream effectors (33) that modulate adherens junction destabilization (34) 

and actomyosin contractility (35). Although thrombin transiently disrupts barrier function 

through the modulation of adherens junction and actin myosin contractility (36, 37), there 

is limited knowledge of the mechanisms responsible for resolution of the endothelial 

barrier. A previous study showed that Gβγ signaling through FAK modulates adherens 

junction reassembly and recovery of barrier function after thrombin stimulation (15). 

Our study now indicates that regulation of endothelial barrier resolution by thrombin and 

other proinflammatory GPCR agonists also requires HSP27 function, indicating that barrier 

recovery, similarly to barrier disruption, is controlled by multiple pathways.

The work presented here also provides mechanistic insight into how p38, MK2, and MK3 

signaling regulates HSP27 phosphorylation induced by GPCR activation in a physiologically 

relevant endothelial cell system. In vitro, MK2 and MK3 both phosphorylate Ser15, Ser78, 

and Ser82 of HSP27 (21, 38), indicating that MK2 and MK3 may have redundant or 

compensatory functions (23). However, our results suggest that thrombin-activated MK2 

signaling specifically phosphorylates HSP27 at Ser78 and Ser15, and not Ser82, whereas 

thrombin-activated MK3 preferentially phosphorylates HSP27 at Ser82. These findings 

indicate that MK2 and MK3 differentially phosphorylate HSP27 in endothelial cells in 

response to thrombin. A plausible explanation for the differential phosphorylation of HSP27 

mediated by two different kinases might be related to the different locations of each residue 

as predicted by Phyre modeling analysis. In addition, MK2 and MK3 exist in a complex that 

disassociates after thrombin stimulation (Fig. 4D), which may enable the kinases to bind to 

and phosphorylate specific serine residues in spatially distinct locations.

We further showed that direct modulation of endogenous HSP27 activity through altering 

the disassembly and reassembly of large HSP27 oligomers was regulated by GPCRs in 

endothelial cells. Thrombin- and histamine-induced phosphorylation of HSP27 correlated 

with changes in HSP27 activity. The peak in the phosphorylation and disassembly of HSP27 

large oligomers induced by GPCRs occurred between 5 and 10 min after stimulation, 

whereas HSP27 large oligomer reassembly occurred at ~30 min, a time when HSP27 

phosphorylation began to decline (Fig. 2 and 5). The changes in HSP27 peak activity 

also correlated temporally with the initiation of barrier recovery as observed with ECIS 

(Fig. 3C and 6D). These findings are consistent with the idea that fine-tuned regulation of 

HSP27 activity is controlled by phosphorylation and dephosphorylation events, which in 

turn control the appropriate regulation of endothelial barrier resolution. Here, we showed 

that MK2 and MK3 were primarily responsible for HSP27 phosphorylation and activity. 

However, neither inhibition of MK2 or MK3 alone was sufficient to block HSP27 oligomer 
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disassembly. In contrast, blockade of MK2 and MK3 together caused partial, but significant, 

inhibition of disassembly of HSP27 oligomers, although to a lesser extent than that observed 

when p38 activity was inhibited. In addition to altering HSP27 oligomer disassembly, 

inhibition of MK2 and MK3 in combination appeared to enhance the reassembly of large 

oligomeric complexes of HSP27, suggesting a role for HSP27 dephosphorylation. The 

phosphatase PP2A dephosphorylates HSP27 in vitro (39) but has not been shown to function 

in the regulation of HSP27 phosphorylation in any cell type.

Finally, our results suggest that GPCR-induced HSP27 activity functions primarily to 

control endothelial barrier recovery. In siRNA knock-down rescue studies, a HSP27 

phosphorylation-deficient TriA mutant that lacks the capacity to undergo oligomer 

disassembly failed to restore the proper dynamics of endothelial barrier recovery compared 

to wildtype HSP27 in response to thrombin stimulation. In addition, J2 failed to block 

thrombin-induced HSP27 phosphorylation and large oligomer disassembly, but markedly 

inhibited the reassembly of HSP27 large oligomers and enhanced endothelial barrier 

permeability in vitro. Consistent with a role for HSP27 in barrier resolution, we showed 

that treatment of female mice with J2 enhanced vascular leakage induced by the activation of 

PAR1 but failed to affect VEGF-induced vascular leakage. Note that a previous study using 

HSPB1-null mice (HSPB1 encodes HSP27), observed sex-selective sensitivity to endothelial 

nitric oxide synthase inhibition, with female mice exhibiting greater sensitivity than male 

mice (40). These findings raise the possibility that modulation of vascular leakage observed 

with J2 may exhibit sex-selective sensitivity, but this has not been tested. In summary, this 

study provides mechanistic insight into the role of HSP27 in the GPCR-mediated regulation 

of endothelial barrier resolution in vitro and in vivo.

