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ARTICLE INFO ABSTRACT

Keywords: In this study we examined the activation of the non-canonical NFxB signalling pathway in endothelial cells. In
NFxB HUVEGs, LIGHT stimulated a delayed induction of serine 866,/870 p100 phosphorylation linked to p52 NF«xB
11?-1l3 . formation. Surprisingly, the canonical ligand, IL-1f, stimulated a rapid phosphorylation or p100 which was not
Isll(ir;aumg associated with p52 formation. Inhibition of IKKa activity, using DN-IKKa adenovirus, IKKa siRNA or a novel
TAK.1 first-in-class selective IKKa inhibitor, SU1261, revealed IL-1p induced p100 phosphorylation to be dependent on
HUVECs IKKa. In contrast, IKKf inhibition was found to be without effect. The NIK inhibitor, CW15337, did not affect IL-

1p induced p100 phosphorylation however, both p100 and pIKKa/f phosphorylation was substantially reduced
by inhibition of the upstream kinase TAK-1, suggesting phosphorylation of p100 is mediated by IKKa from within
the canonical NEMO/IKKp /IKKa complex. IL-1f also stimulated a rapid increase in nuclear translocation of p52,
which was not affected by NIK inhibition, suggesting a source of p52 independent of p100 processing. Inhibition
of TAK-1 abolished p52 and p65 nuclear translocation in response to IL-1f. SiRNA deletion or inhibition with
dominant-negative virus of IKKa activity partially reduced p52 translocation, however pharmacological inhi-
bition of IKKa was without effect. Inhibition of IKKp abolished both p52 and p65 translocation. Taken together
these results show that IL-1p stimulates a novel IKKa —dependent axis within the non-canonical NFkB pathway in
endothelial cells which is NIK-independent and regulated by TAK-1. However, this pathway is not primarily
responsible for the early nuclear translocation of p52, which is dependent on IKKp. Elucidation of both these new
pathways may be significant for NFkB biology within the endothelium.

1. Introduction

The nuclear factor Kappa B cascade is a major multi-component
transcription factor pathway which plays a key role in normal physi-
ology and diseases including; arthritis, cancer, cardiovascular disease
and CNS disorders [1]. The cascade has two major components; the
classical or canonical pathway and the non-canonical pathway [2]. Both
these pathways are regulated through a multi-kinase complex known as
inhibitory kappa B kinase (IKK) comprising of the active intermediates,
IKKa andp, and additionally IKKy or NEMO which is specifically part of
the canonical pathway.

For activation of the canonical pathway mediated by ligands such as
TNFo and IL-1f regulation is focussed on the NEMO/IKKa/IKKf com-
plex. Within this complex, IKKp phosphorylates IkBa, liberating p65
NFxB, which translocates to the nucleus to regulate gene function. In
comparison non-canonical NFkB signalling (see reviews by [3,4] is
activated by ligands such as CD40, lymphotoxin alphal/beta2 (LTalp2)
and LIGHT ligand [5]. Upon activation NFkB inducing-kinase (NIK)
drives the activation of IKKa homodimers which promotes the phos-
phorylation and degradation of a large IkB, p100 NF«B2 unit, liberating
the NFxB isoform, p52. NIK is also critically involved in the degrada-
tion/processing of p100 by inducing the binding of p100 to the beta-

Abbreviations: NFkB, Nuclear factor kappa B; IL-1f, Interleukin 1 beta; TNFa, Tumour-necrosis factor-alpha; LIGHT, homologous to lymphotoxin, exhib-
its inducible expression and competes with HSV glycoprotein D for binding to herpesvirus entry mediator, a receptor expressed on T lymphocytes; IKK«, Inhibitory
Kappa B Kinase a; IKKp, Inhibitory Kappa B Kinasep; NEMO, NF-kB essential modulator; TAK-1, transforming growth factor beta-activated kinase 1; NIK, NF-kappa-B-

inducing kinase.
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transducin repeats-containing proteins (f-TrCP) E3 ubiquitin ligase
[6-8]. However, in resting cells the levels of NIK are very low; the
protein is continually targeted to the proteasome via TRAF3 [9] and
TRAF2/cIAP1/2 [10,11]. Thus, activation of this pathway is charac-
teristically slow, and dependent on the release of NIK from proteasomal
degradation and associated with the formation of cellular p52 and the
processing of p100 [3,4].

Assessment of the non-canonical NFkB pathway in cells of the car-
diovascular system such as endothelial cells has been limited relative to
other cell types. Original studies [12] identified a role for IKKa in LIGHT
and lymphotoxin-mediated induction of CXCL12, whilst other work
characterised the stimulation of noncanonical NFxB signalling in
response to CD40 ligand [13] or RANKL [14]. A more recent study has
linked NIK to both IKKa and IKK( with respect to endothelial cell in-
flammatory gene expression in response to lymphotoxin stimulation
[15] suggesting an interaction between the two pathways. Furthermore,
it has also been shown that activation of the canonical NFkB pathway by
TNFa inhibits the corresponding noncanonical pathway in endothelial
cells [16] and indeed this a well-recognised cross regulatory effect be-
tween the pathways [17]. Such studies give insight into the feasibility of
selectively targeting either NFkB pathway to realise potential thera-
peutic benefits. [18].

