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Abstract

While sustained nuclear factor-xB (NF-xB) activation is critical for proinflammatory molecule
expression, regulators of NF-xB activity during chronic inflammation are not known. We
investigated the role of focal adhesion kinase (FAK) on sustained NF-xB activation in tumor
necrosis factor-a (TNF-a)-stimulated endothelial cells (ECs) both /n vitroand in vivo. We found
that FAK inhibition abolished TNF-a-mediated sustained NF-xB activity in ECs by disrupting
formation of TNF-a receptor complex-1 (TNFRC-1). Additionally, FAK inhibition diminished
recruitment of receptor-interacting serine/threonine-protein kinase 1 (RIPK1) and the inhibitor of
NF-xB (IxB) kinase (IKK) complex to TNFRC-I, resulting in elevated stability of 1xBa protein.
In mice given TNF-a, pharmacological and genetic FAK inhibition blocked TNF-a.-induced IKK-
NF-xB activation in aortic ECs. Mechanistically, TNF-a activated and redistributed FAK from the
nucleus to the cytoplasm, causing elevated IKK-NF-xB activation. On the other hand, FAK
inhibition trapped FAK in the nucleus of ECs even upon TNF-a stimulation, leading to reduced
IKK-NF-xB activity. Together, these findings support a potential use for FAK inhibitors in treating
chronic inflammatory diseases.
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INTRODUCTION

Several chronic inflammatory diseases including atherosclerosis and rheumatoid arthritis
(RA) have been shown to have increased expression of cytokines such as tumor necrosis
factor-a (TNF-a), interleukin-1p (IL-1B), and IL-6. As such, antibody therapies that target
these cytokines or small molecule inhibitors that block their receptors have been investigated
as therapeutic options [1, 2]. While these antibody therapies have benefited some patients
[3], they carry a major risk of increased susceptibility to fatal infections and sepsis.
Therefore, there is a need to better understand the chronic proinflammatory pathways
underlying these cytokines to find common therapeutic targets that can alleviate their
chronic inflammatory signaling without increasing risk of infection.

Focal adhesion kinase (FAK) is an integrin-associated protein tyrosine kinase that has been
implicated in chronic inflammation [4-6]. FAK is activated by stimuli from integrins,
growth factors, and cytokines, which increase FAK autophosphorylation at tyrosine 397
(pY397) [7]. In addition, recent studies demonstrated that FAK can shuttle from the cytosol
to the nucleus, regulating nuclear protein stability and gene expression [8, 9]. FAK inhibition
blocks the expression of a broad range of proinflammatory molecules in response to TNF-a
or IL-1B stimulation in endothelial cells (ECs) [5, 10]. Although FAK inhibition reduced
proinflammatory molecule expression, in part through decreased mitogen-activated protein
kinase (MAPK) activation, FAK-mediated proinflammatory gene expression was not fully
elucidated [5]. Several stimuli associated with chronic inflammation require FAK for
activation of the key proinflammatory transcription factor nuclear factor-xB (NF-xB) [4,
11-13]. However, it is unknown how FAK regulates NF-xB activation in proinflammatory
gene expression in ECs.

NF-xB is typically inactive and sequestered in the cytoplasm by association with inhibitor of
NF-xB (IxB) proteins. TNF-a activates NF-xB through trimerization of TNF-a receptor 1
(TNFR1) and formation of TNFR complex-I (TNFRC-1) [14]. TNFRC-I is comprised of
receptor-interacting serine/threonine-protein kinase 1 (RIPK1), the IxB kinase (IKK)
complex, various kinases, and ubiquitination complexes [14]. The IKK complex, which
includes IKKa, IKKB, and IKK+y (a.k.a. NEMO; NF-xB essential modulator),
phosphorylates IxB, which marks 1«B for proteasomal degradation and enables NF-xB to
enter the nucleus. IKK further promotes NF-xB transcriptional activity through
phosphorylation of serine 536 (pS536 NF-xB) [15]. Typically, a negative feedback loop
between NF-xB and IxBa, an early NF-xB target gene, occurs. However, under chronic
inflammatory conditions such as continued TNF-a stimulation, IxBa is constantly
synthesized and degraded, leading to oscillations in NF-xB nuclear localization and
transcriptional ability [16]. This oscillatory pattern of NF-xB signhaling may be important in
ensuring that essential proinflammatory genes are induced only during chronic inflammatory
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conditions [17, 18]. However, limited knowledge is available about the key signaling factors
behind sustained NF-xB activity in chronic inflammation.

In the present study, we investigated the molecular function of FAK in sustained activation
of the master proinflammatory transcription factor NF-xB under chronic TNF-a stimulation
in ECs using /n vitroand /n vivo pharmacological and genetic FAK inhibition.