MATERIALS AND METHODS

Antibodies and reagents

α-Thrombin was purchased from Enzyme Research Laboratories. The murine PAR1 

agonist peptide TFLLRN and the human PAR1 agonist peptide TFLLRNPNDK were 

synthesized and purified by reverse-phase, high-pressure liquid chromatography at Tufts 

University Core Facility. Histamine dihydrochloride was obtained from Tocris. VEGF was 

purchased from PeproTech. Rabbit IgG antibody and purified GST-HSP27 were obtained 

from Rockland Immunochemicals. The J2 HSP27 inhibitor was synthesized and purchased 

from ProbeChem. PF3644022 was purchased from Tocris. SB203580 was from LC 

laboratories. Vorapaxar was from Axon MedChem and Fasudil was from LC Laboratories. 

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

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

anti-MYPT1, polyclonal rabbit anti-phospho-MYPT1, monoclonal mouse anti-phospho­

MLC, monoclonal mouse anti-HSP27, and polyclonal rabbit phospho-HSP27 (Ser15, Ser78, 

and Ser82) antibodies were purchased from Cell Signaling Technology. Monoclonal mouse 

anti-GAPDH antibody was from GeneTex. Monoclonal mouse anti-RhoA antibody was 

from Santa Cruz Biotechnology. HRP-conjugated goat–anti rabbit and goat–anti mouse 

antibodies were from Bio-Rad Laboratories.
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Cell culture and plasmids

HUVECs and HDMECs were purchased from Lonza and were grown and maintained 

according to the manufacturer’s instructions and used up to passage six. HUVEC-derived 

EA.hy926 cells were obtained from ATCC. PAR1-expressing HeLa cells and EA.hy926 

cells were grown in DMEM/F12 medium with 10% fetal bovine serum (FBS). All cells 

were cultured in a 37°C incubator with 5% CO2. N-terminal FLAG-tagged human HSP27 

WT and the TriA mutant in pcDNA3 were generously provided by Dr. Gary Brewer 

(Rutgers University, New Brunswick, NJ). siRNA-resistant HSP27 mutants were generated 

by QuikChange site-directed mutagenesis (Agilent Technologies) and included five silent 

point mutations (c387t, g390a, t393c, c396t, c399t) within the siRNA-targeted region. All 

HSP27 point mutations were confirmed by dideoxy sequencing.

Mass spectrometry

Thrombin-induced HSP27 phosphorylation in HUVEC-derived EA.hy926 cells was 

determined in three biological replicates through a tandem mass tag 10-plexed mass 

spectrometry quantitative phospho-proteomic analysis as recently described (12). The 

MS data have been deposited on MassIVE (https://massive.ucsd.edu/ProteoSAFe/static/

massive.jsp; Dataset Identifier: MSV000084604) and on the ProteomeXchange (http://

proteomecentral.proteomexchange.org/cgi/GetDataset; Dataset: PXD016368).

RhoA activity assay

RhoA activity was measured as was previously described (41). Briefly, GST-rhotekin Rho­

binding domain (RBD) fusion protein was prepared and purified by standard techniques. 

After agonist stimulation, EA.hy926 cells were lysed, and equivalent amounts of lysates 

were used in pull-down assays with GST Rhotekin-RBD bound to glutathione-Sepharose 

beads. RhoA was eluted, resolved by SDS-PAGE, transferred to PVDF membranes, and then 

analyzed by immunoblotting with anti-RhoA antibody. Immunoblots were developed with 

enhanced chemiluminescence and band intensities were analyzed by densitometry.

