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ABSTRACT TGF-B-activated kinase 1 (TAK1) plays crucial roles in innate and adaptive im-
mune responses and is required for embryonic vascular development. However, TAK1's role
in regulating vascular barrier integrity is not well defined. Here we show that endothelial
TAK1 kinase function is required to maintain and repair the injured lung endothelial barrier.
We observed that inhibition of TAK1 with 5Z-7-oxozeaenol markedly reduced expression of
B-catenin (B-cat) and VE-cadherin at endothelial adherens junctions and augmented protease-
activated receptor-1 (PAR-1)- or toll-like receptor-4 (TLR-4)-induced increases in lung vascular
permeability. In inducible endothelial cell (EC)-restricted TAK1 knockout (TAKT2EC) mice, we
observed that the lung endothelial barrier was compromised and in addition, TAK12E¢ mice
exhibited heightened sensitivity to septic shock. Consistent with these findings, we observed
dramatically reduced B-cat expression in lung ECs of TAKT“EC mice. Further, either inhibition
or knockdown of TAK1 blocked PAR-1- or TLR-4-induced inactivation of glycogen synthase
kinase 3B (GSK3B), which in turn increased phosphorylation, ubiquitylation, and degradation
of B-cat in ECs to destabilize the endothelial barrier. Importantly, we showed that TAK1 inac-
tivates GSK3p through AKT activation in ECs. Thus our findings in this study point to the
potential of targeting the TAK1-AKT-GSK3p axis as a therapeutic approach to treat uncon-

Monitoring Editor
Jeffrey Hardin
University of Wisconsin,
Madison

Received: Nov 9, 2021
Revised: Feb 24, 2022
Accepted: Mar 15, 2022

trolled lung vascular leak during sepsis.

INTRODUCTION

TGF-B-activated kinase 1 (TAK1), also known as MAPKK kinase-7
(MAP3K?), is crucial in mediating inflammatory signals activated
by cytokines and toll-like receptor ligands (Ninomiya-Tsuji et al.,
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1999; Wang et al., 2001; Adhikari et al., 2007). TAK1 lies upstream
of the NF-kB and MAPK signaling pathways (Adhikari et al., 2007;
Shim et al., 2007). In B cells, TAK1 is required for B cell develop-
ment and activation of NF-kB and MAPK signaling in response to
TLR ligands and BCR stimuli (Liu et al., 2006; Sato et al., 2005;
Schuman et al., 2009), whereas TAK1 in neutrophils negatively
regulates NF-kB and p38 MAP kinase activation (Ajibade et al.,
2012). A study using myeloid-specific TAK1 knockout mice showed
that TAK1 restricts spontaneous NLRP3 inflammasome activation
and cell death in macrophages (Malireddi et al., 2018). TAK1 also
suppresses RIPK1-dependent melanoma cell death (Podder et al.,
2019) and RIPK3-dependent endothelial necroptosis (Yang et al.,
2019). Global as well as endothelial cell (EC)-specific TAK1 dele-
tion in mice resulted in embryonic lethality (Sato et al., 2005;
Morioka et al., 2012). Inducible deletion of TAK1 in brain ECs
suppressed interleukin 1B (IL-1B)-induced fever and lethargy
(Ridder et al., 2011). Deletion of TAK1 in ECs in a tamoxifen-
inducible manner in adult mice showed that TAK1 was essential for
the prevention of TNF-o-induced EC apoptosis (Naito et al.,
2019). However, it is unknown whether TAK1 signaling is essential
for endothelial barrier maintenance and repair after lung vascular
injury.
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Endothelial barrier dysfunction results in protein-rich edema for-
mation and inflammatory cell infiltration that characterize diseases,
for example, acute respiratory distress syndrome (Goldenberg et al.,
2011; Matthay and Zemans, 2011). In the inflammatory context, en-
dothelial barrier integrity is highly dependent on the processes gov-
erning endothelial barrier repair. VE-cadherin (VE-cad) forms Ca?*-
dependent homophilic cis and trans dimers at adherens junctions
(AJs) that establish cell-to-cell adhesion, essential for endothelial
barrier integrity (Dejana et al., 2008; Komarova and Malik, 2010;
Goddard and Iruela-Arispe, 2013). The association between f-
catenin (B-cat) and VE-cad is essential for the formation of endothe-
lial AJs (Dejana et al., 2008; Komarova and Malik, 2010). In septic
patients and animal models of sepsis, the lung is the first organ to
fail due to loss of endothelial barrier function (Goldenberg et al.,
2011). Phosphorylation of the AJ protein VE-cad and its associated
protein, B-cat, promotes loss of endothelial barrier integrity
(Nottebaum et al., 2008; Chen et al., 2012; Orsenigo et al., 2012;
Gong et al., 2014; Wessel et al., 2014; Soni et al., 2017). Since abla-
tion of TAK1 expression in ECs resulted in embryonic lethality in
mice, we investigated whether TAK1 signaling, by controlling ex-
pression of AJ components, is essential for maintenance of endo-
thelial barrier integrity. Our results for the first time show that endo-
thelial TAK1 kinase function is required to maintain and repair the
injured lung endothelial barrier. Mechanistically, we demonstrate
that TAKT maintains and repairs the endothelial barrier after lung
injury through AKT-dependent inactivation of glycogen synthase ki-
nase 3B (GSK3B), which in turn increases B-cat expression at AJs to
stabilize the endothelial barrier.