MATERIALS AND METHODS

Antibodies and Reagents

Cell Culture

Antibodies used in this study are listed in Table 1. Recombinant human TNF-a (Cat# 210-
TA) and recombinant mouse TNF-a (Cat# 410-MT) were purchased from R&D Systems
(Minneapolis, MN, USA). Recombinant FLAG-TNF-a and recombinant GST-1kxBa. (1-55)
were purified in-house from bacteria. FAK inhibitor PF-271 (Cat# 206808) was purchased
from MedKoo Biosciences (Morrisville, NC, USA). Src inhibitor Dasatinib (Cat# S1021)
was purchased from Selleckchem (Houston, TX, USA).

Human aortic endothelial cells (HA0ECs) and human umbilical vein endothelial cells
(HUVECS) were purchased and grown in EC medium (VascuLife VEGF Endothelial
Medium Kit; Lifeline Cell Technology, Carlsbad, CA, USA). HA0ECs and HUVECs were
used for up to 11 passages for experiments.

Mouse pulmonary ECs were isolated as previously described, and validated by staining for
vascular endothelial cadherin and CD31, and their response to VEGF [19]. Mouse ECs were
maintained in Dulbecco Modified Eagle Medium (DMEM; Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS; Omega Scientific, Tarzana, CA,
USA). Mouse ECs were used up to passage 5.

Luciferase Assay

HUVECs were co-transfected with 0.2 pug Renilla luciferase and 0.5 pug pGL3 control
(Promega, Madison, WI, USA) or NF-xB promoter luciferase construct (pNF-xB-Luc, Cat#
219078; Agilent Technologies, Santa Clara, CA, USA). After 24 h, cells were treated with or
without PF-271 for 1 h followed by TNF-a for various times. Luciferase activity was
measured using a dual luciferase assay kit (Promega, Madison, WI, USA).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as previously described [20].
HAOECs were fixed with 1% formaldehyde for 10 min prior to quenching with 250 mmol/L
glycine for 10 min. Cells were collected in lysis buffer (5 mmol/L PIPES pH 8.0, 85 mmol/L
KCI, 0.5% NP-40, 1 x Complete Protease Inhibitor Cocktail (Roche, Basel, Switzerland)),
and crude nuclear fraction was collected by centrifugation for 5 min at 3000g. Nuclear
pellets were then lysed in RIPA buffer (150 mmol/L NaCl, 50 mmol/L Tris-HCI pH 8.0, 1
mmol/L EDTA, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 1 x Complete
Protease Inhibitor Cocktail). Chromatin was sheared to lengths ranging between 200 and
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500 base pairs. Sonicated DNA from each sample were incubated at 4 °C overnight with 2
ug of NF-xB antibody with magnetic Protein A Dynabeads (Thermo Fisher Scientific,
Waltham, MA, USA). Beads were washed 5 times in wash buffer (100 mmol/L Tris-HCI pH
7.5, 500 mmol/L LiCl, 1% NP-40, 1% sodium deoxycholate) and once with TE (10 mmol/L
Tris-HCI pH 7.5, 0.1 mmol/L EDTA). After washing, beads were incubated with Proteinase
K (Roche, Basel, Switzerland) to free DNA, and DNA was recovered using PCR Clean Up
kit (Qiagen, Hilden, Germany). DNA was eluted in sterile water and stored at — 20 °C until
needed for quantitative PCR.

Generation of Recombinant GST-IkBa (1-55) and FLAG-TNF-a Protein

GST-1xBa (1-55) fusion plasmid was created by polymerase chain reaction (PCR)
amplification of the first 55 amino acids of human IxBa from pBabe-GFP-IKBalpha-wt
(RRID:Addgene_15263, Addgene, Watertown, MA, USA). 6x His-FLAG-TNF-a fusion
plasmid was created by PCR amplification of amino acids 85-233 of human TNF-a and
cloning it into pET-28a(+)-6xHis (Cat# 69864; Millipore, Burlington, MA). GST-IxBa (1-
55) or GST-FLAG-TNF-a protein expression was induced by treating £scherichia coli
transformed with GST-1kxBa (1-55) or GST-FLAG-TNF-a plasmids with 0.1 mmol/L
isopropyl-p-D-thiogalactoside (IPTG) at 37 °C overnight and purified.

IxB Kinase Assay

In vitro IKK assay was performed as previously described [4]. IKK complex was
immunoprecipitated using IKK antibody from stimulated HAoOECs for 3 h at 4 °C. IKK
immunoprecipitation beads were incubated with 200 umol/L adenosine triphosphate (ATP)
and 1 pg recombinant GST-IxBa. (1-55) protein. IKK kinase activity was determined via
immunoblot of phospho-serine32/36 of 1xBa.