Immunoblotting

HUVECs, HDMECs, and EA.hy926 endothelial cells were serum-starved for 2 hours and 

then treated with or without agonists under various conditions. Cells were lysed in 2X SDS 

Laemmli sample buffer containing 200 mM DTT. Equivalent amounts of cell lysates were 

resolved by SDS-PAGE, transferred to PVDF membranes, and incubated with antibodies 

specific for the phosphorylated forms of p38, HSP27, MLC, MYPT1, and MK2, as well 

as with antibodies against p38, HSP27, MLC, MYPT1, MK2, MK3 and p38α. Cell lysates 

were also analyzed by immunoblotting to detect GAPDH. Membranes were developed 

by chemiluminescence and band intensities were quantified by densitometry with ImageJ 

software (National Institute of Health).

Transfection of cells with siRNA and rescue experiments

HUVECs and HDMECs were transfected with siRNAs using TransIT-X2 (Mirus 

Bio) according to the manufacturer’s instructions. HSPB1-specific (HSP27) 

siRNA (5’-AAGGACGAGCATGGCTACATC-3’) was used at 12.5 nM in 
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HUVECs and at 25 nM in HDMECs; MAPKAPK2-specific (MK2) siRNA (5’­

CTACGAGCAGATCAAGATAAA-3’) was used at 25 nM; MAPKAPK3-specific 

(MK3) siRNA (5’-CCAGATAGTAATAAACACCAT-3’) was used at 25 nM; MAPK14­

specific (p38α) siRNA (5’-AACTGCGGTTACTTAAACATA-3’) was used at 25 

nM. All siRNAs, including nonspecific All Stars Negative Control siRNA (5’­

GGCUACGUCCAGGAGCGCACC-3’), were purchased from Qiagen. HSP27 siRNA 

knockdown-rescue experiments were performed by transfecting HDMECs with HSP27­

specific siRNA or nonspecific siRNA control for 5 days. The siRNA-resistant HSP27 

wildtype and TriA mutant cDNA plasmids (0.2 μg) were introduced into HDMECs by 

electroporation and barrier impedance was determined after 36 hours.

Native gel electrophoresis

HUVECs were serum-starved and treated with agonists under various conditions with 

or without inhibitors, as appropriate. Cell were lysed in 2X Laemmli sample buffer 

without DTT. Samples were resolved on native PAGE gels in non-denaturing running 

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

analyzed by immunoblotting with anti-HSP27 antibody. Membranes were developed by 

chemiluminescence and band intensities were quantified by densitometry.

Immunoprecipitation and in vitro kinase assay

HUVECs were grown in 6-cm dishes for 3 days, serum-starved for 2 h, treated with or 

without thrombin, and lysed in Triton lysis buffer [200 mM Tris-HCl (pH 7.0), 1.5 mM 

NaCl, 10% Triton X-100, 10 mM EDTA, 10 mM EGTA, 10 mM β-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) as previously described (4). Cell 

lysates were homogenized and cleared by centrifugation and equivalent amounts of lysates 

were used for immunoprecipitations with the anti-MK2 antibody. Samples were eluted with 

2X Laemmli sample buffer containing 200 mM DTT, resolved by SDS-PAGE, transferred 

to PVDF membranes, and developed by chemiluminescence. In vitro kinase assays were 

performed with immunoprecipitated MK2 in the presence of 200 μM ATP and the 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 β-glycerophosphate, 1 mM NaVO4, and 100 mM 

MgCl2. Samples were eluted in 2X Laemmli sample buffer and resolved by SDS-PAGE. 

Cell lysates were also analyzed by immunoblotting with specific antibodies as indicated in 

the figure legends.

Endothelial cell barrier permeability

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

bound albumin as previously described (4). HUVECs were seeded onto collagen-coated 

3.0-μm transwell permeability support chambers (Corning) and grown for 5 days until 

confluent. Cells were serum-starved for 2 hours and then treated with thrombin. Evans blue 

conjugated to bovine serum albumin (BSA) was added to the upper chamber after 10 or 

30 min of thrombin stimulation. Samples were removed from the lower chamber at the 

times indicated in the figure legends and the amount of Evans blue-BSA diffusion was 
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quantified by measuring the absorbance at 605 nm with a microplate reader (SpectraMax 

Plus, Molecular Devices).

Electrical cell impedance sensing

HDMECs were seeded onto cysteine- and collagen-coated gold microwell 8W10E+ ECIS 

array (Applied Biophysics) and allowed to reach confluence for 48 to 72 hours until 

impedance reached 3000 ohms. The baseline barrier was recorded and established by 

multiple frequency time. Changes in impedance, a measure of barrier function, was 

determined after the addition of thrombin and recording continued until the barrier recovered 

to the previously established baseline impedance.