Having previously discovered a novel role for IL-1f mediated non-
canonical signalling in a cancer cell setting, we sought to examine the
regulatory effects of IL-1p in a non-disease system looking at primary
cardiovascular cells. We found that IL-1p in this setting was also able to
stimulate a strong early activation of p100 NF«kB2 phosphorylation, an
event that is normally linked to non-canonical pathway activation. This
novel event was found to be IKKa dependent but NIK independent and
interestingly sensitive to TAK-1 inhibition suggesting that IKKa func-
tions as part of the NEMO/IKKa/IKKf complex. We also demonstrate a
rapid nuclear translocation of p52 in response to IL-1f, partially
dependent on IKKa activation but wholly reliant on canonical NFxB
signalling via IKKf. These findings reveal a novel paradigm with respect
to the activation of elements of the non-canonical NFkB pathway by
canonical pathway ligands in endothelial cells.

2. Materials and methods
2.1. Reagents

All reagents were from the highest quality commercial sources
Sigma-Merck (Poole, UK), unless otherwise stated. Antibodies were
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purchased as follows: ppl00 (serine 866,/870), p100/p52, ppIKKa/p,
pp65, ppJNK, pJNK, NFkB, IkBa, nucleolin and GAPDH from Cell Sig-
nalling technology (Europe); IKKa was purchased from Merck-Millipore
(UK) and IKKp from Abcam ltd (Cambridge, UK). HRP-conjugated sec-
ondary antibodies manufactured by Jackson Immuno Research labora-
tories Inc. (West Grove, PA, USA) and purchased from Stratech Scientific
(Ely, UK). IKK2-XI inhibitor was from Calbiochem (CAS 354810-80-3)
and purchased through Sigma-Merck (Poole UK). IKKa siRNA was
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manufactured by Dharmacon and purchased from Horizon discovery ltd
(Cambridge, UK). The agonists used for stimulation were purchased as
follows, both Human recombinant TNFa and IL-1p from Insight
Biotechnology (Wembley, UK) and Human recombinant Lymphotoxin
al1p2 and LIGHT from R&D systems (McKinley Place NE, Minneapolis).

The NIK inhibitor, CW15337, was synthesised in house as outlined
previously [19].

2.2. Synthesis of SU1261 [5-(2-(3-(benzyloxy)phenyD-1H-pyrrolo
[2,3-b]pyridin-4-yD)-1H-indazol-3-amine]

All commercially available reagents and solvents used were obtained
from Merck, Fluorochem, Fisher Scientific, Acros, Alfa Aesar, and Apollo
scientific and used without further purification. Air- —sensitive reactions
were carried out under an argon or nitrogen atmosphere. All compounds
were determined to be > 95 % purity by LC-MS and analytical HPLC
unless otherwise stated. Flash chromatography was performed using a
Biotage SP4 automated chromatography system using silica stationary
phase (Fisher Scientific, 60 f\, 35-70 pm; detection wavelength: 254 nm;
monitoring: 280 nm) and the mobile phase used are detailed in the text.
Reverse phase HPLC purifications were conducted on Shimadzu Prom-
inance HPLC using a semi-preparative (50 x 21.2 mm) Luna 5 ym C18
column at 40 °C; flow rate: 6 ml/min; detection wavelength: 254 nm
eluting with an acetonitrile/water gradient with 0.1 % TFA. NMR
spectra were recorded on either a Bruker Avance3/DPX400 (400 MHz),
Bruker DRX500 (500 MHz), Bruker AV400 (400 MHz), Bruker
AV500HD (500 MHz) or Bruker AV600 (600 MHz) instrument and
analysed using Advanced Chemistry Development Labs (ACD/labs)
NMR processor 12.00 or MestReNova 10.0 software. Chemical shifts (5)
are recorded in parts per million (ppm) relative to an internal solvent
reference (tetramethylsilane) and coupling constants (J) in Hertz (Hz).
Splitting patterns were indicated as singlet (s), broad singlet (br s),
doublet (d), doublet of doublet (dd), triplet (t), quartet (q) and multiplet
(m). LC-MS was carried out on an Agilent Technologies 1220 series LC
system with Agilent 6100 series quadrupole mass spectrometer in ESI/
APCI mode. Separation was achieved with an Agilent Eclipse C18 4.6x50
mm column; flow rate:1 mL/min; detection:254 nm; sample volume:10
ul; mobile phase: acetonitrile/ 5 mM ammonium acetate: water/5mM
ammonium acetate; 5 %, 1.48 min; 5-100 %, 8 min; 100 %, 13.5 min;
100-5 %, 16.5 min; 18 min. HRMS was carried out on an Exactive
(Thermo scientific) or LTQ orbitrap (Thermo scientific).