Tumor Necrosis Factor-a Receptor Complex-lI Immunoprecipitation

Mouse pulmonary ECs (3 x 15 cm per group) were treated with FLAG-TNF-a (1 ug/mL),
and TNFRC-I was immunoprecipitated with anti-FLAG agarose beads as previously
described [21]. The cells were treated with the proteasome inhibitor MG-132 (10 umol/L)
immediately prior to FLAG-TNF-a stimulation to prevent degradation of proteins associated
with TNFRC-I.

Immunoblot

Cells or hearts were lysed in modified RIPA buffer (pH 7.4) that contained 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 50 mmol/L), sodium chloride (150
mmol/L), Triton X-100 (1%), sodium deoxycholate (1%), SDS (0.1%), glycerol (10%), and
protease inhibitors (Complete Protease Inhibitor Cocktail, Roche, Basel, Switzerland).
Lysates were cleared by centrifugation, and supernatants were boiled in SDS loading buffer.
Samples were separated by SDS polyacrylamide gel electrophoresis (PAGE), transferred to a
polyvinylidene difluoride (PVDF; Millipore, Burlington, MA, USA) membrane, and
immunoblot performed with various antibodies. Enhanced chemiluminescence was
performed and blots were visualized (Chemidoc; BioRad, Hercules, CA, USA). All
immunoblots were repeated at least 3 times.
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Immunostaining

HAOECs on fibronectin-coated coverslips were fixed with paraformaldehyde (PFA) and
permeabilized with 0.3% Triton X-100. Frozen tissue sections were fixed with cold acetone
for 15 min. Samples were blocked (3% bovine serum albumin and 1% goat serum) for 1 h at
room temperature and incubated with primary antibody overnight at 4 °C. Samples were
incubated with secondary antibody (1:1000) for 1 h at room temperature. Species-specific
immunoglobulin G or secondary antibodies were used as negative control. Nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO, USA).
Slides were mounted (Fluoromount-G; SouthernBiotech, Birmingham, AL, USA), and
images were acquired with a confocal microscope (Nikon A1R; Nikon, Minato City, Tokyo,
Japan). Images were processed (Photoshop CS5, RRID:SCR_014199; Adobe, San Jose, CA,
USA). Quantification of fluorescence intensity was analyzed with (ImageJ,
RRID:SCR_003070; National Institutes of Health, Bethesda, MD, USA). At least 3 section
images were acquired from each sample.

Animal Experiments

Animal experiments were approved by the University of South Alabama Institutional
Animal Care and Use Committee and performed in accordance with the committee
guidelines. For EC-specific FAK kinase-dead (KD) and FAK wild-type (WT) experiments,
FAK-WT/KD mice were crossed with FAK flox/flox SCL-CreERT mice to generate FAK
flox/\WT SCL-CreERT and FAK flox/KD SCL-CreERT mice [22, 23]. EC-specific FAK
flox/WT and flox/KD mice (7= 8) were treated with tamoxifen (2 mg in corn oil) every
other day for 2 weeks to generate EC-specific FAK-WT and FAK-KD mice. For FAK
inhibitor experiments, mice were treated twice daily with vehicle (30% [2-hydroxypropyl]-
B-cyclodextrin/3%dextrose; Sigma-Aldrich, St. Louis, MO, USA) or PF-271 (35 mg/kg) by
oral gavage for 2 days prior to TNF-a injection.

C57BL/6 and EC-specific FAK-WT and FAK-KD mice were used for TNF-a tail vein
injections. Vehicle-treated, PF-271-treated, EC-specific FAK-WT and FAK-KD mice were
injected with 100 pL PBS or mouse TNF-a (0.02 mg/kg) v/atail vein. After 0.5 h, aortas
were isolated for immunostaining and hearts for immunoblot to monitor PF-271 or
tamoxifen efficacy.

Statistical Analysis

Data sets underwent Shapiro-Wilk test for normality, and statistical significance between
experimental groups was determined with student #test or 1-way analysis of variance
(ANOVA) with Sidak multiple comparisons test (GraphPad Prism, RRID:SCR_002798,
GraphPad, San Diego, CA, USA). Power analyses were performed to determine sample size
for 1-way ANOVA.
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RESULTS

Pharmacological FAK Inhibition Decreases Sustained NF-xB Activation and
Proinflammatory Gene Expression in Endothelial Cells

