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ABSTRACT

Calcium/calmodulin dependent protein kinas& (CaMKIId) actsasa molecular switch
regulating cardiovascula€a *handling and contractility in health and disease. Adtivatdf
CaMKIId is also known to regulate cardiovascular inflammation ismeported to be

required for pro-inflammatory NIB signalling. In tis study the aim was to characterise
how CaMKI interacts with and modulates NdB- signalling and whether this interaction
existsin non-contractile cells of the heart. Recombinant or plrii@aMKIIs and the

individual inhibitory «B kinase (IKK) proteins of the NkB signalling pathway were used in
autoradiography and Surface Plasmon Resonance (SPR) t@epptential interactions
between both components. Primary adult rat cardiac fibroblaste then used to study the
effects of selective CaMKIl inhibition on pharmacologigahduced NF«B activation as

well as interaction between CaMKIl and specific IKK isaier in a cardiac cellular setting.
Autoradiography analysis suggested that CaNihosphorylated IKK but not IKKa. SPR
analysis further supported a direct interaction betwedvikKIld and IKKB but not between
CaMKIIs and IKKa or IKKy. CaMKII5 regulation of kBa. degradation was explored in adult

cardiac fibroblasts exposed to pharmacological stimulation. @ele stimulated with

agonist in the presence or absenca GBMKII inhibitor, autocamtide inhibitory peptide
(AIP). Selective inhibition of CaMKII resulted in redzet NF«B activation, as measured by
agonist-stimulated kBo. degradation. Importantly, and in agreement with the recambin
protein work, an interaction between CaMKII and IKias evident following Proximity
Ligaton Assays in adult cardiac fibroblasts. This studyides new evidence supporting
direct interaction between CaMKIand IKKB in pro-infiammatory signalling in cardiac

fibroblasts and could represent a feature that may be explotdterapeutic beneft.

Key words: Cardiovascular; Calcium/calmodulin dependent préiease II; Nuclear Factor

kappa B; Inhibitory kappa B kinase; Inflammation

Abbreviations: CaMKII, Calcium/calmodulin dependent protein kind&K, Inhibitory

kappa B kinase; NkB, Nuclear Factor kappa B¢B, Inhibitor Factor kappa B; CFs, cardiac
fibroblasts; ECs, endothelial cells; SPR, Surface Plasmesor@ece; PLA, proximity ligation
assay



1. Introduction

CaMKIl is a multi-functional serine/threonine kinase whislnow well recognised as
being constitutively expressed in the heart ghsoform being predominant), where it serves
to regulate normal calcium (€2 homeostasis, contractilty, metabolism and gene expression.
Crucially, CaMKII becomes hyper-activated in pathophysiological conditions hésd t
sustained activation is known to contribute to heart dilarrhythmia and cell death [1].
Cardiovascular disease is a very complex and dynamic progelssng not only the cardiac
muscle, but also the vasculature and different cell tyypibsn both. Non-contractie cells of
the heart, predominantly cardiac fibroblasts (CFs), play adieyn normal cardiac function
through their fundamental role in extracellular matrdpaigtion as well as their ability to
modulate contractie cell activity via secretion of bie@actmolecules. Under conditions of
stress however, these cells become hyperproliferative amidoate to fibrotic remodeling of
the heart and contractile dysfunction [2]. The possibilitgt CaMKIlB may have an
overarching role in non-contractile cel types of the camtdicular system in health and
disease has yet to be established.