RESULTS

Inhibition of TAK1 activity disrupts the endothelial barrier
Autophosphorylation of TAK1 at Thr-187 in the activation loop pro-
motes the catalytic activity of TAK1 (Singhirunnusorn et al., 2005). In
our initial experiments, 5Z-7-oxozeaenol (OZ), a widely recognized
TAK1-specific inhibitor, was used to block TAK1 kinase activity
(Fechtner et al., 2017; Malireddi et al., 2018; Naito et al., 2019).
First, we determined the effect of OZ on TAK1 activation in ECs. We
observed that OZ blocked thrombin-induced phosphorylation of
Thr-187 in the TAK1 activation loop (Figure 1A). Since Ca?*-depen-

dent protein kinases are known to activate TAK1 (Ishitani et al.,
2003), we studied whether CaMKK, activated downstream of PAR-
1-induced Ca?* influx (Sundivakkam et al., 2013), is involved in TAK1
activation in ECs. We observed that the CaMKKB-selective inhibitor
STO-609 blocked thrombin-induced autophosphorylation of TAK1
in ECs (Figure 1B). We also followed the interaction between TAK1
and CaMKKB in response to thrombin (Figure 1B) with the aid of
immunoprecipitation, which indicated that CaMKKp activation
downstream of protease-activated receptor-1 (PAR-1) mediates
TAK1 phosphorylation. Next, we determined the effect of OZ on
endothelial barrier integrity by measuring the expression of VE-cad
and B-cat at EC AJs. Interestingly, we observed that OZ treatment
markedly reduced expression of VE-cad and B-cat at EC AJs (Figure
1C). Measurement of transendothelial monolayer resistance (TER)
showed that OZ itself caused a time-dependent decrease in TER
(Figure 1D), indicative of disassembly of endothelial AJs. Further, we
observed that the PAR-1 agonist thrombin (generated in the vascu-
lature during sepsis) produced a transient increase in permeability,
whereas LPS produced a sustained increase in permeability as re-
flected by the relative decrease in TER (Figure 1, D and E); however,
both responses were more sustained and pronounced with
OZ treatment as compared with controls (Figure 1, D and E). Next,
to address the effect of TAK1 kinase inhibition on intact lung vascu-
lar barrier integrity, we measured PAR-1-activating peptide
(TFLLRNPNDK)-induced changes in the pulmonary transvascular
fluid filtration coefficient (K¢, a measure of endothelial liquid per-
meability in mouse lungs, and observed a threefold increase in K.
over the basal value in wild-type (WT) mouse lungs (Figure 1F),
whereas in mouse lungs perfused with OZ for 30 min, the PAR-
1-induced increase in K. (Figure 1F) was significantly augmented.
Perfusion with OZ alone for 30 min had no significant effect on basal
permeability (data not shown). WT mice, challenged with a low dose
of LPS (5 mg/kg, i.p.) for 6 h and then exposed to OZ as above,
showed a similar augmentation of endothelial permeability increase
(Figure 1G). Next, we used a liposome-mediated gene delivery
method in lung ECs in vivo (Zhou et al., 1998; Tiruppathi et al., 2014;
Soni et al.,, 2018) to address whether TAK1 kinase function is
required for endothelial barrier integrity. We observed that forced
expression of a kinase defective TAK1 (TAK1K63W) mutant in mouse

FIGURE 1: Inhibition of TAK1 kinase activity causes loss of endothelial barrier function. (A) HLMVECs treated with 1 uM
OZ or vehicle (control) for 1 h at 37°C were exposed to thrombin (25 nM) for different time intervals. Then, cell lysates
were subjected to IB analysis to assess phosphorylation of Thr-184/187 (p™'84/1¥7) in the TAK1 activation loop.

(B) HLMVECs were treated with CaMKK inhibitor STO-609 (1 pM) or vehicle (DMSO) for 30 min and then thrombin-
induced phosphorylation of TAK1 was measured (left panel). Right panel, after thrombin treatment, cell lysates were
immunoprecipitated and blotted with indicated antibodies. Results shown in A and B are representative of two separate
experiments. (C) HLMVECs grown on coverslips were treated with 1 uM OZ or vehicle (control) for 1 h at 37°C. After
treatment, cells were stained with antibodies specific to VE-cad (green), B-cat (red), and DAPI (blue) and analyzed by
confocal microscopy. Experiment was repeated 3x. The bar graph summarizes the quantitative analysis of VE-cad and
B-cat expression at cell-cell junctions. Results shown are mean + SE relative fluorescent intensity compared with
untreated cells. AU, arbitrary units; n = 5-8 cells per group; **p < 0.001. (D, E) HLMVECs grown to confluence were
used to measure real-time changes in TER to assess endothelial barrier integrity. Arrows indicate time of OZ (1 pM),
vehicle (DMSO), thrombin (25 nM) (D), or LPS (1 pg/ml) addition (E). Values from three experiments are plotted as mean
+ SEM. **p < 0.001 compared with control. (F) PAR-1 agonist peptide-induced increase in pulmonary transvascular liquid
filtration coefficient (K¢ ) in WT mice was measured in the presence and absence of TAK1 inhibitor OZ. Lungs were
perfused for 30 min with OZ (1 pM) or vehicle (DMSO) and then PAR-1 agonist peptide was used to induce an increase
in K¢.. N =5 mice per group. **p < 0.001; ***p < 0.0001. (G) WT mice were challenged with LPS (5 mg/kg, i.p.) or saline
for 6 h and then lungs were harvested for K;. measurement as above with or without OZ (1 pM) pretreatment. N=5
mice per group. *p < 0.01; **p < 0.001. (H, I) WT mice were injected i.v. with liposome-TAK1 plasmid construct (HA-WT-
TAK1 or HA-TAK1K63W) complex. (H) At 72 h after injection, lungs harvested were used for IB analysis. (I) At 72 h after
injection, mice were used to assess in vivo lung vascular permeability by measuring EBA uptake in lung tissue. N = 4