FAK activity promotes proinflammatory gene expression through MAPKSs, but we found that
inhibition of MAPKSs alone was not sufficient to completely block proinflammatory cytokine
signaling [5]. As long-term NF-xB activation is critical for proinflammatory gene expression
[16-18, 24, 25], and there were implications that FAK may regulate NF-xB activity in
different types of cells [4, 12], we investigated the temporal correlation of FAK activity with
sustained NF-xB activation in ECs. In human aortic ECs (HAOECS), a pharmacological
FAK inhibitor (PF-271) decreased active phospho-serine (pS)536 NF-xB at 6 h, but not 0.5
h, after TNF-a stimulation (Fig. 1a). Although elevated pS536 NF-xB was observed after
12-h TNF-a stimulation, PF-271 began to abolish pS536 NF-xB after 3 h (Supplementary
Fig. 1a). PF-271 also decreased pS311 and pS529 NF-xB (Fig. 1a), which are important for
NF-xB transcriptional activation [15]. PF-271-treated cells showed significantly less NF-xB
promoter luciferase activity compared with control (Fig. 1b), which was associated with
decreased vascular cell adhesion molecule-1 (VCAM-1) expression (Fig. 1a). These results
are consistent with the observation that sustained NF-xB nuclear localization and pS536 NF-
xB staining were decreased in PF-271-treated HAOECs compared with TNF-a alone (Fig.
1c). NF-xB chromatin immunoprecipitation (ChIP) revealed that TNF-a increased NF-xB
binding to the 1xBa promoter (Supplementary Fig. 1b). Interestingly, PF-271 reduced the
amount of NF-xB associated to the IxBa promoter (Supplementary Fig. 1b), suggesting that
FAK activity is important for promoting NF-xB nuclear translocation and transcriptional
activity in ECs. As Src family kinases often form a complex with FAK to promote activation
of downstream target proteins [26], we treated HAOECs with a Src inhibitor (Dasatinib) to
evaluate the role of Src on sustained NF-xB activation. Even though Dasatinib completely
blocked active Src phosphorylation at tyrosine 418 (pY418 Src), it did not reduce sustained
phosphorylation of pS536 NF-xB (Supplementary Fig. 1c). These data further support that
FAK, but not Src, is important for TNF-a-mediated sustained NF-xB activation and
proinflammatory gene expression in HAOECs.

FAK Inhibition Decreases Sustained IKK Activation

As subcellular localization of NF-xB is tightly regulated by 1«B proteins, we evaluated
whether PF-271 altered IxBa stability. TNF-a rapidly led to loss of IxBa protein, which
remained low even after 12 h (Fig. 2a, Supplementary Fig. 1a). On the other hand, PF-271-
treated HAOECs showed increased IxBa starting at 3 h, which persisted even after 12 h
TNF-a stimulation (Fig. 2a, Supplementary Fig. 1a). However, PF-271 did not block TNF-
a-induced loss of 1xBa within 1 h (Fig. 2a, Supplementary Fig. 1a), suggesting that FAK
inhibition increases 1xBa. protein stability at later times, which increases NF-xB
cytoplasmic localization and blocks sustained activation of NF-xB.

As the IKK complex is important in phosphorylating IxBa protein and regulating its
stability [27], we tested whether FAK inhibition altered the activation status of the IKK
complex. TNF-a rapidly increased active pS176/177 IKKa/p levels, and the increased levels
persisted after 6 h and were associated with decreased IxBa protein (Fig. 2a). Although
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PF-271 did not completely block early activation of the IKK complex, it completely
decreased pS176/177 IKKa/p and increased IxBa 2 h after TNF-a stimulation (Fig. 2a).
Interestingly, TNF-a stimulation significantly increased staining of active pS176/177 IKKa/
B levels in HAOECs (Fig. 2b).

To determine whether intrinsic IKK activity was decreased by PF-271, we performed an in
vitro IKK assay using recombinant GST-1xBa containing the IKKa/p phosphorylation sites
S32 and S36 [28]. No difference in phosphorylation of GST-1xBa (pS32/36 1xBa) was
observed 0.5 h after TNF-a stimulation in cells treated with vehicle or PF-271 (Fig. 2c).
Although IKK remained active out to 6 h in vehicle-treated cells, PF-271 blocked IKK-
mediated phosphorylation of GST-IxBa at 3 h (Fig. 2c). The phosphorylation levels of
endogenous IkxBa were consistent with the results seen from /in vitro IKK assays
(Supplementary Fig. 1d). These data demonstrated that FAK activity controls sustained
activation of the IKK complex leading to prolonged NF-xB activation.