A key component in the progression of cardiovascular diseaseasic
inlammation. Levels of inflammatory mediators increasecardiac function deteriorates and
these are significantly elevated in the failing he&}t This chronic inflammatory phenotype
is also evident in vascular disease, which subsequesttis Ito endothelial dysfunction
underpinning pathologies such as atherosclerosis and hypentdfsid. The transcription
factor Nuclear Factor kappa B (N#B) has been identified as an important mediator of
cardiovascular inflammatory status, where activatiorh@fNF«B signalling pathway has
been implicated as a causal event in cardiac hypertrophicepsamn [8] and vascular
endothelial dysfunction [9]. Activation of NkB requires phosphorylation and release of an
associated inhibitory proteinkB. The kB protein is subsequently degraded and tcan
translocate to the nucleus and induce gene transcrigtihdegradation can therefore be
used as a marker of activation of MB-signalling. The enzymes that cause phosphorylation
and release okB are known asdB kinases (IKKs) and these form the IKK complex,
composed of IKKa, B and y. Both o and 3 are active kinases whereas IKK y (also known as
NEMO-NF-kB essential modulator) functions solely as a scaffold compafehe complz

[10]. Although the IKKs are well defined as key modulators x8f degradation, the potential



exists that other kinases may mediate this pathwagr el direct phosphorylation and
modulation of IKK activity or via direct phosphorylation &B.

Observations that inhibitors of calmodulin led to preventidhikB phosphorylation prompted
speculation that CaMKIl (a calmodulin-dependent kinase) beayvolved in NF<B
modulation [11]. Several studies have suggested that Claivii§l regulate NFeB and that
this may occur at the level of theB kinase [12,13]. A link between these pathways in the
cardiovascular system has also been made. Studies performednatal cardiac myocytes
have shown that overexgsion of CaMKIIS increases NF-«B actvity while inhibition of
CaMKIl (using KN-93) attenuates activity [14]. IncreadeB-kB activity in response to
activated CaMKIIS leads to hypertrophic responses in these cells. More recent work has
shown that CaMKII inhibition with AC3-I (an inhibitorpeptide) markedly reduces
upregulation of pro-inflammatory genes induced by myocaidiaiction [15]. One of these
genes (complement factor B (Cfb)) was induced throughasioti of theNF-«xB pathway by
CaMKII. Suppression of NkB activity by AC3-1-mediated inhibition of CaMKlkd to
reduced Cfb expression and sarcolemmal injury followingcifar. A separate in vivo study
in wild type and cardiac-specific CaMIlknockout mice has demonstrated that CaMKII
mediates NFe¢B activation in cardiac myocytes and the development of apsodi
inlammation following ischaemia-reperfusion [16]. Evidensteongly suggests that
CaMKIIs modulates pro-infliammatory NkB signalling in the contractile cels of the heart.
Could this relationship also exist in the non-contractéediac fiboroblasts and, if so, how is it
mediated?

Here for the first time, we investigate the potential for CaMKII6 to modulate pro-
inlammatory NF-«xB signalling in adult cardiac fibroblast$Jsing recombinant proteins for
Surface Plasmon Resonance (SPR) along with autoradiogeaysis, we have investigated
whether CaMKIIé may modulateNF-«B signalling by targeting specific components of the
IKK complex. Building upon this work, we have shown that CaMiddulates NkB
signalling in primary adult rat cardiac fibroblasts. We hpx@vided novel evidence for
interaction of CaMKII$ specifically with IKKp in these cells and for the first time, have
highlighted the potentialof CaMKIIS modulation of NF-«B signalling at the level of IKR in

these non-contractile cells of the heart.



2. Methods
2.1 Isolation of adult rat cardiac fibroblasts

Adult rats (male Sprague Dawley, ~350-4009) were used tteisGERs under sterile
conditions. Procedures complied with the ARRIVE guidelines and coméd to the Guide for
the Care and Use of Laboratory Animals publishedhbyUS National Institutes of Health (NIH
Publication No. 85-23, revised 1996) and Directive 0283/EU of the European Parliament
Hearts were dissected immediately folowing terminationintsgvenous injection with
pentobarbital sodium (10ul/g weight of animal, Euthatal) leemharin (0.1ul/g weight of
animal; 5000 units/ml). For CF isolation, a chunk dissociation pobigsing collagenase type
Il was followed as previously described [17]. Cels were subsdgusriiected by
centrifugation and reuspended in Dulbecco’s modified Eagle medium (DMEM; GIBCO
21969) supplemented with 20% foetal calf serum (heat-inactivai8CO), 1% (v/v) L-
glutamine (GIBCO) and 4% (v/v) Pen/Stre@ells were grown to 60-80% confiuence in T75
flasks at 37°C in an atmosphere of 5% CO» with- media changed every second day. Cells were

only used for experimental work up to passage 3.

