Boise State University

ScholarWorks

Biomolecular Research Center Publications and )
} Biomolecular Research Center
Presentations

9-22-2016

Palmitoyl Acyltransferase DHHC21 Mediates
Endothelial Dysfunction in Systemic Inflammatory
Response Syndrome

Richard S. Beard Jr.
University of South Florida

Publication Information

Beard, Richard S. Jr. (2016). "Palmitoyl Acyltransferase DHHC21 Mediates Endothelial Dysfunction in Systemic Inflammatory
Response Syndrome". Nature Communications, 7, 12823-1 - 12823-19. http://dx.doi.org/10.1038/ncomms12823

(Gl

This document was originally published in Nature Communications by the Nature Publishing Group. This work is provided under a Creative Commons

Attribution 4.0 license. Details regarding the use of this work can be found at: http://creativecommons.org/licenses/by/4.0/. doi: 10.1038/

ncomms12823


http://scholarworks.boisestate.edu
http://scholarworks.boisestate.edu/brc_facpubs
http://scholarworks.boisestate.edu/brc_facpubs
http://scholarworks.boisestate.edu/brc
http://dx.doi.org/10.1038/ncomms12823
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1038/ncomms12823
http://dx.doi.org/10.1038/ncomms12823

ARTICLE

Received 31 Jul 2015 | Accepted 4 Aug 2016 | Published 22 Sep 2016

Palmitoyl acyltransferase DHHC21 mediates
endothelial dysfunction in systemic inflammatory
response syndrome

Richard S. Beard Jr."*, Xiaoyuan Yang"*, Jamie E. Meegan', Jonathan W. Overstreet!, Clement G.Y. Yang?,
John A. Elliott!, Jason J. Reynolds', Byeong J. Cha!, Christopher D. Pivetti3, David A. Mitchell#, Mack H. Wu?>,
Robert J. Deschenes? & Sarah Y. Yuan'2

Endothelial dysfunction is a hallmark of systemic inflammatory response underlying multiple
organ failure. Here we report a novel function of DHHC-containing palmitoyl acyltransferases
(PATs) in mediating endothelial inflammation. Pharmacological inhibition of PATs attenuates
barrier leakage and leucocyte adhesion induced by endothelial junction hyperpermeability and
ICAM-1 expression during inflammation. Among 11 DHHCs detected in vascular endothelium,
DHHC21 is required for barrier response. Mice with DHHC21 function deficiency
(Zdhhc219€P/dePy exhibit marked resistance to injury, characterized by reduced plasma
leakage, decreased leucocyte adhesion and ameliorated lung pathology, culminating in
improved survival. Endothelial cells from Zdhhc219%€P/9€P display blunted barrier dysfunction
and leucocyte adhesion, whereas leucocytes from these mice did not show altered
adhesiveness. Furthermore, inflammation enhances PLCPB1 palmitoylation and signalling
activity, effects significantly reduced in Zdhhc219¢P/9€P  and rescued by DHHC21
overexpression. Likewise, overexpression of wild-type, not mutant, PLCB1 augments barrier
dysfunction. Altogether, these data suggest the involvement of DHHC21-mediated PLCP1
palmitoylation in endothelial inflammation.
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any critically ill patients present with systemic

inflammatory response syndrome (SIRS), one of the

most challenging conditions resulting from infection
(sepsis) or non-infectious injury (trauma, pancreatitis,
haemorrhage)' 3. Despite improved patient care, their mortality
and morbidity remain high owing to the development of multiple
organ failure. Following injury, SIRS is triggered by an array of
danger-associated molecular patterns and mediators released into
the circulation, including histamine, thrombin and cytokines,
most of which target vascular endothelium causing microvascular
leakage, coagulopathy and leucocyte diapedesis®. Multiple
etiologies and complex receptor-signalling pathways are
attributed to this disease state; however, therapies directed at
targeting the upstream of inflammatory cascades (cytokine
inhibitors, histamine antagonists, so on) show limited
efficacy>>°. Likewise, blockades of innate immunity (TLR4
antagonist) or coagulation (anti-thrombin) fail to demonstrate
improved survival®’. Recently, recognizing the central role of
endothelial dysfunction in inflammation, the FDA approved
recombinant human activated protein C for treating sepsis.
Unfortunately, it was quickly withdrawn due to minimal
mortality benefit and increased bleeding risk®. Currently, several
new therapies, including anti-HMGB1 and sphingosine-1-
phosphate analogous are being investigated>>1%; many of
them are not designed to specifically treat endothelial
dysfunction. The underdevelopment of endothelial-targeting
interventions highlights the need for further studies.