PdCl,(dtbpf), K3POs,
EtOH/H,0, 120 °C, 20 h H

[SU1261]

In step 1, a suspension of 4-chloro-2-iodo-7-azaindole (0.343 g, 1.23
mmol), 3-(benzyloxy)phenyl)boronic acid (0.348 g, 1.52 mmol), KoCO3
(0.483 g, 3.49 mmol) and bis(triphenylphosphine) palladium(II) chlo-
ride (0.074 g, 0.105 mmol) in dioxane (3 mL) and water (2 mL) was
degassed under nitrogen. The reaction mixture was allowed to stir at
100 °C for 20 h, then cooled to room temperature and extracted between
ethyl acetate (5 mL) and water (3 mL). The organic layer wash washed
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with brine (2 x 3 mlL), dried over anhydrous sodium sulfate and
concentrated under reduced pressure. The crude residue was used in the
next step without further purification.

In step 2, a solution of K3sPO4 (1 M, 1.2 mL) was added to a sus-
pension of (3-(benzyloxy)phenyl)-4-chloro-1H-pyrrolo[2,3-b]pyridine
(0.124 g, 0.37 mmol), 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1H-indazol-3-amine (0.146 g, 0.56 mmol) and [1,1-bis(di-tert-butyl-
phosphino)ferrocene]dichloro palladium(II) catalyst (0.028 g, 0.04
mmol) in ethanol (3 mL) and water (2 mL). The reaction mixture was
heated to 120 °C for 20 h, then cooled to room temperature, diluted with
ethyl acetate and washed with water and brine. The organic layer was
dried over anhydrous sodium sulfate and concentrated under reduced
pressure. The crude residue was purified by column chromatography
(90 % ethyl acetate in petroleum ether) to afford SU1261 as an off-white
solid (0.092 g, 58 %). 'H NMR (500 MHz, DMSO-dg) 6 12.21 (s, 1H),
11.56 (s, 1H), 8.27 (d, J = 5.0 Hz, 1H), 8.25 (s, 1H), 7.73 (d, J = 8.4 Hz,
1H), 7.69 (s, 1H), 7.59 (d, J = 7.6 Hz, 1H), 7.51 (d, J = 7.6 Hz, 2H), 7.43
-7.39 (m, 4H), 7.38 - 7.32 (m, 2H), 7.23 - 7.19 (m, 2H), 6.99 (d, J = 8.4
Hz, 1H), 5.55 (s, 2H), 5.21 (s, 2H). '3C NMR (126 MHz, DMSO-d) &
158.85, 150.43, 149.89, 143.32, 141.19, 141.08, 138.05, 137.04,
133.00, 129.96, 128.44, 127.87, 127.82, 127.70, 126.69, 120.35,
118.40,118.06, 114.62, 114.50, 114.46, 111.62, 109.95, 97.28, 69.36.
HRMS (ESI): exact mass calculated for Co7H21N50: 431.1746, found
432.1817 M + D™

2.3. Synthesis of CW15337

The NIK inhibitor CW15337 was synthesised as outlined previously
[19].

2.4. Cell culture

Cryopreserved primary HUVECs (from pooled donors) and media
were purchased from Lonza (Slough, UK), and grown in endothelial
basal media (EBM-2). Media was supplemented with single aliquots of
defined supplements (2 % foetal bovine serum, 0.2 mL hydrocortisone,
2 mL rh fibroblast growth factor-B, 0.5 mL vascular endothelial growth
factor, 0.5 mL R3-insulin-like growthfactor-1, 0.5 mL ascorbic acid, 0.5
mL rh epidermal growth factor, 0.5 mL GA-1000 and 0.5 mL heparin
(concentrations not disclosed by the company)). Cells were incubated at
37 °C in humidified air with 5 % COy; medium was changed every 2 days
thereafter until cells became confluent and passaged in 1 % trypsin/
EDTA solution. All experiments were performed between passages 2 and
6, in either 6 or 12-well plates.

2.5. Western Blot analysis

Whole cell lysates were prepared from HUVECs and the status of
phosphorylated and total proteins assessed by Western blotting as
described previously [20]. Briefly cells were stimulated with agonist for
the indicated times in complete medium. Proteins (approximately 15 pg)
were separated by either 8.5 or 10 % SDS-PAGE and transferred onto
nitro-cellulose. The membranes were blocked for non-specific binding
for 2 h in 2 % BSA (w/v) diluted in NATT buffer (20 mM Tris, 150 mM
NaCl, 0.2 % (v/v) Tween-20, pH 7.4). Membranes were then incubated
overnight with primary antibody diluted in 0.2 %BSA (w/v) in NATT
buffer at 4 °C with rotation. The membranes were then washed with
NATT buffer for 90 min (6 x 15 min) and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody for 2 h. After a further
60 min wash (4 x 15 min), the membranes were subjected to ECL reagent
and exposed to Kodak X-ray film for appropriate time (Kodak, Amster-
dam, Netherlands).