2.2 Preparation of cardiac homogenates
Hearts were isolated, finely minced on ice and wholeetidsomogenates prepared as

previously described [18

2.3 Immunoblotting

Cels grown on a 12-well plate 48h prior to assay were salediliwith addition of
150 ul 1X Laemmli sample buffer containing 75mM DTT. Cels wereaped from the
bottom of wells and DNA disrupted by dispersion through a 28G ne&dienples were then
heated to 70°C for 10 min prior to loading onto either 7% (v/v) Tegage or 10% (v/iv) Bis-
Tris polyacrylamide gels (Invirogen) and analysed by $12&E using the Invitrogen
NUuPAGE® system. Following transfer of proteins to nitrocellejosiembranes were blocked
in 5% (w/v) nonfat dry mik diuted in TBST buffer (20 mMis-base, 137 mM NaCland 0.1
% (viv) Tween 20, pH 7.6) for 1h at room temperature, then inculmatechight at 4°C with
antibodies against IKKa, IKKf (both mouse monoclonal antibody 1:500 (Calbiochem
(#OP133 and OP134 respectivelykBd (rabbit polyclonal 1:1000 (Cel Signalling
Technology #4814)) araMKIIS (rabbit polyclonal antibody 1:1000, custom-made against
the C-terminus of CaMKd# (Eurogentec)) prepared in 5% (w/v) BSA in TBST. Al puign



antibodies were chosen based on their abiity to reactisplyifwith rat. This was followed
by incubation for 2 h at room temperature with either gotnaouse IgG-HRP (Jackson
Immunoresearch #715-035-1%0 goat anti-rabbit 1gG-HRP (Sigma-Aldrich #A6154
diuted 1:5,000 and 1:10,000 respectively and development using the E&Cliothe system
(Thermo Fisher #32106).

For quantitative analysis okBo, GAPDH was also measured as an internal loading
control for these samples (mouse monoclonal 1:40,000 (Abcam #ab8ZA&@dolby anti-
mouse IgG-HRP 1:5,000). BotkBo. and GAPDH were probed on the same blot. After
incubation in ECL reagent and development of fims, sgriadm the scanned immunoblots
were quantified by densitometry using a GS-800 densitometeQuaautity One Image
software (version 4.5.2, BioRad) and signals expressed as raBasGAPDH).

2.4lmmunofluorescence

CFs, aortic endothelial d&land colonic vascular smooth muscle scelere grown on
coverslips until confuent and fixed by aspirating the multmedium and applying 4% (viv)
paraformaldehyde for 10 min. Cells were then exposed to cold wktferlO min. This was
followed by washing 3 times with PBS and permeabilisatioth Wiiton X-100 (0.01% (v/v))
for 10 min. Non-specific binding was blocked using 1% (w/v) Bovierum Albumin (EBA)
in Phosphate Buffered Saline BY) for 1h at room temperature followed by direct addition of
primary antibbody overnight at 4°C. Primary antibbodies (vimefgincam #Vim3B4),o-
smooth muscle actin (Sigma-Aldrich #A5228), CD31 (Sigma-Allr#P8590) and von
Wilebrand Factor (abcam #ab194405)) were prepared with 1% (wA)iBSterile PBS at a
1:100 dilution. Following washes in PBS ant-rmouse 1gG-FIB@nia-Aldrich#F0257)
(2:2,000) and anti-rabbit IgG- Alexa Fluor 594 (Thermo Fisher #A11QB200)
respectively were then applied for 1h at room temperaturer Wwhshing, coverslips were
mounted on to slides using Mowvil(SigmaAldrich) mounting medium containing DAP
(Vecta laboratory) and stored at 4°C in the dark until theye viewed and photographed.
The DAPI counter-stain in the mounting medium stainedcédenuclei blue. Slides were then
viewed using a Zeiss Axio Imager microscope (Carl ZeiggaWnaging GmbH, Germany)
under a 20x and 10x lens (NA 0.50). Fluorescence was stablenglaligital images to be

captured using AxioVision v.4.6 (Zeiss, Germany).