FAK Inhibition Disrupts RIPK1 and IKK Recruitment to the TNF-a Receptor

To identify the molecular link between FAK activity and IKK/NF-«xB activation upon TNF-
a stimulation, we investigated whether FAK inhibition altered formation of TNFRC-I,
which would lead to failure of IKK activation in ECs. In order to observe only active
TNFRC-I, we used recombinant FLAG-TNF-a immunoprecipitation (IP) instead of using
TNFR1 antibody IP, which could pull down both active and inactive TNFR1. We first
attempted to use FLAG-TNF-a IP using HAOECs, but we were unable to obtain IP
complexes (data not shown). Since mouse cells are more commonly used when investigating
active TNFRC-I using FLAG-TNF-a., we tested this possibility in mouse pulmonary ECs
(mECs). First, we checked if FAK inhibition blocked sustained activation IKK/NF-xB in
response to TNF-a stimulation in mECs. PF-271 blocked active pS176/177 IKKa/p and
pS536 NF-xB at 6 h and had increased IxBa compared to TNF-a alone (Fig. 3a).

Active TNFRC-I immunoprecipitated using FLAG-TNF-a contains active pY397 FAK,
RIPK1, active pS176/177 IKKa/B, and NEMO (Fig. 3b). Interestingly, PF-271 reduced
RIPK1 recruitment to TNFR1 at 0.5 h, and completely blocked RIPK1 association after 3 h
FLAG-TNF-a (Fig. 3b). Several TNFRC-1 components, such as RIPK1, undergo M1-
and/or K63-linked ubiquitination to facilitate recruitment of downstream signaling
complexes including IKK [29, 30]. FAK inhibition blocked recruitment of the IKK complex
(IKKa/B, NEMO) to TNFR1 (Fig. 3b), which is consistent with previous reports that RIPK1
is important for recruitment of the IKK complex to TNFRC-I [31]. Interestingly, PF-271
decreased the amount of TNFR1 immunoprecipitated with FLAG-TNF-a despite the equal
expression in lysates (Fig. 3b), which could explain the reduction in both RIPK1 and IKK
complex with FLAG-TNF-a.. To better understand the role of FAK in TNFRC-I formation,
we performed immunofluorescence of TNFR1 and RIPK1 on mEC. While FAK and TNFR1
showed very little co-localization in unstimulated mECs, TNF-a. increased both FAK and
TNFR1 co-localization at the cell periphery (Fig. 3c). However, PF-271 increased FAK
nuclear localization, and this reduced TNFR1 redistribution to the cell membrane (Fig. 3c).
Immunostaining also revealed increased active pY397 FAK near the cell periphery and focal
adhesions following TNF-a stimulation (Fig. 3d). TNF-a induced redistribution of RIPK1
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from the cytoplasm to the cell periphery or focal adhesions, which colocalized with active
pY397 FAK (Fig. 3d). PF-271 reduced both active pY397 FAK staining and blocked RIPK1
localization to the cell periphery (Fig. 3d). Reduced co-localization of FAK with both
RIPK1 and TNFR1 in PF-271-treated mECs was associated with decreased staining of both
active pS176/177 IKKa/p and pS536 NF-xB (Fig. 3e). A similar pattern of increased co-
localization of FAK with either TNFR1 or RIPK1 following TNF-a stimulation of HAOECs
was also observed viaimmunostaining (Supplementary Fig. 2). PF-271 increased FAK
nuclear localization, and reduced redistribution of TNFR1 and RIPK1 (Supplementary Fig.
2). These results suggest that FAK cytoplasmic localization and activity is required for
TNFR1 redistribution and formation of TNFRC-I in ECs.

TNF-a Activates and Redistributes FAK from the Nucleus to Cytoplasm In vivo

To evaluate FAK function in TNF-a-mediated IKK-NF-xB activation within ECs in vivo,
mice were treated with either vehicle or PF-271 and challenged with TNF-a v/atail vein
injection (Fig. 4a). Active pY397 FAK was increased 0.5 h after TNF-a stimulation in heart
lysates and PF-271 efficacy was verified by pY397 FAK immunoblot (Fig. 4b). Increased
FAK activation was associated with increased pS536 NF-xB and pS176/177 IKKa/B, but
decreased IxBa (Fig. 4b). In contrast to observations in cultured HAoECs or mECs (Figs. 1a
and 3a), FAK inhibition /n vivo completely blocked TNF-a-induced activation NF-xB and
IKKa/B at 0.5 h (Fig. 4b). This difference may be associated with lower levels of active
pY397 FAK at 0 h /n vivothan in cultured ECs.