Vascular leakage assay

Vascular leakage was measured in mice as was previously described with minor 

modifications (4). Briefly, 8-week-old CD1/CD1 female mice were injected intraperitoneally 

with 100 μl of DMSO or 1.5 or 15 mg/kg of the HSP27 inhibitor J2. After 24 hours, mice 

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

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

TFLLRN peptide were injected intradermally into separate areas of the shaved back skin of 

the mouse. The mice were sacrificed 10 min after injection and a 8-mm punch biopsy of skin 

containing the site of injection was removed. The skin biopsies were incubated in 500 μl of 

formamide at 65°C for 24 hours, and the amount of extracted Evan’s blue dye was measured 

with a microplate reader at OD at 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 protocols approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of California, San Diego.

Models and prediction analysis

Schematics were created in Adobe Illustrator. The model in Fig. 8 model was generated 

with BioRender.com. The Phyre2 web portal (http://www.sbg.bio.ic.ac.uk/~phyre2/html/

page.cgi?id=index) was used for HSP27 protein prediction modeling (26). PHOXTRACK 

(PHOsphosite-X-TRacing Analysis of Causal Kinases) software was used to predict causal 

kinases (17).

Statistical analysis

Data were analyzed with Prism 7.0 statistical software, Microsoft Excel, R, and Morpheus 

(https://software.broadinstitute.org/morpheus/). Statistical analysis methods are indicated in 

the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Thrombin-induced p38 signaling is independent of the RhoA-MLC pathway and 
promotes HSP27 phosphorylation.
(A) Top: Assessment of RhoA activity in EA.hy926 cells pretreated with the 3 μM 

SB203580 (p38 inhibitor) or DMSO for 1 hour and stimulated with 10 nM thrombin 

(α-Th). Blots of RhoA and p38 are representative of three independent experiments. 

Bottom: Data in the bar graph are mean ± SD of three independent experiments and 

were analyzed by Student’s t test (not significant). (B) Top: Immunoblotting analysis of 

total and phosphorylated MLC and p38 in HUVECs pretreated with SB203580 or DMSO 

and the stimulated with α-Th for the indicated times. Blots are representative of three 

independent experiments. Bottom: Densitometric analysis of the fold-change in the relative 

abundances of the indicated phosphorylated proteins over time. Data are means ± SD of 

three independent experiments and were analyzed by Student’s t test (not significant). (C) 

Left: Heat map of HSP27 phospho-peptide site abundance induced by α-Th over time. Data 

were derived from three biological replicates. Increases and decreases in phospho-peptide 

abundance are indicated by the red and blue color intensities, respectively. Color intensities 

depict phospho-peptide abundances in each row induced by α-Th relative to the respective 

zero-time control. Right: Changes in HSP27 phospho-peptide abundance at the indicated 

Rada et al. Page 20

Sci Signal. Author manuscript; available in PMC 2022 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



times. Data were analyzed by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; -, 

not significant. (D) Left: Schematic of HSP27 containing an N-terminal WDFP motif and a 

C-terminal α-crystallin domain. Right: HSP27 phospho-peptides identified by MS analysis, 

where phosphorylated serine residues are indicated by the red “s”.
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Fig. 2. GPCR agonists stimulate p38-dependent HSP27 phosphorylation in different endothelial 
cell types.
(A and B) Left: Immunoblotting analysis of phosphorylated HSP27 and p38 induced by 10 

nM thrombin (α-Th) at the indicated times in (A) HUVECs or (B) HDMECs pretreated for 1 

hour with 3 μM SB203580 or DMSO. (C) Left: Immunoblotting analysis of phosphorylated 

HSP27 and p38 induced by 10 μM histamine at the indicated times in HUVECs pretreated 

with SB203580 or DMSO. Blots in (A) to (C) are representative of four independent 

experiments. (A to C) Right: Densitometric analysis of the fold-change in the relative 

abundances of the indicated phosphorylated proteins over time. Data are means ± SD of four 

independent experiments and were analyzed by Student’s t test. *P < 0.05; **P < 0.01; ***P 
< 0.001.
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Fig. 3. Depletion of HSP27 enhances thrombin-induced endothelial barrier permeability in vitro.
(A) EC barrier permeability was examined in HUVECs that were transfected with HSP27­

specific or nonspecific (NS) siRNAs and stimulated with or without 10 nM thrombin (α-Th) 

for 10 min. The flux of Evans blue albumin diffusion was measured over time. Inset: 