2.5 Autoradiography

Assay components consisted of 30ng CaMkdhd 100 ng IKKa (GST-tagged) or
IKKp (His-tagged) (all Human recombinant, Milipore). Autocdmitill (5QuM) (Milipore),
the CaMKIl peptide substrate, was included as a positve cdotr@aMKI|
phosphorylation. In some samples, Autocamtide Inhibitory PefAit®) (Calbiochem) was
included to inhibit CaMKII activty. Components were mixedh 2 pg calmodulin
(Calbiochem), 1.5 mM G&h (final concentration)and 50 uM ATP/2 uCi[y->?PJATP (final
concentration (PerkinElmer)) and incubated at 30°C in atissign buffer (ADB) for 30min.
ADB consisted of 20 mM HEPES (pH 7.6), 25 mM MgQ mM DTT, 20 mM f-
Glycerophosphate and 0.5 mM sodium orthovanadate. Reactiondewairated on ice by
addition of Laemmli sample buffer containing 32 mg/ml DTSamples were loaded onto a
10% (v/v) acrylamide gel and analysed by SDS-PAGE usiegBioRad system. Gels were
subjected to electrophoresis at a constant voltage of 140 mV forahdb were then left
overnight in 20 ml fixer solution (40% (v/v) methanol and 1@%9 acetic acid). After 24 h
gels were rehydrated in dbifor ~30 min before the drying of gels at a medium heat for. ~1 h
Protein phosphorylation was then examined by autoradiography.

2.6 Surface Plasmon Resonance

Studies were performed using a Biacore 3000 instrument amedbased on an SPR
protocol described previously [19]. Briefy, CaMKI{Human recombinant, Milipore) was
immobilised on to a CM5 sensor chip at ~ 7pgfmimmobilisation was performed at Z5at
a fow rate of p/min using SPR running buffer (20mM Hepes, pH7.4, 150mM NacCl,
0.005% (v/v) surfactant P20). All experimentsediBSA as a negative control with equivalent
amounts of protein immobilisednder exactly the same conditions as for CaMKIIS. Prior to
starting any experiments, the system was primed witthniginbuffer (running buffer + 5mM
MgCh, 1.5 mM CaGl and 2mM DTT). Calmodulin (CaM)KKa (GST-tagged),IKKp (His-
tagged) and IKK (GST-tagged) (all Human recombinant, Milipore) were pregan
binding buffer at final concentrations of 0.0125 - M\ in running buffer and were injected
randomly for 3 min (association phase)tonhe flow cell at a rate of 30 p/min followed bya
15 min dissociation period. In experiments investigating teetebf C&*, imidazole and
ATP on protein-protein interactions, SPR running buffer lmddded CaGlor contained
100mM imidazole or 1mM ATP respectively. Interactions wellewed in real time on a

sensorgram. After each measuring cycle, the sensor wfages was regenerated with 2 x 30



S pulse of regeneration buffer containing 2 mM EDTA and 1 M Nfafdiwed by a 2 min
stabilisation period before another injectio@ata analysis was carried out using the

BlAevaluation version 3.2 (Biacore).

2.7 IkBa degradation

Prior to stimulation, CFs (passage 1-2) at 80-100% confluererng serum starved for
24 h. G=swere treated with lipopolysaccharide (LP&ghnl) over atime course up to 120
min in the presence or absence of AIRNG (Merck). Where appropriate;Fs were pre-
treated with AIP for 1h prior to stimulation. After specifigiches, reactions were terminated
on ice via aspiration of media daddition of 150 pl 1x Laemmli sample buffer containing
75mM DTT. Cels were scraped and DNA disrupted by aspirationy @s28G needle.