Analysis of FAK activation in ECs /n situ showed that FAK was largely inactive and
primarily localized to the nucleus of ECs in unstimulated controls (Fig. 4c, d). Stimulation
with TNF-a rapidly activated FAK and redistributed FAK into the cytoplasm (Fig. 4c, d).
TNF-a also induced nuclear NF-xB localization and increased active pS536 NF-xB levels
(Fig. 4d, Supplementary Fig. 3a). In addition, TNF-a increased pS176/17 IKKa/p
(Supplementary Fig. 3b), suggesting that TNFRC-I is formed and activated following TNF-
a stimulation /n vivo. Conversely, mice pretreated with PF-271 failed to show any
differences in FAK or NF-xB signaling following TNF-a injection. TNF-a failed to induce
FAK activation or cytoplasmic localization in mice treated with PF-271 (Fig. 4c, d). Forced
FAK nuclear localization was associated with cytoplasmic retained NF-xB and reduction of
both active pS536 NF-xB and pS176/177 IKKa/p (Fig. 4e, Supplementary Fig. 3). The
results from /n vivo TNF-a challenge experiment are consistent with those of /n vitro culture
ECs, at least in that FAK cytoplasmic localization and activity is required for TNFRC-I
formation and activation of IKKa/p and NF-xB.

EC-Specific FAK Activity is Required for TNF-a-Induced Activation of NF-xB In vivo

As FAK inhibitors would affect all cell types in the vasculature, we evaluated the effect of
EC-specific FAK activity on TNF-a-induced IKK/NF-xB activation. To do this, we used
mice that express a catalytically inactive form of FAK known as FAK kinase-dead (KD). As
homozygous FAK-KD is embryonic lethal [23], we generated EC-specific FAK-WT and
FAK-KD by crossing EC-specific SCL-Cre FAK flox/flox mice with FAK-WT/KD mice
(Fig. 5a) [22, 23]. This allows us to generate EC-specific catalytically inactive FAK-KD in
adult mice by deleting endogenous flox allele following tamoxifen injections (Fig. 5a). We
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then injected EC-specific FAK-WT and FAK-KD mice with TNF-a. v/atail vein. FAK-KD
mice showed decreased levels of pY397 FAK, pS536 NF-xB, and pS176/177 IKKa/p in
heart lysates after 0.5 h TNF-a compared with FAK-WT (Fig. 5b). In addition, FAK-KD
mice showed higher levels of IxBa compared to FAKWT, suggesting that FAK activity in
ECs is important for TNF-a-induced IKK/NF-xB activation (Fig. 5b). Immunostaining
showed that FAK was localized to the nuclei of ECs with very low levels of active pY397
FAK levels in both FAK-WT and FAK-KD mice in unstimulated controls (Fig. 5¢). TNF-a
treatment redistributed and activated FAK in cytoplasm, resulting in NF-xB activation seen
by NF-xB nuclear localization and active pS536 NF-xB immunostaining in FAK-WT mice
(Fig. 5¢c—e, Supplementary Fig. 4). However, FAK remained inactive and in the nucleus
following TNF-a stimulation in FAK-KD mice (Fig. 5¢, d). Nuclear FAK localization in
FAK-KD ECs was associated with decreased NF-xB nuclear localization and pS536 NF-xB
levels (Fig. 5e, Supplementary Fig. 4). These results align with the observation from
pharmacological FAK inhibitor experiments in mice. Therefore, FAK localization and FAK
activity in ECs are important in promoting TNF-a-induced activation of NF-xB in vivo.

DISCUSSION

Sustained activation of the proinflammatory transcription factor NF-xB is thought to play a
major role in several chronic inflammatory diseases including RA, atherosclerosis, and
cancer. In the present study, we have demonstrated that FAK activity is important for
sustained activation of NF-xB in ECs following TNF-a stimulation both /n vivoand in vitro.
While a majority of studies have used FLAG-TNF-a to investigate TNFRC-1 formation in
mouse embryonic fibroblasts (MEFs) [29, 32, 33], to our knowledge, we are the first to do
so in ECs (Fig. 3b). In addition to using mouse pulmonary ECs to investigate TNFRC-I
component recruitment, we investigated TNFRC-1 formation in human ECs and observed
that human ECs responded more rapidly to TNF-a stimulation, possibly due to increased
amplitude or higher expression levels of TNFR signaling components compared to meCs.
Mechanistically, TNF-a stimulation increased active pY397 FAK recruitment to TNFRL.
However, pharmacological FAK inhibition blocked FAK recruitment to TNFRZ, resulting in
loss of NF-xB activation.

Intriguingly, we observed that FAK was primarily inactive and localized to the nuclei of
unstimulated ECs /n vivo. Additionally, our previous study demonstrated that FAK also
primarily localized to the nuclei of healthy smooth muscle cells /n vivo [34]. While these
suggest that dominant nuclear FAK localization may be specific to cells of the vessel wall,
FAK localization in other cell types /in vivo still needs to be investigated. TNF-a. stimulation
promotes FAK activation and cytoplasmic localization where it associates with TNFRZ, to
recruit RIPK1 and the IKK complex. However, catalytic FAK inhibition enhances FAK
retention in the nucleus, thus preventing FAK recruitment of RIPK1 to TNFR1, which
blocks IKK/NF-xB activation and inflammatory gene expression (Fig. 6). Therefore, this
model suggests that FAK activity may be important for maintaining sustained activation of
TNFRC-I, and FAK inhibitors may have potential in treating chronic inflammatory diseases.