Immunoblotting analysis of siRNA-targeted HSP27 depletion. (B) Quantification of α-Th–

induced EC permeability determined at 30 min from four independent experiments each 

performed in duplicate. Data are means ± SEM and were analyzed by Student’s t test. **P 
< 0.01. (C) Endothelial barrier impedance or function in HDMECs transfected with HSP27­

specific or nonspecific (NS) siRNA and then stimulated with α-Th was measured by ECIS. 

(D to F) The barrier impedance data were normalized to baseline for each condition and 

the maximum (max) α-Th–induced change in impedance (D), time to max impedance (E), 

and time to barrier recovery (F) were quantified from four independent experiments each 

performed in duplicate. Data are means ± SEM and were analyzed by two-way ANOVA and 

Dunnett’s post-tests. *P < 0.05.
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Fig. 4. MK2 and MK3 are required for thrombin-induced HSP27 phosphorylation.
(A) Left: Immunoblotting analysis of HSP27 and MK2 phosphorylation in HUVECs 

pretreated with 300 nM PF3644022 (MK2 inhibitor) or DMSO for 1 hour and stimulated 

with 10 nM thrombin (α-Th) for the indicated times. Blots are representative of four 

independent experiments. Right: Densitometric analysis of the fold-change in the relative 

abundances of the indicated phosphorylated proteins over time. Data are means ± SD of 

four independent experiments and were analyzed by Student’s t test. *P < 0.05; **P < 

0.01; ***P < 0.001. (B) Left: In vitro assay of MK2 kinase activity. Immunoblot of HSP27 

phosphorylation in HUVECs pretreated with PF3644022 or DMSO and stimulated with 10 

nM α-Th. Cell lysates were analyzed by immunoblotting for HSP27 phosphorylation and 

MK2. Right: Data are means ± SD of four independent experiments and were analyzed by 

Student’s t test. *P < 0.05. (C) Left: Immunoblotting analysis of HSP27 phosphorylation 

in HUVECs transfected with MK3-specific or nonspecific (NS) siRNAs, pretreated with 

PF3644022 or DMSO, and stimulated with α-Th. Right: Densitometric analysis of the fold­

change in the relative abundances of the indicated phosphorylated proteins over time. Data 

are means ± SD of four independent experiments and were analyzed by two-way ANOVA 
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and Dunnett’s post-tests. *P < 0.05; **P < 0.01; ***P < 0.001. (D) Top: Immunoblotting 

analysis of MK2-MK3 co-immunoprecipitates from HUVECs stimulated with α-Th. Blots 

of HSP27 and MK2 phosphorylation are representative of three independent experiments. 

Bottom: Data are means ± SD of three independent experiments and were analyzed by 

Student’s t-test. **P < 0.01. (E) Phyre homology modeling of HSP27 residues Ser15, Ser78, 

and Ser82 within the predicted 3D structure. The three key serine residues are shown in 

green, and their positions are illustrated in ribbon (left), space-filled (middle), and merged 

(right) models.
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Fig. 5. GPCR-induced HSP27 activity requires p38, MK2, and MK3.
(A and B) Top: Immunoblotting analysis of HSP27 large oligomer disassembly and 

reassembly in HUVECs pretreated with 3 μM SB203580 or DMSO for 1 hour and 

stimulated with (A) 10nM thrombin (α-Th) or (B) 10 μM histamine and resolved on 

a native, nondenaturing gel. Blots are representative of three independent experiments. 

Bottom: Densitometric analysis of the ratio of small to large HSP27 oligomers over time. 

Data are means ± SD of three (thrombin) or five (histamine) independent experiments and 

were analyzed by Student’s t test. *P < 0.05. (C) Top: Immunoblotting analysis of HSP27 

oligomerization in HUVECs pretreated with 300 nM PF3644022 or DMSO for 1 hour and 

then stimulated with α-Th. Bottom: Data are means ± SD of three independent experiments 

and were analyzed by Student’s t test (not significant). (D) Top: Immunoblotting analysis 

of HSP27 oligomerization in HUVECs transfected with MK3-specific or nonspecific (NS) 

siRNAs, pretreated with PF3644022 or DMSO, and then stimulated with α-Th. Blots are 

representative of four independent experiments. Bottom: Data are means ± SD of four 

independent experiments and were analyzed by two-way ANOVA with Dunnett’s post-tests. 