A hallmark of endothelial dysfunction during SIRS is
opening of cell-cell junctions promoting plasma and leucocyte
extravasation. Because barrier breakdown or loosening often
occurs rapidly (within minutes) after stimulation, it is plausible
that dynamic modifications of the endothelial barrier serve as the
major mechanism for vascular hyperpermeability'!~!3. Many
studies have focused on phosphorylation of molecules involved in
the initial establishment of barrier structure or upstream
signalling such as kinase receptors'®!6. However, it is
becoming increasingly apparent that phosphorylation alone
may not account for all signalling or structural changes in the
barrier under infectious or injurious conditions'”~!%, The purpose
of this study is to evaluate our hypothesis that another dynamic
regulatory mechanism, namely protein palmitoylation, plays a
critical role in altering endothelial function during inflammation.

Palmitoyl acyltransferases (PATs) are a family of enzymes that
catalyse protein S-palmitoylation, a thioester linkage of palmitic
acid to cysteine residues. All PATs share a signature catalytic
domain containing a zinc finger aspartate-histidine-histidine-
cysteine (DHHC) motif?’. Since the initial discovery of a
DHHC-PAT in yeast by Roth?! and Deschenes??, the DHHC
family has grown to 23 members in human and 24 in mouse
genomes. Functionally, PAT-catalysed palmitoylation is shown to
rapidly change protein locations, activity and ability to interact
with other proteins?®. Recent studies of palmitoylation kinetics
have underscored the potential of PATs as a ‘kinase-like’ factor in
signal transduction?*=?7. So far, the biologic effects of PATs
have been primarily investigated in the fields of cell growth,
lipid metabolism and neuroscience. Studies have also
reported their involvement in Wnt-driven carcinogenesis?®,
insulin-promoted anigiogenesis”, neurologic diseases®® and
metabolic disorders*32. Most recently, an in vivo study
demonstrated a role for DHHC21-PAT in mediating vaso-
constriction by  palmitoylating  o-adrenergic  receptor’3,
suggesting the possibility that PATs serve as an important
dynamic regulator of circulatory functions.

Since there is currently no direct evidence for PATSs regulating
endothelial function during inflammation, we sought to deter-
mine if and how PATs affect vascular barrier properties and

2

leucocyte-endothelium interactions under SIRS relevant condi-
tions, using animal models of systemic inflammation caused by
traumatic injury (burns) and septic insult (LPS injection), as well
as microvessels and endothelial monolayers stimulated by typical
inflammatory mediators (histamine, thrombin or IL-1f). Four
sets of experiments were designed to study the DHHC21-PLCp1
pathway in endothelial inflammation. In the first set of
experiments, we evaluated the effects of general pharmacologic
inhibition of PATs in vivo during trauma or endotoxemia and
in vitro during inflammatory stimulation. We also verified the
underlying cellular responses focusing on endothelial cell-cell
junction permeability and ICAM-1 expression. In the second set
of experiments, after confirming the expression of individual
PATs in vascular endothelium, we conducted a functional
screening in endothelial monolayers subjected to individual gene
knockdown to determine that the presence of specific PATs,
namely DHHC21, is required for barrier responses. In the third
set of experiments, we used a genetically modified mouse model
of DHHC21 function deficiency (Zdhhc219P/4ep) to evaluate
the contribution of this PAT to SIRS-induced organ injury
and mortality. The relative importance of endothelial-specific
DHHC21 was also evaluated. In the fourth set of experiments, we
identified PLCP1 as a target of DHHC21. Further mechanistic
studies were directed at measuring PLCP1 palmitoylation,
subcellular distribution and signalling activity in Zdhhc21%P/dep
cells. Moreover, comparisons were made in endothelial cells
subjected to PLCB1 knockdown, PLCB1 wild-type overexpression
and PLCP1 Cl17 mutant overexpression to determine the
mechanistic contribution of PLCPB1 to endothelial dysfunction.
The results from these experiments show that protein palmitoyla-
tion plays a critical role in mediating aberrant activation of
vascular endothelium during inflammation. We suggest targeting
DHHC21 as potential therapy of inflammatory diseases.