mice per group. *p < 0.01.
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lung ECs significantly increased basal lung vascular permeability, as
assessed by Evans blue dye—conjugated albumin (EBA) uptake in
lung tissue compared with WT-TAK1 (Figure 1, H and |). These find-
ings together show that TAK1 kinase function is essential for main-
tenance of endothelial barrier integrity.

Endothelial deletion of TAK1 disrupts the endothelial
barrier and induces inflammation

To study the in vivo role of endothelial TAK1, we created tamoxifen-
inducible EC-restricted TAK1 knockout (TAKTAES) mice and con-
firmed that TAK1 was not expressed in ECs of TAKTAES mice (Figure
2, A-C). Hematoxylin and eosin staining of lung sections from
TAKTEC mice showed perivascular infiltration of inflammatory cells
and hemorrhage as compared with tamoxifen-treated TAK1#f (WT)
mice (Figure 2D). To determine whether EC-expressed TAK1 affects
vascular barrier integrity, we first measured the pulmonary transvas-
cular fluid filtration coefficient (K¢ ) using isolated murine lung prep-
arations. Interestingly, we observed an eightfold increase in the
basal K. value in TAKTEC lungs compared with WT (Figure 2E).
Next, we assessed EBA uptake in lung tissue with or without LPS
challenge. Here we observed that basal as well as LPS-induced EBA
uptake were augmented in TAKT“EC mice compared with TAK1%/
mice (Figure 2F). TAKT“EC mice challenged with a low dose of LPS
(5 mg/kg, i.p.) exhibited 100% mortality within 24 h (Figure 2G),
whereas all WT mice survived for the é-d observation period (Figure
2G). We also observed that TAK1EC mice were highly susceptible
to polymicrobial sepsis induced by cecal ligation and puncture (CLP)
compared with their WT counterparts (Figure 2H). To address
whether the endothelial barrier disruption in TAKTAEC mice is the
result of endothelial apoptosis, we performed terminal deoxynucle-
otidyl transferase dUTP nick end labeling (TUNEL) staining. We did
not observe TUNEL-positive ECs in lungs of either TAKTAEC or
TAK1" mice (Figure 3A). Knockdown of TAK1 in human lung micro-
vascular ECs (HLMVECs) also did not induce apoptosis (Figure 3B),
indicating that TAK1 deficiency did not induce barrier breakdown
due to apoptosis of ECs.

Endothelial TAK1 signaling is required to restore the
endothelial barrier after toll-like receptor-4 (TLR-4)-induced
vascular barrier breakdown

Since the TAKT“EC mice showed increased basal lung vascular
permeability (Figure 2, E and F) and increased mortality after LPS
or CLP challenge (Figure 2, G and H), we determined TAK1 ex-
pression in ECs after LPS challenge. We observed that LPS chal-
lenge caused a time-dependent decrease in TAK1 expression in
ECs, which was restored to baseline levels within 24 h of LPS treat-
ment (Figure 4A). Next, we determined the effect of LPS on TAK1
expression in mouse lungs in vivo. We showed above that LPS (5
mg/kg, i.p.) challenge caused lung vascular leak at 6 h in WT mice
(Figure 2F); however, in survival experiments, LPS at a dose of 5
mg/kg failed to induce mortality in WT mice (Figure 2G), suggest-
ing that this low dose of LPS (5 mg/kg) is not sufficient to sustain
the lung injury response in WT mice. Thus we injected WT mice
with a higher dose of LPS (10 mg/kg, i.p.) for different periods of
time to assess the LPS effect on TAK1 expression in lung tissue.
Here we observed that LPS challenge caused an initial loss of
TAK1 expression in lungs of WT mice, which returned to baseline
levels within 24 h of LPS challenge (Figure 4B). In WT mice, the
time course of LPS-induced down-regulation and re-expression of
AJ proteins B-cat and VE-cad was positively correlated with TAK1
expression (Figure 4C). We did not observe re-expression of B-cat
and VE-cad in lungs of TAKT“EC mice after LPS (10 mg/kg, i.p.)
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challenge, because these mice failed to survive for more than 6 h
after LPS challenge (Figure 4C). These findings collectively sup-
port the concept that the EC TAK1 expression induced during
vascular injury may be required to repair the injured endothelial
barrier.