Our present study also demonstrated that there appears to be some discrepancies in FAK
localization within ECs in vivo and in vitro. In vitro, FAK showed a mix of both nuclear and
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cytoplasmic localization in unstimulated ECs, which is in contrast to the primarily nuclear
localization of FAK observed /n vivo. These discrepancies may account for our observations
that TNF-a was still effective at promoting early activation of the IKK/NF-xB pathway /n
vitrobut not /in vivo. However, pharmacological FAK inhibition eventually promoted
enhanced FAK nuclear localization within ECs /n vitro which then resulted in decreased
TNFRC-I signaling. It is possible that several environmental cues may contribute to the
elevated cytoplasmic FAK observed /n vitro. ECs are grown in EC growth medium that
contains numerous growth factors and are cultured on plastic dishes which is a high stiffness
environment. Both growth factors and high stiffness have been shown to promote FAK
activation and cell proliferation in numerous cell types. However, ECs in vivo are not
typically stimulated with growth factors and are usually exposed to low laminar flow, which
is known to inhibit FAK activation. As such, FAK is more predisposed to be located within
the nuclei of ECs /in vivo compared to /n vitro. Further studies to better mimic physiological
EC environment are needed to fully understand the role of FAK in inflammatory signaling.

ECs play a fundamental role in regulating the inflammatory environment of the surrounding
tissue and reducing EC inflammatory signaling in chronic inflammatory diseases could
prove beneficial. While it is known that sustained NF-xB activation plays an important role
in chronic inflammatory diseases, most of the focus on therapies have been designed to
target proinflammatory cytokines such as TNF-a and IL-1p that promote NF-xB activation.
As such, TNF-a and IL-1 antibody therapies have been approved for treating RA; however,
their use in other chronic inflammatory diseases such as atherosclerosis and cancer has not
shown enough benefit to outweigh the risks [3]. The major drawbacks to TNF-a and IL-1
antibody therapies include increased risk of fatal infections and sepsis. Thus, better
understanding of proinflammatory signaling pathways is needed to find more promising
therapeutic targets.

Recently, it was found that high levels of active cytoplasmic FAK within tumor ECs of
prechemotherapy breast cancer patients were associated with resistance to neoadjuvant
chemotherapy and decreased 5-year survival [39]. FAK expression within tumor ECs was
also shown to FAK and NF-xB Activation be important for tumor resistance to DNA-
damaging therapies through increased activation of EC NF-xB [40]. However, the role of
FAK inhibitors on the inflammatory environment of tumors is not well understood. While
FAK inhibitors are currently being tested as anti-cancer agents in clinical settings [35-38],
there are currently no clinical studies that have investigated the effects of FAK inhibitors on
other chronic inflammatory diseases such as vascular inflammation and atherosclerosis.
Here, we have demonstrated that FAK inhibition is effective at reducing EC inflammation by
blocking formation of TNFRC-I, thus preventing activation of the IKK/NF-xB pathway.
Therefore, the potential of FAK inhibitors to treat chronic inflammatory diseases should be
further investigated.
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FAK inhibition decreases TNF-a-induced sustained NF-xB activation in endothelial cells.
a—c HAOECs were treated for 1 h with DMSO or PF-271 (2.5 pmol/L) prior to TNF-a. (10
ng/mL) stimulation for the indicated times. a Western blot analysis of VCAM-1, pY397
FAK, FAK, pS536 NF-xB, pS311 NF-xB, pS529 NF-xB, NF-xB, and p-actin (7= 3). b
HAOECs were transfected with NF-xB promoter luciferase construct. Results are expressed
as fold change over unstimulated control (n = 3). ¢ Localization of NF-xB (rabbit) and
expression of pS536 NF-xB (rabbit) were evaluated by immunostaining (n = 3). Scale bar,