*P < 0.05.
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Fig. 6. HSP27 phosphorylation induced by GPCRs regulates endothelial barrier recovery.
(A) Schematic of N-terminal FLAG-tagged WT HSP27 (42) and the HSP27 triple alanine 

(TriA) mutant. (B) Immunoblotting analysis of endogenous and exogenous HSP27 in 

HeLa cells transfected with HSP27-specific or nonspecific (NS) siRNAs and expressing 

GFP, siRNA-resistant HSP27 WT, or siRNA-resistant HSP27 TriA mutant. Cell lysates 

were immunoblotted for GAPDH. (C) Immunoblotting analysis of HSP27 WT and TriA 

oligomerization in HUVECs stimulated with 10 nM thrombin (α-Th) and then resolved on a 

native, nondenaturing gel. (D to G) Endothelial barrier impedance or function in HDMECs 

transfected with HSP27-specific siRNA and re-expressing GFP, siRNA-resistant (43) HSP27 

WT, or siRNA-resistant HSP27 TriA mutant and stimulated with α-Th, as measured by 

ECIS (D). The data were normalized to baseline for each condition and the maximum 

(max) α-Th–induced change in impedance (E), time to max impedance (F), and time to 

barrier recovery (G) were quantified from four independent experiments, each performed in 

duplicate. Data are means ± SEM of four independent experiments and were analyzed by 

two-way ANOVA and Dunnett’s post-tests. *P < 0.05; **P < 0.01.
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Fig. 7. J2 alters HSP27 oligomerization and PAR1-induced barrier disruption in vitro and 
enhances vascular leakage in vivo.
(A) Immunoblotting analysis of HSP27 oligomerization in HUVECs pretreated with the 

HSP27-specific inhibitor J2 (10 μM) or DMSO for 16 hours and then stimulated with 

10 nM thrombin (α-Th). Top: Samples were resolved on a native, nondenaturing gel. 

Blots are representative of three independent experiments. Bottom: Data are means ± SD 

of three independent experiments and were analyzed by Student’s t test. *P < 0.05. (B) 

Immunoblotting analysis of HSP27 and p38 phosphorylation in HUVECs pretreated with 

J2 or DMSO and then stimulated with α-Th for the indicated times. (C) Top: EC barrier 

permeability was determined by measurement of Evans blue albumin diffusion for HUVECs 

pretreated with J2 or DMSO and then stimulated with or without α-Th. α-Th–induced EC 

permeability was quantified at 30 min. Bottom: Data are means ± SD of three independent 

experiments and were analyzed by Student’s t test. *P < 0.05. (D) Top: Vascular leakage was 

examined in mice treated with the indicated low or high doses of J2 or DMSO for 16 hours 

before being injected with PBS, 4 ng/μl VEGF, or 1 μg/μl TFLLRN. Data are means ± SEM 

of 24 mice from four independent experiments and were analyzed by two-way ANOVA with 

Dunnett’s post-tests. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 8. Model of GPCR-induced p38-MK2-MK3 signaling and the HSP27-mediated regulation of 
endothelial barrier resolution.
Thrombin-activated PAR1 couples to Gαq and promotes rapid increases in Ca2+ binding 

to calmodulin (Cam), which initiates MLC phosphorylation, actin-myosin contractility, and 

endothelial barrier permeability. Activated PAR1 also couples to Gα12/13 and activates 

RhoA signaling, which also enhances MLC phosphorylation and endothelial barrier 

permeability. Here, we showed that thrombin-activated PAR1 initiated a p38-MK2-MK3 

signaling pathway that occurred independently of the RhoA-MLC pathway to regulate 

the phosphorylation and activity of HSP27 to control endothelial barrier recovery. GPCR­

induced HSP27 phosphorylation and oligomer disassembly is expected to release actin, 

promote actin polymerization, and contribute to endothelial barrier disruption, whereas 

HSP27 dephosphorylation facilitates HSP27 oligomer reassembly and endothelial barrier 

recovery. Thus, GPCRs activate multiple signaling pathways that promote endothelial barrier 

disruption and resolution.
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