TAK1 inhibition of GSK3B prevents B-cat degradation and
maintains endothelial barrier function

VE-cad—f-cat interaction at endothelial AJs maintains endothelial
barrier integrity (Dejana et al., 2008; Komarova and Malik, 2010).
To examine the mechanisms of TAK1-induced endothelial barrier
protection, we focused on the expression of AJ protein B-cat in
TAK1-deficient ECs. Here we treated ECs from TAK1#/#Cret mice
with tamoxifen (2 pM) for 72 h to conditionally delete TAK1 (Figure
5A), which in turn reduced B-cat expression by ~80% as compared
with control ECs (Figure 5A). We also observed markedly reduced
expression of B-cat and VE-cad in lungs of TAKT“EC mice com-
pared with TAK 1% mice (Figure 5B). B-cat contains several consen-
sus phosphorylation sites (529, S33, S37, T41, S45) for GSK3p
(Aberle et al., 1997). GSK3B phosphorylation of B-cat promotes
B-cat ubiquitylation and degradation via the proteasomal pathway
(Aberle et al., 1997; Wang et al., 2014), and inhibition of GSK3p
has been linked to enhanced endothelial barrier function due to
increased B-cat expression at AJs (Ramirez et al., 2013). Thus we
addressed the possibility that TAK1 inhibits GSK3B and thereby
stabilizes B-cat at AJs to promote barrier function. We observed
that TAKT inhibitor OZ prevented basal as well as thrombin- or
LPS-induced phosphorylation of GSK3p at S9 (Figure 5, C and D),
which blocks the catalytic function of GSK3p (Cohen and Frame,
2001). Knockdown of TAK1 also suppressed phosphorylation of
GSK3p at S9 in ECs (Figure 5E), suggesting that TAK1 inhibition
leads to increased phosphorylation of B-cat, increased B-cat deg-
radation, and hence decreased B-cat expression at AJs. To address
whether this is the case, we determined phosphorylation of the
S33, S37, and T41 B-cat residues and observed that thrombin- and
LPS-induced phosphorylation of B-cat was increased in OZ-treated
ECs (Figure 6, A and B). Next, to address whether the proteasomal
pathway was responsible for B-cat degradation, we determined
the effects of TAK1 inhibition on B-cat ubiquitylation. We observed
that basal as well as thrombin- and LPS-induced ubiquitylation of
B-cat was increased in OZ-treated ECs (Figure 6, C and D). Since
OZ treatment disrupted the endothelial barrier (Figure 1, C-G), we
determined the effect of GSK3p inhibition on OZ-induced endo-
thelial barrier disruption. Pretreatment with the GSK3 inhibitor
largely prevented OZ-induced loss of VE-cad and B-cat at AJs
(Figure 6E) as well as OZ- plus thrombin- or LPS-induced decreases
in TER (Figure 6, F and G). These results show that TAK1-mediated
inhibition of GSK3p prevents B-cat degradation and hence pro-
motes B-cat localization at AJs to maintain endothelial barrier
integrity.

TAK1 activates AKT to suppress the function of GSK3f

in ECs

Since we observed that inhibition of TAK1 blocked phosphorylation
of GSK3p at S9, we addressed the possibility that TAK1 inactivates
GSK3p through AKT activation, which is known to phosphorylate
GSK3p at S9 and thereby inactivate the kinase (Wang et al., 2014,
Cohen and Frame, 2001). OZ treatment blocked thrombin- and
LPS-induced phosphorylation of AKT (Figure 7, A and B). Moreover,
either thrombin or LPS stimulation caused interaction between
TAKT and AKT in ECs (Figure 7C). In addition, an AKT inhibitor
prevented thrombin- or LPS-induced S9 phosphorylation of GSK3[3
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FIGURE 2: EC-restricted TAK1 deletion in mice causes basal lung vascular leak and increases susceptibility to sepsis.
(A-C) EC-restricted tamoxifen-inducible TAK1 deletion in mice. (A) Timeline of tamoxifen administration. TAK1%f and
TAK1fAl/SckCreERT2 mjce received an i.p. injection of tamoxifen to delete TAK1 in TAK1f/A/SckCreERT2+ mjce (TAK11AEC).

(B) Lung endothelial cells (LECs) from TAK 1% and TAK1EC mice were subjected to IB to determine TAK1 expression.
(C) BMDMs from TAK1% and TAK1E€ mice were subjected to IB to determine TAK1 expression. (D-H) TAK1 deficiency
in ECs induces lung vascular leak and augments sepsis-induced lung injury. (D) Hematoxylin and eosin staining of lung
sections from TAK1%# and TAKT2EC mice. Scale bars, 100 pm; Br, bronchi; V, vessel. (E) Pulmonary transvascular liquid
filtration coefficient in lungs of TAK1%# and TAK1EC mice. N =5 mice per genotype. **p < 0.001, TAK 1/ vs. TAKTEC,
(F) TAK1% and TAKTEC mice injected i.p. with either saline or LPS (5 mg/kg) for 6 h and used to assess lung vascular
leak by measuring EBA uptake. Representative lung images are shown in the left panel. Quantified results are shown in
the right panel. N = 5 mice/genotype. **p < 0.001. (G) Survival of age- and sex-matched TAK1% and TAKTEC mice after
administration of LPS (5 mg/kg, i.p.). N'= 10 mice per genotype; **p < 0.001 compared with TAK1#/ (log-rank test).