Results
PAT inhibition prevents vascular barrier breakdown.
Two-bromopalmitate (2-BP) is a general inhibitor of PAT activit
that acts by suppressing the formation of acyl-intermediates>*.
To determine the pathophysiological involvement of PATSs
in inflammation, we tested the effects of 2-BP to reduce
microvascular  leakage. In  healthy rats, intravenous
administration of 2-BP did not cause mortality or obvious
abnormalities in cardiorespiratory function or mesenteric
circulation for the duration of our experiments. However,
animals receiving 2-BP prior to SIRS induction displayed
drastically reduced plasma extravasation through mesenteric
vessels indicated by transvascular flux of FITC-albumin
(Fig. 1a,b). Moreover, 2-BP ameliorated vascular barrier injury
in the lungs, measured by tissue uptake of Evans Blue, a marker of
albumin leakage (Fig. lc,d), and by interstitial deposition of
sulfo-NHS-biotin, a marker of small molecule efflux (Fig. le).
We then examined the effects of PAT inhibition on endothelial
cell-cell adhesive barrier morphology and function in human
umbilical vein endothelial cells (HUVEC) during inflammatory
stimulation. Consistent with our in vivo findings, 2-BP inhibited
barrier dysfunction, indicated by reduced transendothelial
electrical resistance (indicator of cell-cell adhesive barrier
property) in response to thrombin in a time-dependent and
dose-related manner (Fig. 2a). Given that the barrier integrity of
microvascular endothelium is largely determined by adherens
junctions (AJs)°, we focused on the changes in VE-cadherin, the
primary AJ molecule. As shown in Fig. 2b, VE-cadherin staining
under unstimulated conditions was characterized by continuous
distribution at endothelial cell-cell contacts. Upon inflammatory
stimulation by thrombin (Fig. 2b), it became discontinuous,
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Figure 1 | Inhibition of PATs attenuates microvascular leakage during systemic inflammatory response to burn injury. The palmitoyl acyltransferase
inhibitor 2-bromopalmitate (2-BP, 2mgkg ~1) was intravenously administrated 20 min prior to SIRS induction. (a,b) Transvascular flux of FITC-albumin
from mesenteric microvessels observed via intravital microscopy 3 h postburn. (@) Representative images (Scale bars, 100 um). (b) Quantification of
transvascular flux (n=number of animals). For each group, values were normalized to its own t =0 min and presented as mean £ s.e.m. *P<0.05 versus
sham + vehicle, ¥P < 0.05 versus SIRS + vehicle. (c,d) Plasma protein leakage in the lungs measured as tracer Evans Blue extravasation. (¢) Representative
images showing tracer leakage captured at 700 nm with infrared imaging scanner and pseudo-colored with a heat-map colour scheme. (d) Quantitative
extravasation assay (n=6). Values were normalized to vehicle-treated group subjected to sham operation and presented as mean = s.e.m. **P<0.01
versus sham -+ vehicle, ¥P<0.05 versus SIRS + vehicle. (@) Microvascular leakage in the lungs measured as interstitial deposition of small molecule tracer
sulfo-NHS-biotin. Upper panels: representative transverse lung slices (500 um) probed for extravasated sulfo-NHS-biotin with IRDye 800-conjugated
streptavidin (SA-IRD) and scanned with infrared imaging system (800 nm). Images were pseudo-colored with heat-map colour scheme (blue = low
intensity, red = high intensity). Lower panels: representative confocal micrographs of lung sections probed for sulfo-NHS-biotin with Texas Red-streptavidin
(SA-TR). Nuclei were stained with DAPI. Scale bars, 100 um.

diffuse or thinner. Intercellular gaps were formed (arrows).
Quantitative results showed that 2-BP significantly reduced
thrombin-induced junction discontinuity (Fig. 2c). Similar
inhibitory effects of 2-BP on histamine-induced microvascular
hyperpermeability (Fig. 2d) and junction dissociation were
observed (Fig. 2e,f). Further, we confirmed the direct effects of