2.6. Nuclear extracts

Confluent cells grown on 6-well plates, were incubated with LIGHT
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or IL-1p under experimental conditions as indicated. Following washing
in ice cold PBS, cells were scraped into PBS and centrifuged at 13,0008
for 1 min at 4 °C. Pellets were resuspended in 200 pl buffer 1 (10 mM
HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.5 mM PMSF, 1 pg/
ml aprotinin, 1 pg/ml leupeptin, 10 pg/ml pepstatin pH 7.9) and incu-
bated on ice for 15 min. After addition of 25 pl 10 % (w/v) NP-40
samples were vortexed and centrifuged at 13,000g for 2 min. Pellets
were re-suspended in 50 pl buffer 2 (20 mM HEPES, 25 % (v/v) Glycerol,
0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 0.5 mM PMSF, 1 ug/ml Aprotinin,
1 pg/ml Leupeptin, 1 pg/ml pepstatin pH 7.9) and vortexed briefly
before shaking (IkA-Vibrax-vxr) at 4 °C for 15 min. Samples were then
sonicated (Ultrawave U50) on ice for 1 min and centrifuged at 13,0008
for 15 min. Samples were equilibrated for protein content using a
standard Bradford’s reagent before Western blotting.

2.7. Adenovirus infection

Adenoviral vectors encoding dominant-negative IkB kinase alpha or
beta (Adv.DN-IKKa andp) were purified in-house using the Adeno-X
virus purification kit from Clontech Laboratories, Inc. (Mountain
View, CA, USA) [21]. The DN-IKKo andf plasmids was originally a gift
from Dr D.Goeddel (Tularik Inc., San Francisco, CA, USA). Large-scale
production of high-titre recombinant adenovirus was performed in
HEK293 cells by routine methods. HUVECs, when approximately 50-60
% confluent, were counted and M.O.I calculated relative to the con-
centration of the virus. Wells were then incubated with adenovirus
concentrations ranging from 50 to 500 pfu/ml for 40 h in endothelial
growth media.

2.8. SiRNA silencing of IKKs

HUVECs were transfected with ON-TARGET plus siRNA (Dharma-
con/Horizon — Cambridge, UK) against sequences for IKKa (Human
CHUK, #J-003473-09) or ON-TARGET plus siRNA against sequences for
IKKp (Human IKBKB, #J-003503-13) and non-targeting sequence (NT)
was used as a negative control (non-targeting #1, #D-001810-01-20).
Fugene 4 K (Promega — Hampshire, UK) diluted in Endothelial basal
media was used to deliver the siRNA to the cells over 72 h. After 18 h
media was replaced with fresh EBM-2 and cells maintained to 72 hrs
before stimulation.

2.9. Data analysis

Each figure represents one of at least 4 independent experiments,
unless otherwise stated. Western blots were scanned on an Epson
perfection 1640SU scanner using Adobe photoshop 5.0.2 software. For
gels, densitometry measurement was performed using the Scion Image
program. Data were normalised to fold expression, independent repli-
cates averaged and expressed as mean + s.e.m. Statistical analysis was
performed by One-way ANOVA with Dunnett’s Post-test (*p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001).

3. Results

Initially, we examined the kinetics of LIGHT induced 866,/870 p100
phosphorylation, known to be a key early event in the activation of non-
canonical signalling mediated by IKKa [4] (Fig. 1). LIGHT stimulated a
well-recognised, delayed increase in pp100 (serine 866,/870) which was
apparent by 1 h and sustained for up to 24 h at 8-fold of basal values
(Fold increase: LIGHT, 24hr = 8.724 & 2.087, *P < 0.05) of basal values
(Fig. 1, Panel A). This correlated with the cellular accumulation of p52
NF«B (p52) which was apparent by 2 h and sustained for up to 24 h. In
contrast, we identified a far earlier kinetic profile for IL-1f (Fig. 1, Panel
B); the phosphorylation of p100 was rapid and maximal at as early as 15
min at a comparable level of stimulation (Fold increase: IL-1p, 15 min =
7.277 + 2.159, *P < 0.05), but was transient returning to basal values
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within 2 h. There was no significant increase in cellular p52 accumu-
lation across this time period.

Given the rapid activation of pl00 phosphorylation by IL-1f, at
residues known to be regulated by IKKa, we sought to determine if this
event was indeed mediated by IKKa (Fig. 2). We initially used dominant-
negative-Adv.IKKa as an approach; infection with 250 and 500 pfu of
this virus caused a significant reduction in IL-1p induced p100 phos-
phorylation (Fold increase: IL-1p + p-gal = 10.34 + 1.109 vs. IL-1f +
500 DN-IKKa = 2.265 + 0.275, ****P < 0.0001) (Fig. 2, panel A). As
expected, LIGHT-induced ppl00 was significantly reduced at both
concentrations tested. We also utilised siRNA for IKKa (Fig. 2, Panel B),
which also caused a significant reduction in IL-1p induced phosphory-
lation decreasing stimulated levels to approximately 20 % of initial
values (Fold increase: N/T + IL-1p = 10.2 + 0.578 vs. IKKa siRNA + IL-
1p = 2.851 + 0.686, ****P < 0.0001).