(H) Survival of age- and sex-matched TAK1% and TAKT“EC mice after CLP. N = 10 mice per genotype; **p < 0.001
compared with TAK1%# (log-rank test).

(Figure 7, D and E). Furthermore, AKT inhibition augmented basal DISCUSSION

as well as thrombin- or LPS-induced permeability increase as as-  Loss of vascular barrier integrity due to the breakdown of endothe-
sessed by TER (Figure 7, F and G). Taken together, these results  lial AJs is a hallmark of acute vascular injury (Matthay et al., 2019;
suggest that TAK1 activates AKT which in turn inactivates GSK3Bto  Goldenberg et al., 2011). A key pathogenic mechanism underlying
restore the endothelial barrier. Based on these findings, we pro-  the breakdown of AJs is the down-regulation of cell-cell interacting
pose a model (Figure 7H) in which TAK1 inhibits the function of =~ VE-cad and its associated protein B-cat (Goldenberg et al., 2011;
GSK3p via AKT to regulate the endothelial barrier. Carmeliet et al., 1999; Cattelino et al., 2003; Mirza et al., 2010).
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thelial TAKT is required to maintain endo-

+ve control-DNase I

-ve control

thelial AJ integrity and to reanneal AJs after
breakdown of the endothelial barrier due to
vascular injury. We first used the TAKT ki-
nase-specific inhibitor OZ, which is widely
used to study TAK1 function, and observed
that blocking TAK1 kinase activity caused
spontaneous loss of the endothelial barrier
in an in vitro EC culture model. We also ob-
served that OZ treatment augmented PAR-
1- or TLR4-induced increase in vascular per-
meability in the intact lung. Next, we

B sc-siRNA

TAK1-siRNA

observed that in vivo expression of a kinase-
defective TAK1 mutant in mouse lung ECs
caused increased basal lung vascular per-
meability. To address the in vivo signaling
role of TAKT in ECs, we generated tamoxi-
fen-inducible EC-restricted TAKT knockout
(TAKT2E) mice and observed augmented
basal lung vascular leak in TAK12EC mice
compared with WT mice. Additionally, we
observed that PAR-1 or TLR-4 activation
produced uncontrolled lung vascular leak in
TAKTAEC mice. Consistent with these find-
ings, we observed increased mortality in re-

+ve control-DNase I

-ve control

sponse to LPS or CLP challenge in TAKTAEC
mice compared with WT mice. These results
support the fundamental role of endothelial
TAK1 in regulating endothelial barrier
integrity.

Since previous studies have shown that
endothelial TAK1 prevents vascular destruc-
tion due to TNF-o-induced EC death via
apoptosis (Naito et al., 2019), we measured
apoptosis in WT and TAKTAEC mice. Surpris-
ingly, we did not observe apoptotic cell

TAK1 deficiency fails to trigger apoptosis in ECs. (A) Lung sections from TAK1%# and
TAKTEC mice were used for TUNEL staining to assess apoptosis of lung cells. Images were
analyzed by confocal microscopy. +ve control-DNase |, TAK1?-lung section treated with DNase
| was used for TUNEL staining; —ve control, TAK1#f-lung section not treated with DNase | was
used for TUNEL staining. (B) HLMVECs transfected with sc-siRNA or TAK1-siRNA (100 nM);
72 h after transfection, cells were used for TUNEL staining. Images were analyzed by confocal
microscopy. Images shown are representative of two separate experiments.

TAK1 is a nodal kinase involved in activating multiple cellular signal-
ing cascades. Global as well as EC-restricted TAK1 deletion in mice
caused embryonic lethality (Sato et al., 2005; Morioka et al., 2012).
Further, studies have demonstrated that TAK1 function in ECs is re-
quired for embryonic vascular development, angiogenesis, and pre-
vention of EC death induced by inflammatory mediators (Morioka
etal., 2012; Naito et al., 2019). Here we investigated whether endo-
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death either in WT or in TAKT2EC mice un-
der baseline conditions. Also, we did not
observe EC death via apoptosis when we
knocked down TAK1 in human lung ECs.
These results suggest that the basal lung
vascular leak observed with genetic dele-
tion or pharmacological inhibition of TAK1 is
likely due to destabilization of endothelial
AJs but not due to apoptosis of ECs.
VE-cad and B-cat interaction at endothe-
lial AJs stabilizes endothelial barrier integ-
rity (Dejana et al., 2008; Komarova and Ma-
lik, 2010; Carmeliet et al., 1999). VE-cad
directly binds to B-cat via its cytosolic do-
main. The VE-cad/B-cat complex is linked to
the actin cytoskeleton through o-cat. Previ-
ous studies have shown that conditional in-
activation of the B-cat gene in ECs causes a
defective vascular pattern and increased
vascular fragility (Cattelino et al., 2003). Another study reported that
the transcription factor FoxM1 mediates B-cat expression in ECs,
which in turn is required for reannealing of the lung endothelial bar-
rier after endothelial injury (Mirza et al. (2010). In addition, a recent
study showed that tamoxifen-inducible EC-restricted disruption of
the B-cat gene in adult mice caused blood-brain barrier breakdown
(Tran et al., 2016). Thus to address the molecular basis of endothelial
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barrier breakdown in TAKT2EC mice, we measured B-cat expression
in WT and TAK1-deficient ECs. Interestingly, we found markedly re-
duced expression of B-cat in TAK1-deficient ECs compared with WT.
We also found a similar reduction in expression of B-cat in lungs of
TAKTAEC mice compared with TAK1"# mice. Furthermore, we ob-
served down-regulation of B-cat expression in ECs treated with a
TAK?1 inhibitor. These results suggest the possibility that TAK1 con-
trols AJ integrity by modulating B-cat expression in ECs.