2-BP on intact postcapillary venules, which are known to serve as
the major vascular bed for plasma leakage and leucocyte
diapedesis during inflammation. Using a modified Landis
micro-occlusion technique, we measured hydraulic conductivity
(Lp; indicator of permeability to water filtration along
pressure gradient) in single perfused venules. Perfusion of 2-BP
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Figure 2 | Inhibition of PATs reduces inflammatory mediator-induced endothelial cell-cell junction hyperpermeability. (a) Time- and dose-dependent
effects of 2-BP on thrombin (10 U ml~)-induced reduction in transendothelial electric resistance (TER), an indicator of cell-cell adhesive barrier function.
Values at each time point were normalized to their baseline at t =0. Solid line tracing represents the mean resistance, and shadow represents standard
error. Embedded graph indicates peak TER values and presented as mean + s.e.m. (n =3 independent experiments). *P<0.05. (b) Representative confocal
images of the adherens junction molecule VE-cadherin (green) and nuclei (blue) 30 min after thrombin with or without pretreatment of 2-BP. Arrows point
to discontinued VE-cadherin strands or intercellular gaps. Scale bars, 10 um. (¢) Quantification analysis of VE-cadherin junction discontinuity from three
independent experiments, presented as mean +s.e.m. *P<0.05. (d) Histamine-induced changes in hydraulic conductivity (L,) in intact perfused venules
without or with 2-BP (given 30 min prior to histamine and continuously perfused until the end of the observation). L, indicates venular permeability to
water which transports mainly via paracellular pathway. n=number of segment measurements; values in parentheses indicate number of independent

experiments. *P< 0.05 versus baseline, #P < 0.05 versus histamine + vehicle. (e) Representative confocal images of VE-cadherin (green) and nuclei (blue)
10 min after histamine in endothelial cells pre-treated with 2-BP. Arrows point to discontinued VE-cadherin strands or intercellular gaps. Scale bars =10 pm.
(f) Quantification analysis of VE-cadherin junction discontinuity from three independent experiments. Data are presented as mean * s.e.m. *P<0.05.

leucocyte adhesion and slow rolling. Compared with vehicle-
treated animals, 2-BP-pretreated animals demonstrated an
attenuated response in leucocyte adhesion. Additionally, adhesion
of human leucocytes to HUVEC monolayers after stimulation by
interleukin-1B (IL-1P) was measured. In basal conditions or cells

significantly reduced the increase in L, caused by histamine
(Fig. 2d), consistent with 2-BP attenuation of histamine-induced
A] disruption in vitro (Fig. 2e,f).

PAT inhibition reduces leucocyte adhesion/ICAM-1 expression.
Leucocyte-endothelial interactions were observed in rat
mesenteric microvessels via intravital microscopy (Fig. 3a).
During inflammation slow-rolling leucocytes are more likely to be
arrested by endothelial cells leading to firm adhesion. We thus
evaluated the effects of PAT inhibition on leucocyte adhesion
along with their slow-rolling flux, slow-rolling fraction and rolling
velocity. As shown in Fig. 3b, SIRS significantly increased

4

treated with 2-BP alone, minimal adhesion was observed.
However, after IL-1f stimulation, there was a significant increase
in the number of adherent leucocytes; the response was
attenuated by 2-BP treatment (Fig. 3c,d). Because ICAM-1
expression on the surface of endothelium is required for leucocyte
adhesion, we also tested the efficacy of 2-BP to reduce ICAM-1
surface expression under these conditions. Indeed, there was a
significant increase in endothelial cell surface expression of
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Figure 3 | PAT inhibition suppresses leucocyte adhesion and ICAM-1 expression on endothelial surface during inflammatory stimulation.

(a,b) Leucocyte-endothelium interactions were assessed via intravital microscopic analysis of mesenteric microcirculation in rats subjected to SIRS elicited
by bacterial lipopolysaccharide (LPS, 10 mgkg =", IP, 4h). A group of animals received intravenous 2-BP (2 mgkg ') immediately after LPS injection.
Leucocytes were labelled with acridine orange. (a) Representative images of leucocyte adhesion in postcapillary venules. Scale bars, 30 um.

(b) Quantification of leucocyte slow-rolling flux (number of cells per min), slow-rolling fraction (% of slow rolling cells to total rolling cells), rolling velocity
and adhesion. Increased slow-rolling flux or decreased rolling velocity indicates the likelihood of firm adhesion. Data are presented as mean £ s.e.m. from
4 rats with >10 venules per group. *P<0.05 versus sham + vehicle, P <0.05 versus SIRS + vehicle. (¢,d) The effects of 2-BP on human leucocyte
adhesion to human umbilical vein endothelial cells with or without stimulation by IL-1B (100 ng ml~1, 4h). 2-BP (10 uM) or vehicle was given
simultaneously with IL-1B. (¢) Representative images of adherent leucocytes (green) on endothelial cells (red) with nuclei stained with DAPI. Embedded
images show green channel (leucocytes) alone. Scale bars, 25 um. (d) Quantification of adherent leucocytes to IL-1B-stimulated ECs. Bar graph represents
mean * s.e.m. from three independent experiments. *P<0.05 versus unstimulated + vehicle, ¥P<0.05 versus IL-1B + vehicle. (e,f) The effects of 2-BP