Samples were analysed by quantitative immunoblotting.

2.8 Proximity Ligation Assay

The Duolnk® in situ Orange Proximity Ligation AssayLf) was used to detect
CaMKII-IKKp interactions in CFs following manufacturers’ protocol (Sigma-Aldrich) and as
previously described [20]. Optimisation of antibbodies was pertbrmigally by
mmmuno fluorescence (IKKf, 1:200, mouse monoclonal (Abcam); CaMKIIS, 1:50, rabbit
polyclonal (Eurogentec custom-made); ox-CaMKIl, 1:50, rabbit mpoigdl (GeneTex). For
subsequent PLA experimentBEKKf and ox-CaMKII primary antibodies were used prior to
Duolink® probe incubation. Image analysis (images capturea donfocal microscope
equipped with LSM510 software) was performed using Image J seftwa

https://imagej.nih. qov/i)r as previously described [20]. The best threshold was set and

images converted to black and white. Images were analysegplyng the region of interest
(ROI) and fluorescent dots measured with minimum andmuoari pixel area size set and
cells on the edge of the image excluded. Background (R esiactly the same settings in
areas where there were no cells) was subtracted foroédlee experimental conditons and
comparisons made across controls (no primary antibody),p1&l&ne, IKKB plus CaMKIB

and IKKp plus ox-CaMKII.

2.9 Statistical analysis
Where appropriate, data were expressed as mean values + SEbdbssdrvations, where n

represents the number of samples. Comparisaste assessed using the student’s t-test or


https://imagej.nih.gov/ij/

one- and two-way ANOVAwith Tukey’s post-test as indicated. Differences were considered
statistically significant when p < 0.05. Where no p value asveh p > 0.05.

3. Results
3.1 CaMKIl phosphorylation of specific IKK components of the KE-signalling pathway
Initial experiments set out to determine whether CaNikleracted with and/or
phosphorylated selected IKK components of the ®iBFcascade. The use of recombinant or
purified proteins was employed to explore the potential foraicten. To assess whether
CaMKIls interacts with and phosphorylates specific IKK componenttheoNF «B
signalling pathway, CaMK4 (30ng) was incubated with either IKKor IKK (each at
100ng) in the presence 6fP] ATP (Fig. 1A). The CaMKII peptide substrate autocamtide ||
(50uM) has previously been used as a postive substrate contrantmsteate CaMKI|
activity using the same amounts/activities of CaNskdhd F2PJATP [19]. Incubation of
CaMKIIs with IKK oo andp in the presence of ATP results in phosphorylation dhedle of
these protein components (Fig. 1A, lanes 3 and 4). It is impddamite that both CaMKal
and the IKKs are capable of autophosphorylation thereforetévesity of phospho signal
could reflect differences in CaMKitmediated phosphorylation (of CaMHlitself
(autophosphorylation) and of the IKKs) and/or could show evidé@nciKK

autophosphorylation. These reactions were therefore repeatesl presence of the CaMKII
inhibitor peptide AIP (BM). AIP wil inhibit CaMKII and therefore, can potentiallphibit
CaMKIll5-mediated phosphorylation of both CaM&knd the IKKs but wil not affect
autophosphorylation of IKKs, so any decrease in signal ingefaibwing AIP treatment will
only be due to CaMK8-mediated effects. As expected, inclusion of AIP markedly cextiu
any autophosphorylation of CaMKI(Fig. 1A, lane 2)Interestingly, the addition of AIP also
significantly inhibited the phosphorylation signal assediawith IKKp (Fig. 1A, lane 6) but
not that associated with 1K (Fig. 1A, lane 5)Importantly, all samples were run on the
same gel (Fig. 1A shows relevant sections taken fromsaime gel) and therefore were
exposed for the same length of time. This data highligiespossibility that CaMK8 may
phosphorylate/interact selectively with I8KIn order to discount any contamination of the
protein preparations used, purity ofgbgreparations is shown in an accompanying

coomassie stained gel (Fig. 1B).