Since GSK3P regulates B-cat expression, we investigated the
possible role of TAK1 in regulating GSK3 function in ECs. GSK3p is
constitutively active and is inactivated by phosphorylation at S? (Ab-
erle etal.,, 1997; Wang et al., 2014). GSK3B-mediated phosphoryla-
tion of B-cat promotes B-cat ubiquitylation and degradation via the
proteasomal pathway (Aberle et al., 1997; Wang et al., 2014) and
thereby induces endothelial barrier breakdown. We observed that
either inhibition or knockdown of TAK1 prevented baseline as well
as thrombin- or LPS-induced phosphorylation of GSK3 at S9. Con-
sistent with this observation, TAK1 inhibition increased thrombin- or
LPS-induced phosphorylation and ubiquitylation of B-cat in ECs. In
support of these results, we observed that inhibition of GSK3p
markedly suppresses thrombin- or LPS-induced down-regulation of
B-cat and permeability increase. These results collectively support
the concept that TAK1-mediated inhibition of GSK3B prevents
down-regulation of B-cat and hence promotes B-cat localization at
AJs to maintain endothelial barrier integrity.

Next, we investigated the link between TAK1 and GSK3 in ECs
and showed that TAK1 interacts with and activates AKT in ECs to
phosphorylate S9 on GSK3p, thereby inhibiting GSK3p activity. We
also showed that much like TAK1 inhibition, AKT inhibition induced
loss of endothelial barrier function and augmented thrombin- or
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LPS-induced responses. We used a pharmacological approach to
examine whether TAK1 is required for AKT activation. We showed
that TAK1 inhibition blocked both thrombin and LPS- induced acti-
vation of AKT in ECs. In addition, AKT inhibition blocked thrombin
as well as LPS-induced inactivation of GSK3 in ECs. Furthermore,
AKT inhibition augmented the thrombin- or LPS-induced endothe-
lial permeability response. These findings are in close agreement
with a previous report indicating increased vascular permeability in
AKT1-null mice (Chen et al., 2005). Collectively, our results demon-
strate that TAK1 regulates the endothelial barrier through AKT-de-
pendent inhibition of GSK3p in ECs.

Studies have demonstrated that TAK1 is required to prevent cell
death in macrophages, cancer cells, and ECs (Malireddi et al., 2018;
Naito et al., 2019; Podder et al., 2019). In our studies, under basal
conditions, we did not observe EC death either in TAK1 knockdown
ECs or in TAK1-null ECs. We cannot rule out the possibility that dur-
ing sepsis, TAK1-null ECs undergo apoptosis to cause vascular bar-
rier disruption. Importantly, chemical inhibition of TAK1 caused
spontaneous loss of endothelial barrier function, indicating that the
constitutive activity of TAK1 could regulate endothelial barrier in-
tegrity by suppressing the function of GSK3B through AKT activa-
tion. Consistent with this notion, we observed that, in TAK12EC mice,
the sepsis-induced lung vascular injury response was not reversible,
indicating that TAKT-mediated AKT activation during inflammation
is critical for repair of the endothelial barrier after vascular injury. In
conclusion, we have identified TAK1 as an upstream signaling mol-
ecule in ECs that controls the function of GSK3B to maintain and
repair the endothelial barrier after vascular injury. We believe that
this novel pathway controls the restoration rate of endothelial junc-
tions under normal physiological conditions and in the setting of
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Results shown are representative of two experiments.

vascular leak. Thus targeting the TAK1-AKT-GSK3p axis represents a
potential therapeutic approach to treatment of uncontrolled lung
vascular leak seen in sepsis.

MATERIALS AND METHODS

Antibodies

Monoclonal antibody (mAb) against TAK1 (Cat# 4505S), polyclonal
antibody (pAb) against phospho-TAK1 (Thr184/187) (Cat# 4531),
pAb against p-B-cat>3¥/37/T1 (Cat# 9561S), pAb against ubiquitin
(Cat# 3933S), pAb against p-GSK3B% (Cat# 9322S), mAb against
GSK3B (Cat# 9315S), mAb against p-AKT**3 (Cat# 4058S), and
mAb against AKT (Cat# 4691P) were from Cell Signaling Technology
(Danvers, MA). pAb against VE-cad (Cat# ab 33168) was from Ab-
cam (Cambridge, MA). pAb against HA epitope tag (Cat# 51064-
2AP) was obtained from Proteintech. pAb against B-cat (Cat# sc-
7199) and pAb against CaMKKpB were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). mAb against B-actin (Cat# A5441)
was from Sigma (St. Loius, MO).