on IL-1B-induced ICAM-1 expression on endothelial surface. Endothelial cells were treated with 100 ngml~1 IL-1p for 4 h with or without 10 pM 2-BP
(given simultaneously with IL-1B). (e) Representative confocal images. Scale bars, 50 um. (f) Quantification of ICAM-1 surface expression. Results
represent mean + s.e.m. from three independent experiments. *P<0.05 versus unstimulated + vehicle, #P < 0.05 versus IL-1p + vehicle.

ICAM-1 in response to IL-1P, a response prevented by 2-BP
(Fig. 3e,f). Altogether, these findings indicate the involvement of
DHHC-PATS in vascular inflammation.

Inflammation increases PLCP1 palmitoylation and signalling.
In an effort to quantify protein palmitoylation in endothelial cells,
we employed Click chemistry to measure the level of total
palmitoylated proteins in HUVECs under basal conditions
and during stimulation by SIRS plasma or inflammatory agents
(thrombin, histamine). Palmitoylated proteins were metabolically
labelled with a palmitic acid analogue, m-alkynyl palmitic acid
(Alk-C16), and further probed with fluorescent Oregon Green

488 azide by copper-catalysed click reaction for observation
under confocal microscopy. The data showed that following
inflammatory stimulation by histamine, thrombin or SIRS
plasma, there was a significant increase in total palmitoylated
proteins. Treatment with 2-BP prevented this response (Fig. 4a).

We then tried to identify specific proteins that undergo
palmitoylation in inflammation. In initial screening, we con-
ducted a proteomic analysis combining acyl-biotin exchange
(ABE) with LC-MS/MS. ABE is a series of biochemical reactions
involving the exchange of protein palmitoylation moieties with
biotin, which can be detected via pull-down with streptavidin
beads. We identified a protein that undergoes increased
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palmitoylation in endothelial cells upon SIRS stimulation,
phospholipase C f1 (PLCPB1), an important signalling molecule
downstream of the G-protein coupled receptors (GPCR) known
to mediate the effects of inflammatory mediators such as
thrombin and histamine. Thus, we sought to focus on PLCP1
in the following experiments. Our data demonstrated that
thrombin induced a significant increase in PLCB1 palmitoylation,

a Vehicle + Control Vehicle + Histamine

Vehicle + Control

2-BP + Sham plasma

2-BP + Control

2-BP + Control

which was inhibited by 2-BP treatment (Fig. 4b) (see full-scanned
western blots and gels in Supplementary Figs 1-5). Consistently, a
pull-down assay with azide agarose resin based on metabolic
labelling and Click chemistry showed that histamine stimulation
was able to increase the level of PLCB1 palmitoylation (Fig. 4c).
Since it is well established that PLCPB1 activation leads to IP3
production, we next examined the concomitant changes in IP3
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levels as an indicator of PLCP1 signalling activity. The results
showed that histamine increased IP3 production and this effect
was not observed in cells treated with 2-BP (Fig. 4d), suggesting
the potential involvement of palmitoylation-coupled PLCPI1
signalling activity in inflammation.

DHHCS5/21 are critical in endothelial barrier response. More
than 20 DHHC-PATs have been identified (Supplementary
Table 1) and are known to have heterogeneous tissue
distribution®®; however, their expression profile in the vascular
endothelium has not been fully reported. In this study, we
evaluated DHHC-PAT expression and function in murine lung
microvascular endothelial cells (MLMVECs). Quantitative PCR
was performed to characterize endothelial-specific Zdhhc gene
expression (Fig. 5a). Among the 24 known Zdhhcs, only Zdhhes 2,
4,5, 89 12, 13, 16, 17, 20 and 21 were detected. To investigate
which of these may regulate endothelial injury, we silenced their
expression individually with siRNA and assessed the functional
impact on thrombin-mediated endothelial barrier dysfunction
and IL-1P upregulation of ICAM-1 expression. The efficiency of
the siRNA knockdown was confirmed by RT-PCR (Fig. 5b).
Out of the 11 endothelial-expressing Zdhhcs, only knockdown of
Zdhhc5 or Zdhhc21 significantly ameliorated barrier dysfunction
(Fig. 5¢,d) and ICAM-1 expression (Fig. 5ef). These data
demonstrate an important role for DHHC5- and DHHC21-
PATs in endothelial response to inflammatory stimulation.