It is recognised that knockdown of one element of the NEMO/IKK
complex may affect overall activation due to disruption of the complex
itself. Therefore, to clarify the specific role of IKKa further, we utilised a
novel, first-in-class, selective IKKa inhibitor, SU1261, developed in-
house via an IKKa inhibitor drug discovery programme at the Univer-
sity of Strathclyde. SU1261 has demonstrated selective IKKa inhibition
over IKKp (IKKa K; = 10 nM, IKKpB K; = 680 nM) using a cell-free
dissociation enhanced ligand fluorescent immunoassay (DELFIA) as
described in [22]. This IKK-isoform selectivity was recapitulated in a
metastatic prostate cancer cell line (PC3m) using LTa;po-stimulated
p100 phosphorylation as a pharmacodynamic marker for IKKa activity,
(ICsp = 0.57 pM), without perturbing markers of the IKKp-driven ca-
nonical NF-kB pathway, represented by TNFo-stimulated IkBa

A
p100
p52
C 051152 4 6 8 24 (h
LIGHT (100 ng/ml)
B

p100

Cc 15

30 60 90 120 (min)

IL-1B (10 ng/ml)
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degradation or p65 (Ser536) phosphorylation, [23].

As shown in Fig. 3, pre-incubation of HUVECs with SU1261 caused a
concentration dependent inhibition of IL-1f induced pp100 phosphor-
ylation (Fold increase: IL-1p + DMSO = 7.198 £ 0.864 vs. 3 pM = 2.594
+ 0.125, ***P > 0.001) (Fig. 3, Panel A). This inhibitor had no effect on
IkBa loss, a marker of canonical NFkB signalling (Fig. 3, Panel B), thus
confirming the selectivity of SU1261 as a selective inhibitor of IKKa. As
expected, SU1261 also concentration-dependently inhibited LIGHT
induced pl00 phosphorylation over a similar concentration range
(Fig. 3, Panel C). In contrast, pre-incubation with the selective IKKp
inhibitor, IKK2-XI, had no effect on IL-1§ induced pp100 phosphoryla-
tion (Fig. 3, Panel D), at concentrations which reversed cellular IkBa loss
(Fig. 3, Panel E). Taken together these results strongly suggest a direct
role for IKKa kinase activity in p100 phosphorylation in response to IL-
1p.

It is well recognised that NIK has a central role in regulating p100
phosphorylation by facilitating the interaction of IKKa with p100 and
promoting phosphorylation and subsequent processing. This was
examined in Fig. 4 using the NIK inhibitor CW15337 [19]. As expected,
the response to LIGHT was very susceptible to the inhibitor, a signifi-
cant, almost complete reduction in p100 phosphorylation was observed
at a concentration as low as 1 pM (Fold increase: LIGHT + DMSO =
8.421 +1.492 vs. 1 pM = 2.211 + 0.5021, ***P > 0.001) (Fig. 4, Panel
A). This again was reflected in LIGHT-stimulated accumulation of
cellular p52, which was reversed following CW15337 pre-treatment.
Furthermore, LIGHT stimulated phosphorylation of pl00 at the
earliest time point of 60 min was completely abolished by pre-treatment
with CW15337 at 5 pM (Fig. 4, Panel B). Conversely over a similar
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Fig. 1. IL-1p induces early activation of p100 phosphorylation in HUVECs HUVECs were incubated with LIGHT (100 ng/ml, panel A) or IL-1f (10 ng/ml, Panel B) for
the indicated time points. Whole cell lysates were assessed for pp100, p100/p52 and GAPDH as a loading control. Blots were semi-quantified using densitometry;
results are representative of 4-5 independent experiments. *P < 0.05, ***P < 0.001 relative to baseline control (c).
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concentration range, CW15337 had little effect on IL-1f induced phos-
phorylation even up to concentrations as high as 20 pM (Fold increase:
IL-1 + DMSO = 13.05 + 3.550 vs. 20 uM = 9.698 + 1.678) (Fig. 4,
Panel C). In addition, CW15337 was without effect on IL-1f stimulation
irrespective of the time point studies (including one co-incident with
LIGHT stimulation at 60 min), demonstrating that IL-1p driven p100
phosphorylation was completely insensitive to NIK inhibition (Fig. 4,
Panel D).

Having excluded NIK involvement in IL-1p —mediated p100 phos-
phorylation within the endothelial cells, we examined the potential for
another MAP3K to play a role, namely TAK-1, as shown in Fig. 5. Pre-
treatment with the TAK-1 inhibitor 5Z-7-Oxozealenol (5Z-7-ox0) [24],
caused a concentration dependent inhibition of IL-1p induced p100
phosphorylation (Fold increase: IL-1p + DMSO = 6.125 + 1.456 vs. 5
uM = 0.548 + 0.167, **P > 0.01) (Fig. 5, Panel A). This inhibition was
reflected at the level of IKKa activation; phosphorylation of IKKa,
identified as the lower 85Kda band detected using a mixed ppIKKo/IKKf
phospho-antibody (serine 176/180), was again strongly inhibited at 5
pM 5Z-7-oxo (Fold increase: IL-1$ + DMSO = 22.21 + 4.264 vs. 1 pM =
4.741 + 1.728, ***P > 0.001) (Fig. 5, Panel B). TAK-1 is recognised to
be upstream of both the JNK and IKKf —dependent canonical pathways
[25] and indeed pre-treatment with 5Z-7-oxo also resulted in a
concentration-dependent inhibition of IL-1p — mediated IxkBa degrada-
tion (Fig. 5, Panel C) and JNK phosphorylation (Fold increase: IL-1f +

A
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DMSO = 24.58 + 5.066 vs. 5 pM = 2.723 £ 0.9809, ***P > 0.001,
Fig. 5, Panel D). These results support a role for TAK-1 in mediating the
phosphorylation of p100 via activation of IKKa.