Other reagents

PAR-1-activating peptide (TFLLRNPNDK-NH,) was custom synthe-
sized as the C-terminal amide with a purity of >95% by Genscript
(Piscataway, NJ). Scrambled-siRNA (Sc-siRNA) and human (h)-specific
siRNA to target TAK1, sequences 5-GUGCUGACAUGUCUG-
AAAUTT-3’; 5-AUUUCAGACAUGUCAGCAC-3’, were custom syn-
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thesized by IDT (Coralville, IA). LPS Escherichia coli 0111:B4 (Cat#
L.3012), TAK1 inhibitor OZ (Cat# 09890), MG-132 (Cat# 474790),
GSK3B inhibitor SB216763 (Cat# S3442), and AKT inhibitor (Cat#
A6730) were from Sigma (St. Louis, MO). CaMKK inhibitor 7-Oxo-7H-
benzimidazo [2,1-a]oenz[delisoquinoline-3-carboxylic acid acetate
(STO-609 acetate; Cat# 1551) was from Tocris Bioscience. TAK1 ex-
pression constructs (HA-WT-TAK1 and HA-TAK1X¢3W kinase-defective
mutant) were a gift from J. Ninomiya-Tsuji (North Carolina State Uni-
versity, Raleigh, NC). In situ cell death detection (TUNEL Assay) kit,
TMR red (Cat# 12156792910) was obtained from Roche Diagnostic.

Mice

The generation of MAP3K7/oflox (TAK1%) mice was described pre-
viously (Xie et al., 2006). Mice were maintained in pathogen-free
environment at the University of lllinois Animal Care Facility in ac-
cordance with institutional guidelines of the National Institutes of
Health (NIH). All animal experiments were performed under the pro-
tocol approved by the Institutional Animal Care and Use Committee
of the University of lllinois at Chicago.

Liposome-mediated gene delivery into mouse lung ECs

Liposomes were prepared as previously described by us (Zhou
et al., 1998; Tiruppathi et al., 2014; Soni et al., 2018). Briefly, the
mixture comprised of dimethyldioctadecylammonium bromide
and cholesterol (1:1 M ratio) was dried using the Rotavaporator

Molecular Biology of the Cell
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TAK1 inhibition induces B-cat degradation via a proteasomal pathway to destabilize endothelial barrier.
(A, B) HLMVECs were first treated with OZ (1 pM) or vehicle for 1 h and then thrombin- or LPS-induced phosphorylation
of B-cat on S33, S37, and T41 was measured. Results shown are representative of three separate experiments.
Quantified data are expressed as the ratio (mean + SEM) of phosphorylated:total protein after OZ treatment vs. control.
*p <0.01; **p < 0.001. (C, D) HLMVECs incubated with proteasomal inhibitor MG132 (10 pM) for 2 h followed by 1 pM
OZ for 1 h were exposed to either thrombin (25 nM) (C) or LPS (1 pg/ml) (D) for indicated time periods. Then, cell lysates
were immunoprecipitated with anti-B-cat Ab and blotted with antipan ubiquitin Ab. Quantified data from three
experiments are expressed as ratio (mean + SEM) of ubiquitin:B-cat in OZ-treated group vs. control. **p < 0.001.
(E) HLMVECs were treated with vehicle, OZ (1 uM), or OZ (1 pM) plus SB216763 (1 pM) for 1 h followed by specific
staining for B-cat (red), VE-cad (green), or nucleus (DAPI, blue). Then, cells were analyzed by confocal microscopy.
(F, G) HLMVECs grown to confluence and treated with vehicle (control), 1 uM OZ, or 1 uM OZ plus 1 uM SB (SB216763)
were used to measure real-time changes in TER to assess endothelial barrier integrity in response to thrombin (F) or LPS
(G). Arrows indicate the time of addition of inhibitors, thrombin (25 nM), or LPS (1 pg/ml). In (F) **p < 0.001, OZ vs. SB +
OZ, or thrombin alone vs. SB + thrombin; In G, *p < 0.01, LPS vs. OZ + LPS; **p < 0.001, vehicle vs. LPS; **p < 0.001,
OZ+LPS vs. SB+OZ+LPS.
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(Brinkmann) and dissolved in 5% glucose followed by 20 min sonica-
tion. The complex consisting of plasmid DNA expressing HA-WT-
TAK1 or kinase-defective mutant TAK1 (HA-TAK1K¢3W) and lipo-
somes were combined at a ratio of 1 ug of DNA to 8 nmol of
liposomes. The DNA/liposome complex (30 ug of DNA/mouse) 100
pl was injected into the retro-orbital venous plexus (Zhou et al, 1998;
Tiruppathi et al., 2014; Soni et al., 2018). Seventy-two hours after
injection, mice were used for experiments.