Zdhhc21%P/%P mice are resistant to organ injury in SIRS. After
determining the importance of DHHC21 in inflammation-
mediated endothelial injury, we focused on in vivo studies
utilizing a DHHC21 deficient mouse model, Zdhhc219¢P/deP Tts
genetic background involves a spontaneous 3bp deletion in the
coding re%ion of the Zdhhc21 gene rendering DHHC21 function
deficiency”’. The effect of DHHC21 deficiency on overall SIRS
outcomes was determined. Specifically, lung injury 24h after
SIRS-induction was evaluated by histological H&E staining in
both wild-type controls (Zdhhc21 /) and Zdhhc219¢P/%€P mice.
In Zdhhc21+/+ mice, thickening of alveoli-capillary membrane
and leucocyte infiltration were observed; these pathologies were
significantly ameliorated in Zdhhc219P/#P mice (Fig. 6a-c.e).
Furthermore, as shown in Fig. 6d, thermal injury-induced SIRS
caused ~30% mortality in Zdhhc21 7/ mice by 48 h, whereas
no deaths were observed in Zdhhc219P/#P mice during the
same time course. Similarly, as shown in Fig. 6f, LPS-induced
SIRS caused 100% mortality of Zdhhc21+/+ mice within 60h,
whereas there was still a 60% survival rate in Zdhhc21%P/4P mice
at 72h.

Endothelial DHHC21 is important for leucocyte adhesion.
To evaluate the effects of DHHC21 deficiency in leucocyte-
endothelial interactions, we measured leucocyte rolling and
adhesion in postcapillary venules of Zdhhc21T/T  and
Zdhhc219eP/3P mouse ears. Zdhhc219¢P/%P mice displayed basal
circulatory characteristics comparable to wild-type controls,
but with a blunted vascular injurious response to SIRS. In
Zdhhc217/F mice subjected to burn- or LPS-induced SIRS, the
number of slow-rolling leucocytes, the fraction of slow-rolling
leucocytes and leucocyte adhesion to the microvessel wall were
significantly increased, and the average leucocyte rolling velocity
was greatly reduced; however, Zdhhc219¢P/4P mice were resistant
to these responses (Fig. 7a,b).

Furthermore, primary MLMVECs and leucocytes were isolated
from Zdhhc21t/* and Zdhhc21%P/4eP mice to characterize the
cell-specific effects of DHHC21 deficiency contributing to the
reduced leucocyte-endothelial interactions. Wild-type leucocytes
adhered normally to IL-1P activated wild-type ECs, but adhesion
to Zdhhc219¢P/4P ECs was greatly attenuated. Interestingly,
Zdhhc219¢P/3P  Jeucocyte adherence to wild-type ECs was
unaffected, indicating the relative importance of endothelial
DHHC21 in this process (Fig. 7c,d).

DHHC21 deficiency ameliorates endothelial barrier dysfunction.
The wvascular barrier function was also determined in
Zdhhc21%P/4eP  mice during inflammation. Upon LPS or
burn-induced SIRS, less protein leakage from lung microvessels
indicated b)f interstitial Evans Blue intensity was detected in
Zdhhc21%P/4eP mice compared with that in Zdhhc21 /% mice
(Fig. 8ab). Consistently, following histamine stimulation,
increased FITC-albumin leakage was observed in mesenteric
vessels of Zdhhc21 T/F mice, but this response was significantly
reduced in vessels of Zdhhc219P/3eP mice (Fig. 8c,d).

The key role of endothelial DHHC21 in regulating barrier
dysfunction was further confirmed in our in vitro inflammatory
models. As shown in Fig. 8e, Zdhhc21 knockdown MLMVECs
and Zdhhc21%P/4eP ECs exhibited attenuated hyperpermeability
to FITC-albumin upon thrombin stimulation, and the endothelial
hyperpermeability =~ was nearly completely blocked in
Zdhhc219¢P/3P ECs treated with 2-BP. Zdhhc21%P/4P ECs also
displayed significantly reduced transendothelial electric resistance
(TER) response to thrombin (Fig. 8f); however overexpression of
wild-type Zdhhc21 in Zdhhc21%P/%P ECs restored their barrier
responsiveness to thrombin (Fig. 8g).