Having established the existence of a novel input into p100 phos-
phorylation in response to IL-1p, we examined the consequences for p52
translocation to the nucleus as indicated in Fig. 6. Again, to our surprise,
IL-1p8 —stimulated a rapid increase in p52 nuclear translocation, peaking
as early as 30 min (Fold increase: IL-1f, 30 min = 4.502 + 0.429, *P <
0.05) (Fig. 6, Panel B). This contrasted with the slow, delayed increase in
nuclear p52 accumulation in response to LIGHT which was apparent by
2 h and remained high over several hours (Fold increase: LIGHT, 4 h =
4.024 + 0.905, *P < 0.05) (Fig. 6, Panel A). In addition, there was a
marked difference in the nuclear accumulation of RelB. For LIGHT
stimulation, translocation of RelB was, as expected, co-incident with
p52. However, for IL-1f —stimulation nuclear translocation of RelB was
delayed relative to p52, and only apparent after 60-90 min. This sug-
gests that nuclear translocation of p52 mediated via IL-1f is not via the
same mechanism as expected for standard non-canonical NFkB pathway
activation.

Given such an early activation of p52 translocation we tested the
contribution of NIK to IL-1p —induced p52 nuclear translocation (Fig. 7).
However, again CW15337 had no significant effect upon IL-1f
—stimulated p52 translocation at the early time points (Fold increase: IL-
1B + DMSO = 4.713 4+ 1.699 vs. 10 uM = 4.742 + 1.381) (Fig. 7, Panel
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Fig. 2. Molecular inhibition of IKKa reduces IL-1p stimulated p100 phosphorylation in HUVECs In panel A, HUVECs were infected with increasing pfu of Adv. DN-
IKKa or 500pfu of Adv.p —gal for 40 h as indicated prior to stimulation with IL-1p (10 ng/ml) for 30 min or LIGHT (50 ng/ml) for 4 h. Alternatively, cells were
incubated with 100 nM NT (non-targeted) or siRNA IKKa for 72 h (Panel B) prior to stimulation. Whole cell lysates were assessed as indicated for pp100, p100-52,
IKKa, IKKB and GAPDH as a loading control. Blots were semi-quantified using densitometry. Results are representative of at least 4 independent experiments. *P <

0.05, **P < 0.01, ***P < 0.001 compared with agonist-stimulated control.
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Results are representative of at least 4 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with DMSO and agonist-stimulated control.

A). By way of contrast, pre-treatment of HUVECs with CW15337
essentially abolished LIGHT-induced p52 translocation at a concentra-
tion of 1 pM (Fold increase: LIGHT + DMSO = 26.94 + 8.121 vs. 1 pM =
1.436 + 0.329, *P > 0.05) (Fig. 7, Panel B). This revealed a NIK- inde-
pendent mechanism for p52 translocation in response to IL-1f and
suggests that the source of p52 at early time points is not derived from

normal processing of p100.

We then explored the effect of TAK-1 inhibition on p52 nuclear
translocation as 5Z-7-oxo was able to significantly inhibit IKKa
—dependent phosphorylation of p100 as well as JNK and IkBa loss.
Indeed, we found that 5Z-7-oxo caused a significant decrease in IL-1p
stimulated nuclear translocation of both p52 and also p65 at 2.5 uM and
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compared with agonist-stimulated control.
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5 uM (Fold increase: (p52: IL-1p + DMSO = 4.373 £+ 0.537 vs. 5 uyM =
1.244 + 0.202, ****P > 0.0001), (p65: IL-18 + DMSO = 6.949 + 1.619
vs. 5 uM = 1.904 + 0.697, *P > 0.05) (Fig. 8, panel A). This suggested
the potential for both NFxB pathways regulated by TAK-1 to regulate the
nuclear translocation of p52.

The effect of IKKa inhibition on IL-1p —induced nuclear translocation
of p52 and p65 was then examined as shown in Fig. 9. Pre-treatment of
cells with Adv. DN-IKKa had a significant inhibitory effect on nuclear
translocation of p52, reducing translocation by approximately 50 %
(Fold increase: IL-1p + p-gal = 7.641 + 0.902 vs. 500 pfu = 2.431 +
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0.303, *P > 0.05) (Fig. 9, Panel A). There was also a minor reduction in
p65 translocation, although this inhibition did not reach significance. In
addition, knockdown down using IKKa siRNA significantly reduced p52
translocation, although again there was a partial reduction in p65
translocation, which did not reach significance (p52: N/T + IL-1p =
4.478 £+ 0.649 vs. IKKa siRNA + IL-1f = 2.899 £ 0.301, *P > 0.05),
(p65: N/T + IL-1f = 4.869 + 0.417 vs. IKKa siRNA + IL-1f = 3.387 +
0.418)) (Fig. 9, Panel B). In contrast, pharmacological inhibition of IKKa
using SU1261 resulted in a minor decrease in p52 nuclear translocation,
which was not significant and there was no concomitant loss in p65
translocation (Fig. 9, Panel C). However, further experiments, shown in
panel D, demonstrated that pre-treatment with SU1261 significantly
reduced LIGHT induced nuclear translocation of p52 (p52: LIGHT +
DMSO = 8.297 + 2.320, vs LIGHT + 1 pM SU1261 2.847 £+ 0.9855n =
4, p < 0.005) confirming that SU1261 is effective in inhibiting IKKa
—mediated p100 processing as part of the non-canonical NFkB pathway.