20 pm. ****P< 0.0001.
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FAK inhibition decreases IKK activation and activity in endothelial cells. a—c HAOECs were

treated for 1 h with DMSO or PF-271 (2.5 umol/L) prior to TNF-a (10 ng/mL) stimulation
for the indicated times. a Western blot analysis of pY397 FAK, FAK, pS176/177 IKKa/p,
IKKa/B, 1xBa, and GAPDH (7= 3). b FAK localization (green; mouse) and active
pS176/177 IKKa/p (red; rabbit) were evaluated by immunostaining (7= 3). Scale bar, 20
pum. ¢ IKKB was immunoprecipitated (IP) from stimulated HAOECs and /7 vitro IKK assay
was performed. Western blot analysis of IKK, pS32/36 IxBa, and GST-1xBa in IKK
kinase assay and pY397 FAK, FAK, and B-actin of inputs (7= 3).
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FAK inhibition disrupts RIPK1 and IKK recruitment to the TNF-a receptor. a, b mECs were
treated for 1 h with DMSO or PF-271 (2.5 umol/L) prior to TNF-a (10 ng/mL) stimulation
for indicated times. a Western blot analysis of pY397 FAK, FAK, pS536 NF-xB, NF-xB,
pS176/177 IKKa/B, IKKa/B, 1xBa, and B-actin (7= 3). b Flag immunoprecipitation (IP) of
FLAG-TNF-a stimulated mECs was performed. Western blot analysis for pY397 FAK,
FAK, pS176/177 IKKa/B, IKKa/p, RIPK1, NEMO, TNFR1, FLAG-TNF-a, and B-actin in
either FLAG-IP or lysates (n = 3). c-e mECs were treated for 1 h with DMSO or PF-271
(2.5 pmol/L) prior to TNF-a (10 ng/mL) stimulation for 3 h. ¢ Immunostaining for FAK
(green; rabbit) and TNFR1 (red; mouse) (7= 3). d Immunostaining for pY397 FAK (green;

Inflammation. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Murphy et al.

Page 18

rabbit) and RIPK1 (red; mouse) (n7= 3). e Immunostaining for pS176/177 IKKa/p (green;
mouse) and pS536 NF-xB (red; rabbit) (n= 3). Scale bar, 20 pm.
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Immunostaining of mouse aortas showing that nuclear-localized FAK decreases TNF-a-

induced NF-xB activation in mice. a Timeline for when C57BL/6 mice were treated with
vehicle or PF-271 (35 mg/kg) before injection with PBS or mouse TNF-a (0.02 mg/kg) for
0.5 h. b Western blot analysis of heart lysates for pY397 FAK, FAK, pS536 NF-xB,
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for FAK (red; mouse (c), pY397 FAK (red; rabbit) (d), or NF-xB (red; rabbit) (). ECs were
stained with VWF (green; rabbit or mouse) and nuclei with DAPI (blue). Relative
fluorescence intensity in vVWF-positive ECs was reported as mean + SD (n= 4). Dashed
lines, boundary between media and EC based on VWF staining. Scale bars, 10 pm. **P<
0.01 vs vehicle PBS; #P< 0.01 vs TNF-a.
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Fig. 5.

Immunostaining of mouse aortas showing that EC-specific FAK inhibition decreases TNF-

a-induced NF-xB activation in mice. a Schematic of the deletion of the FAK flox allele and
generation of EC-specific FAK-WT and FAK-KD mice. EC-specific FAK-WT and FAK-KD
mice were injected with PBS or mouse TNF-a (0.02 mg/kg) for 0.5 h. b Western blot
analysis of heart lysates for pY397 FAK, FAK, pS536 NF-xB, pS176/177 IKKa/B, 1xBa.,
and B-actin as loading control (n=4). Aortas sections were stained for FAK (red; mouse) (c),
pY397 FAK (red; rabbit) (d), or NF-xB (red; rabbit) (€). ECs were stained with VWF (green;
rabbit or mouse) and nuclei with DAPI (blue). Relative fluorescence intensity in VWF-
positive ECs was reported as mean + SD (7= 4). Dashed lines, boundary between media and
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EC on the basis of VWF staining. Scale bars, 10 um. **P< 0.01 vs FAK-WT PBS; #£< 0.01
vs FAK-WT TNF-a.
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Fig. 6.
FAK cytoplasmic localization and activity are important for TNFRC-I formation and IKK-

NF-xB activation. Left: Under healthy conditions, FAK is mainly localized to the nucleus of
ECs. This increased nuclear FAK is associated with inactive NF-xB sequestered by IxBa
proteins in the cytoplasm. Middle: Under chronic inflammation, such as continued TNF-a
stimulation, trimerization of TNFR1 leads to FAK activation and redistribution of FAK from
the nucleus to the cytoplasm. Active FAK increases recruitment of RIPK1 and the IKK
complex to TNFRC-I. After activation, the IKK complex promotes IxBa degradation and
activates NF-xB, which enters the nucleus and promotes inflammatory gene transcription.
Right: FAK inhibition decreases recruitment of RIPK1 and the IKK complex to TNFR1,
thus blocking formation of TNFRC-1 and decreasing sustained activation of the IKK
complex and NF-xB.
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