Zdhhc219¢P/4eP reduces PLCP1 palmitoylation and signalling.
Since PLCP1 was identified as a specific palmitoylation target

Figure 4 | Inflammatory stimuli increase PLCp1 palmitoylation and its signaling activity. (a) Increased palmitoylation was detected in endothelial cells
after stimulation with SIRS plasma or inflammatory stimuli. Representative images of palmitoylation in cells treated with vehicle, histamine (10 pM, 15 min),
thrombin (10U ml 7, 30 min) or SIRS plasma (20% dilution, 1h) in the absence or presence of 2-BP (pretreatment at 10 uM). Palmitoylated proteins were
metabolically labelled with a palmitic acid analogue w-alkynyl palmitic acid (Alk-C16). Labelled proteins were visualized by further probing with fluorescent
azide via Click chemistry reaction. Palmitoylated proteins are shown in green and nuclei blue. Scale bar, 30 pm. Bar graph shows quantification of total
palmitoylation signal intensity. Results are from three independent experiments presented as mean % s.e.m. *P<0.05 versus control + vehicle, ¥P<0.05
versus stimulus + vehicle. (b,c) The levels of palmitoylated PLCB1 in endothelial cells were determined using two different methods. (b) Acyl-biotin
exchange. Whole cell lysates from thrombin (10Uml~") or vehicle treated ECs, with or without 2-BP, were subject to acyl-biotin exchange to isolate
palmitoylated proteins in the presence of hydroxylamine (NH,OH). The samples were then used in Western blotting for PLCB1. Band intensity was
quantified and normalized to control. Results represent three independent experiments. *P<0.05 versus vehicle + control, #P<0.05 versus
vehicle 4 thrombin. (¢€) Pull-down of palmitoylated proteins and immunoblotting for PLCB1. ECs were incubated with Alk-C16 overnight and then treated
with histamine (10 uM) or vehicle. Whole cell lysates were collected, and palmitoylated proteins were pulled down using Azide Agarose Resin via Click
chemistry reaction. Palmitoylated protein samples were subject to Western blotting for PLCB1. Band intensity was quantified and normalized to control
group. Bar graph represents four independent experiments. *P<0.05 versus vehicle. (d) IP3 levels in ECs subjected to histamine stimulation (10 uM) with
or without 2-BP (10 uM). Bar graph represents mean + s.e.m. from three independent experiments. *P<0.05 versus vehicle, #P<0.05 versus

vehicle 4 histamine.
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Figure 5 | Endothelial-expressing Zdhhcs and importance of DHHC5/21 in endothelial dysfunction. (a) Representative images from qualitative PCR
analyses of 24 known murine Zdhhcs in primary MLMVECs that confirmed the expression of 11 Zdhhcs. cDNA template of each gene was used as a positive
control. (b) Knockdown efficiency of the 11 Zdhhcs expressed in endothelial cells verified by RT-PCR, *P<0.05 versus control siRNA. (¢,d) The effects of
individual Zdhhc knockdown on thrombin-induced endothelial barrier dysfunction indicated by TER. (¢) Representative TER tracings of Zdhhc5 and Zdhhc21
knockdown in response to thrombin (10 Uml~"). Solid line tracing represents the mean resistance, and shadow represents + s.e.m. n=number of
measurement; value in parentheses indicates number of independent experiments. (d) Quantification of peak TER reduction upon thrombin treatment in
each Zdhhc knockdown group. Values were normalized to TER with control siRNA. Bar graph represents mean £ s.e.m. from three independent experiments.
*P<0.05 versus control siRNA. (e,f) The effects of individual Zdhhc knockdown on IL-1B-induced ICAM-1 expression on EC surface. MLMVECs in a 96-well
plate were stimulated with IL-1p (100 ngml~T, 4h). ICAM-1 surface expression was determined by on-cell western assay using Odyssey CLx Infrared
Imaging System. (e) Representative images. CellTag staining was used for cell number normalization. Arrow indicates decreased ICAM-1 expression.
(f) Quantification of ICAM-1 expression in Zdhhc knockdown ECs upon IL-1B stimulation. Results represent mean £ s.e.m. from three independent
experiments. *P<0.05 versus control siRNA.

involved in  inflammation, = we  hypothesized  that that allows palmitoylated proteins to be cleaved by hydro-

PLCB1 might serve as the substrate of DHHC21 that accounts
for inflammation-mediated endothelial injuries. The effects
of DHHC21 function on the PLCPl palmitoylation during
inflammation were determined by resin-assisted capture, an assay