Inhibition of IKKp was found to be more effective compared to IKKa
with respect to p52 nuclear translocation as shown in Fig. 10. Infection
with an Adv-DN-IKK@ strongly inhibited both p52 and p65 translocation
reducing translocation to near basal levels at 50 and 100 pfu (Fold in-
crease: (p52: IL-1f + p-gal = 8.014 + 0.789 vs. 50 pfu = 2.328 £+ 0.593,
*#*p > 0.001), (p65: IL-1p + p-gal = 7.911 + 1.305 vs. 50 pfu = 2.642
+ 0.236, ***P > 0.001)) (Fig. 10, Panel A). Simultaneous experiments
confirmed inhibition of the canonical NFkB pathway via complete
reversal of IL-1Bp —induced cellular IxBa loss (Fig. 10, Panel B). In
addition, in cells preincubated with the IKK2-X1 inhibitor, — a signifi-
cant concomitant reduction in both p52 and p65 translocation at 10 and
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30 pM was observed (Fig. 10, panel C). This corresponds with concen-
trations that reverse cellular IkBa loss (Fold increase: (p52: IL-1f +
DMSO = 16.655 + 4.872 vs. 30 uM = 4.798 + 1.936, ***P > 0.001),
(p65: IL-1p + DMSO = 12.896 + 1.926 vs. 30 uM = 4.782 + 1.632, *P >
0.05)) (see Fig. 3, panel E). Taken together these results suggest a sig-
nificant role for the canonical NFkB pathway in the translocation of p52
to the nucleus in response to IL-1p.

4. Discussion

In this study we have identified two new novel mechanisms with
respect to the activation of the non-canonical NFkB pathway and nuclear
p52 translocation stimulated by 1I-1p in endothelial cells. Initially, we
identified a novel early activation of p100 phosphorylation in response
to IL-1p distinct from the more delayed phosphorylation of p100 by
LIGHT. Whilst in the majority of studies to date, phosphorylation of
p100 has not been routinely assessed, this event is recognised as bon-a-
fide mechanism within the non-canonical NFkB pathway stimulated by
classical non-canonical ligands such as LTa1p2, LIGHT and CD40L [4,6].
Our studies show that IL-1p stimulation can also result in phosphory-
lation of this key marker in endothelial cells and is consistent with a
recent study using a bone cancer cell line [26]. More common is the
measurement of the delayed accumulation of cellular p52, which in our
study, in response to LIGHT, compares favourably with previous studies
in endothelial cells stimulated with either LIGHT, LTa1p2 [12,15,16] or
CDA40 ligand [13] suggesting the non-canonical NFkB pathway is fully
activated in this cell type. Significantly, IL-1f did not cause any
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accumulation of cellular p52 or concomitant loss in p100 suggesting a
divergence downstream within the pathway.

It is well recognised that IKKa plays a central role in the phosphor-
ylation of p100 in response to non-canonical ligands; deletion of the
protein significantly inhibits pathway activation [7,8]. In this study,
selective interventions through DN-IKKa, IKKa siRNA or a novel first-in-
class selective IKKa inhibitor SU1261 caused significant inhibition of
p100 phosphorylation by IL-1f, confirming the role of IKKa in this novel
axis. A previous in vitro study, using transfected IKKa and mutated p100
isoforms, indicated catalytic activity of IKKa was not necessarily
required to mediate serine 866/870 phosphorylation suggestive of
another kinase which plays this role [7,8]. Our experiments using the
novel selective IKKa inhibitor, SU1261, an ATP binding site inhibitor,
confirms that the kinase activity of IKKa is essential for phosphorylation
of p100 within these residues. Experiments also used IKKoa siRNA as
shown previously [15], however this approach requires some caution in
interpretation as deletion of a single component of the NEMO/IKKo/p
complex can result in disruption and lack of function [27]. Nevertheless,
a clear loss in p100 phosphorylation was also recorded, again compa-
rable with a recent study in U20S cells employing IKKa CRISPR deletion
[26].

Further elucidation of a novel pathway was found using a recently
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described NIK inhibitor, CW15337 [19]. A number of putative NIK in-
hibitors have been used previously [28-30], however these have not
been assessed appropriately for their ability to inhibit non-canonical
NFkB signalling. Recently, CW15337 has been shown to inhibit
CD40L-induced p52 formation in chronic lymphocytic leukaemia cells
[19]. We have extended those observations to show that stimulation of
p100 phosphorylation and cellular accumulation of p52 stimulated by
LIGHT ligand is abolished following NIK inhibitor treatment, consistent
with a previous study in endothelial cells using a different NIK inhibitor
[31], or where NIK has been silenced [15]. This accords with the general
model originally defined in a number of early studies; NIK is essential to
bring IKKa into a complex with p100 to mediate phosphorylation and
additionally, promotes the binding of p100 to the beta-transducin re-
peats-containing proteins (8-TrCP) E3 ubiquitin ligase to activate pro-
cessing [6-8]. It also confirms the validity of the inhibitory approach
and confirms the involvement of a NIK-dependent mechanism in con-
ventional non-canonical NFkB signalling in endothelial cells.