Generation of inducible EC-restricted TAK1 knockout
(TAK12EQ Mice

TAK1#1 mice were bred with End-SCL-Cre-ER(T) mice containing
tamoxifen-inducible Cre-ER(T) driven by 5" endothelial enhancer of
the stem cell leukemia locus (Mittal et al., 2017; Gothert et al., 2004)
to generate TAK1#Cre- (\WT) and TAK11-Cre+ mice. TAK1#/f-Cre- and
TAK1¥f-Crer mice were administered tamoxifen (1 mg/mouse) i.p for
2 consecutive days to generate EC-restricted inducible TAK1 knock-
out (TAKTAES) mice.

Lung injury in mice

Experimental lung injury was induced by systemic LPS (i.p.) in mice
(Tiruppathi et al., 2014). Lung injury was assessed by pulmonary
capillary filtration coefficient (K¢.) measurement using isolated lung
preparations (Tiruppathi et al., 2002) and in vivo EBA uptake in
lungs (Soni et al., 2017, 2018). For histology, paraffin-embedded
sections 5 um in thickness prepared from the lungs were stained
with hematoxylin and eosin. Polymicrobial sepsis was induced by
CLP method as described (Rittirsch et al., 2008). Caecum was punc-
tured using an 18-gauge needle on five different places. For survival
studies, mice were monitored four times daily.

Cells, siRNA transfection, and apoptosis

HLMVECs were cultured in EGM-2MV supplemented with 15% fetal
bovine serum (FBS) as described (Soni et al., 2017). Mouse (C57BL/6)
lung ECs were isolated and cultured as described previously (Tirup-
pathi et al., 2002). Both cell types were used between passages 3
and 6. HLMVECs grown to 70-80% confluence on gelatin-coated
culture dishes were transfected with target siRNAs or sc-siRNA as
described (Soni et al., 2017). At 72 h after transfection, cells were
used for experiments. Bone marrow-derived macrophages (BM-
DMs) from mice were generated by culture of bone marrow cells as
described (Mittal et al., 2016). EC apoptosis was determined by TU-
NEL staining using an in situ cell death detection kit, TMR red from
Roche Diagnostic.

Transendothelial electrical resistance measurement

Real-time changes in transendothelial monolayer electrical resis-
tance (TER) were measured to assess endothelial barrier function
(Tiruppathi et al., 1992). A confluent endothelial monolayer incu-
bated with 2% FBS containing medium was exposed to indicated
inhibitors, thrombin, or LPS. Data are presented as resistance nor-
malized to its starting value zero time.

Immunostaining

ECs grown on glass coverslips were washed with HBSS and fixed
with 2% paraformaldehyde for 20 min. Cells were permeabilized
with 0.1% Triton X-100 for 15 min at 4°C. Next, cells were blocked
in 5% goat serum in HBSS for 1 h at room temperature, incubated
with primary antibody overnight at 4°C, followed by incubation with
Alexa-Fluor-conjugated secondary antibody and 4’,6-diamidino-
2-phenylindole (DAPI) for 1 h at room temperature. In each step,
cells were washed three times with HBSS. Coverslips were mounted
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with prolong gold antifade reagent (Invitrogen) on glass slides. Im-
ages were acquired with the Zeiss LSM 510 confocal microscope.

Immunoprecipitation and immunoblotting

ECs grown to confluence treated with or without specific agents
were washed three times with phosphate-buffered saline at 4°C and
lysed in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
EGTA, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% SDS,
10 pM orthovanadate, and protease-inhibitor mixture as described
Soni et al. [2017]). Mouse lungs were homogenized in lysis buffer
(Soni et al., 2017). EC lysates or mouse lung homogenates were
centrifuged (13,000 x g for 10 min) to remove insoluble materials.
The clear supernatant collected was subjected to immunoblot (IB)
analysis or immunoprecipitation. Each sample was incubated over-
night with 1 pg/ml the indicated antibody at 4°C. The next day,
Protein A/G beads were added to the sample and incubated at 4°C
for 1 h. Immunoprecipitates were then washed three times with
wash buffer (Tris-buffered saline containing 0.05% Triton X-100,
1 mM Na3zVOy4, T mM NaF, 2 ug/ml leupeptin, 2 pg/ml pepstatin A,
2 pg/ml aprotinin, and 44 pg/ml phenylmethylsulfonyl fluoride) and
used for IB analysis. EC lysates, lung tissue extracts, or immunopre-
cipitated proteins were resolved by SDS-PAGE on a 4-15% gradient
or 6% separating gel under reducing conditions and transferred to a
polyvinylidene difluoride membrane. Membranes were blocked
with 5% dry milk in TBST (10 mM Tris-HCI, pH7.5, 150 nM NaCl, and
0.05% Tween-20) at RT for 1 h. Membranes were then probed with
the indicated primary antibody (diluted in blocking buffer) overnight
at 4°C. Next, membranes were washed three times and then incu-
bated with appropriate HRP—conjugated secondary antibody. Pro-
tein bands were detected by enhanced chemiluminescence. IB
bands were quantified using NIH ImageJ software.

Statistical analysis

ANOVA, Student's t test (two-tailed), and log-rank test were used to
determine statistical significance with a P value threshold set at
<0.05.
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