8

xylamine (NH,OH) and captured with thiol-reactive Sepharose
resin. Our data demonstrated that thrombin induced a detectable
increase in PLCB1 palmitoylation in Zdhhc21t/* ECs,
which was attenuated in Zdhhc21%P/4eP ECs (Fig. 9a). Given that
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Figure 6 | Zdhhc219¢P/4eP mice are resistant to SIRS-induced lung injury and mortality. (ab) Representative images of lung tissues obtained from
mice 24 h after thermal injury-induced (a) or LPS-induced SIRS (b) (five mice in each group). Scale bar, 50 um. () Lung histology injury scores in thermal
injury-induced SIRS. Results represent mean = s.e.m. from five mice. **P<0.01. (d) Survival rates in mice subjected to thermal injury (n=15 mice).
(e) Lung histology injury scores in LPS-induced SIRS. Results represent mean £s.e.m. from five mice. **P<0.01, ***P<0.001. (f) Survival rates in mice

subjected to LPS challenge (n=10 mice).

palmitic acid attachment can alter protein hydrophobicity and
membrane association??, we then compared membrane locali-
zation of PLCP1 between Zdhhc21t/+ and Zdhhc21%P/dep ECs,
However, no significant difference of PLCB1 plasma membrane
localization was found between these two cells under baseline or
inflammatory conditions (Fig. 9b).

Thrombin-induced increased membrane localization of PKC, a
downstream effector of PLCP1 signalling known to translocate to
cell membranes upon activation, was inhibited in DHHC21
deficient ECs (Fig. 9b), supporting the involvement of DHHC21-
induced PLCB1 palmitoylation in PLCPI signalling activation.
Two other effectors of PLCP1, namely IP3 and intracellular
calcium, were also evaluated as the indication of PLCp1
downstream signalling activation. The level of IP3 was increased
by thrombin stimulation, which was greatly attenuated in
Zdhhc21%P/4P ECs (Fig. 9c). Consistently, thrombin-elicited
intracellular calcium spike was diminished in Zdhhc219¢P/dep
MLMVECs compared with Zdhhc21 +/+ ECs (Fig. 9d,e).

DHHC21-PLCB1 pathway in endothelial barrier dysfunction.
The critical role of PLCB1 in mediating endothelial dysfunction is
supported by the data that knockdown of PLCB1 in Zdhhc21 +/+
ECs led to a significantly attenuated TER response to thrombin

(Fig. 10a,c). Furthermore, in an in silico analysis using the
CSS palm palmitoylation algorithm3®, only cysteine residue 17
of PLCPI1, with a high CSS-palm score of 27, was above the
medium threshold and predicted to be palmitoylated. We thus
created a mutant PLCPB1 by replacing Cys17 with serine to disable
palmitoylation at this site. Comparative analyses were performed
in Zdhhc21t/* or Zdhhc21%P/#P ECs overexpressing the
mutant or wild-type PLCP1 (Fig. 10b,d-f). The results indicated
that overexpression of wild-type PLCB1 in Zdhhc21/% ECs
augmented TER reduction upon thrombin stimulation (Fig. 10d),
whereas overexpression of C17S mutant PLCB1 exerted no
additional barrier dysfunction (Fig. 10e). Moreover, over-
expression of wild-type PLCB1 in Zdhhc219¢P/4¢P ECs failed to
augment thrombin-induced barrier dysfunction (Fig. 10f). These
data suggested the key role of DHHC21-catalysed PLCP1
palmitoylation in mediating inflammation-induced endothelial
barrier dysfunction.

Discussion

The present study demonstrates a novel function of palmitoyl
acyltransferases in mediating endothelial dysfunction during
inflammation. We employed multiple in vivo, ex vivo and
in vitro models relevant to SIRS, including trauma, endotoxemia
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Figure 7 | DHHC21 deficiency attenuates leucocyte-endothelial adhesion during inflammation. (a) Representative images of intravital microscopic
analyses of microvessels in mouse ears during burn or LPS challenge. Scale bars, 50 um. Solid arrowheads point to adherent leucocytes; open arrowheads
point to slow-rolling leucocytes. (b) Quantification of leucocyte slow-rolling flux, slow-rolling fraction, rolling velocity and adhesion in Zdhhc21/ + and
Zdhhc219€P/deP mice 4 h postburn or LPS. Results represent mean + s.e.m. from six mice.