However, our finding that IL-1f —induced p100 phosphorylation
independent of NIK suggests an alternative route to pl00 activation,
which does not require NIK to bring IKKa into proximity with p100 to
mediate phosphorylation; the stabilisation of NIK required for activation
of the non-canonical pathway in endothelial cells is unlikely to have
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for p52 and p65 with nucleolin used as loading control. The results are representative of at least 4 independent experiments. Blots were semi-quantified using

densitometry. *P < 0.05 compared with agonist-stimulated control.

occurred in such a short period of time. Therefore, another intermediate
may play a role in facilitating the binding of IKKx to p100 following IL-
1p stimulation. We found for the first time in endothelial cells, that TAK-
1 could regulate phosphorylation of p100 and therefore could also play a
role in facilitating IKKa binding to p100. However, we also show that
TAK-1, which is recognised to be upstream of the NEMO/IKKa/p
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complex also regulates IKKa phosphorylation, working further upstream
within the cascade as suggested in a number of studies [32,33]. This
suggests that IKKa phosphorylation of p100 by IL-1f stimulation may
emanate from the canonical NEMO/IKKo/p complex, and that another
intermediate may still be required to facilitate binding of IKKa to p100
in the absence of NIK. TAK-1 has been shown to be strongly expressed in
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stimulated control.

the endothelium and shown to mediate cell survival [34,35]. Our find-
ings further expand the function of TAK-1 with respect to this novel axis
in endothelial cells.

In this study we have also identified another novel feature of the
cascade: IL-1p stimulated a rapid increase in the nuclear translocation of
p52. Such a finding has not been previously identified with respect to
p52, the current model suggests that non-canonical NFkB signalling,
results in the NIK-induced processing of p100 such that p52 once formed
will translocate usually as a p52/RelB dimer to the nucleus [36]. We
found that the kinetics of nuclear translocation for p52 and RelB were
dissociated following IL-1p stimulation. Nuclear RelB was not found to
be enhanced until 60 min at the earliest, presumably dependent on RelA-
mediated induction of RelB [37], suggesting a different mechanism of
regulation. Secondly, we found that NIK inhibition was without effect on
p52 translocation, suggesting that p52 does not derive from p100 pro-
cessing in this scenario. We posit that p52 comes from an existing
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cytosolic pool and is translocated due to the presence of an nuclear
localisation sequence in the C-terminus of p52 which is revealed
following agonist stimulation [38].

Additional experiments sought to determine the relationship be-
tween p100 phosphorylation and p52 translocation downstream of TAK-
1. A number of studies [39-41] have indicated the presence of a mul-
timeric p100 complex in the cytosol as part of a NFkBsome [41]. This
complex is able to sequester a number of NFkB subunits including p52.
Such a pool is thought to be distinct from the p100 involved in pro-
cessing [42]. Thus, IL-1p —mediated p100 phosphorylation within an
existing pool of p100 bound to p52 may then promote dissociation of
p52 and nuclear translocation.

Our studies did not support a strong link between the two events.
Whilst DN-IKKa and siRNA IKKa did result in some loss in p52 trans-
location, it also resulted in the partial inhibition of p65 translocation.
Indeed, we found that pharmacological inhibition of IKKa alone had no
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significant effect on p52 translocation. However, we also demonstrate
that IKK§ inhibition itself, abolished both IL-1f induced p52 and p65
nuclear translocation. This suggests that particularly siRNA IKKa may
have an indirect effect upon IKKp activity due to disruption of the
NEMO/IKKp /IKKa complex and it is IKKp /p65 that drives the nuclear
translocation of p52. Indeed, Cook and colleagues have shown that
CRISPR-induced loss of IKKa results in an abrogation of p65 nuclear
translocation [43], thus we suggest a reciprocal effect; loss of IKKa re-
duces p65 translocation which, in-turn, reduces p52 translocation. Thus,
p52 which normally forms p52/RelB dimers could rapidly translocate to
the nucleus as a homodimer or as a p65/p52 dimer. Recent studies have
demonstrated the formation of latent RelA/p52 dimers in infection
[44,45], suggesting such a complex can be formed following appropriate
cell stimulation.

In conclusion, we have uncovered two novel aspects of NFkB regu-
lation mediated via IL-1§ in endothelial cells, which have not been
previously explored. Further studies are needed to link the phosphory-
lation of pl00 and p52 nuclear translocation with gene regulation
stimulated in response to IL-1f. For example, p52 homodimers can, in
conjunction with Bel3 [46], function as both positive and negative
regulators of gene transcription [36,47] and it remains to be determined
how this complex regulates gene promoter activity in endothelial cells.
Given the challenges with using siRNA or CRISPR in primary cell types,
the development of SU1261 and other novel IKKa compounds represent
a crucial step forward in defining the role of IKKa in cells and its po-
tential to be therapeutically targeted.
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