3.2 Surface Plasmon Resonance analysis of CadMitiéraction with IKKs

In order to assess the potential for direct interactiomvemt CaMKIb and individual
components of the IKK complex (IKd B andy), Surface Plasmon Resonance (SPR) studies
were performed. Previous work by our group using SPR haslylestablished the
immobilisation and buffer conditions required for analsisCaMKII3-protein interactions
[19]. Using the same established conditions for immobitisatbf CaMKIIS onto the sensor
chip, the IKK complex components were individually testednas/tes and any binding
between IKK and CaMK8# measured as a change in refractive index as previexplgined
[19]. Al experiments with the experimental protein (CalVig were performed in paralel
with a control protein (albumin) which was immobilised te #ame final density on a second
flow cell of the sensor chip. Any binding of the analyte ntdrest to the control protein was
automatically subtracted from the experimental responsakéoirtto account any non-specific
binding.

Initial control experiments using calmodulin as the amalyere performed to check
that CaMKIB was properly immobilised to the sensor chip surface andleapébinding.
Increasing concentrations of calmodulin (ranging from 0.01@%uM) applied to the sensor
chip surface, resulted in a concentration-dependent iecriadsinding, reflected in an
increased response difference (ranging from ~25RU for O (M26 ~70 RU for 0.aM
calmodulin) (Fig. 2A). This was consistent with our previewark [19] and confrmed that
CaMKIlIs was immobilised sufficiently to the chip surface and capablaterfaction.

IKK o, B andy were then individually prepared as analytes and each preésnnjected over
the sensor chip at a range of concentrations (0.0122.M) in a random manner. This
concentration range was chosen based on previous SPR sthilibshave investigated
protein-protein interactions with components of the dFsignalling pathway [22].
Interestingly, injection of IKKS (Fig. 2B) showed a very clear positive response difference,
which increased in a concentration-dependent manneedsiog from a difference of ~10RU
for 0.012uM IKK  to ~ 170RU for 0.gM IKK B). This response is much greater than that
observed for the equivalent concentrations of calmodulin diedtsea strong capacity for
direct interaction between the two proteins (CaMkdhd IKKp).

Neither IKKa nor IKKy (Fig. 2C and 2D respectively) showed any positve response
difference when injected across the chip surface abhthe concentrations tested,

suggesting there is no direct interaction with CaMKIKKYy at higher concentrations (0.1



and 0.21M) actually showed a negative change in the respon&h \phobably reflects
differential refractive index changes at flow cells 1 @ndt is worth noting that this effect

was only observed for the two highest concentrations ofrbéyte.

3.3 Assessment of conditions for CaM&H- IKK g interaction

Having established that there is a direct interactiotwdsn CaMKIb and IKKJ, we
then explored some key regulatory parameters that mighdt difis. The IKK3 used in these
experiments was HIS-taggedo verify that the observed interaction was not via the-tdp
of IKK 3, additonal experiments were performed in the presence of 100ndikzole.

Imidazole is an analogue of histidine and traditionallgdutd modulate non-specific binding
when purifying HIS-tagged proteins with affinity gels. A®wn in Figure 3A, treatment with
imidazole had virtually no effect on IKKbinding to the CaMKB sensor chip (~10RU for
0.0125%M IKK B to ~140RU for 0.gM IKK B) and showed a similar concenwatidependent
profle when compared with binding in the absence of imi@a4#lg. 2B). If IKKB was
interacting with CaMKI$ via the HIS-tag, then treatment with imidazole shaliplace
bound IKKB from the sensor chip, leading to a dramatic reduction in thenaolseesponse.
The lack of effect of imidazole suggests CaMKiH interacting with IKK3 at a site distinct
from the HIS-tag.

Since both CaMKB and IKKB are kinases and capable of autophosphorylation, the effect of
adding ATP to the running buffer was tested (Fig. 3B)olld be that phosphorylation of
either or both proteins may affect the interaction. Alfiodhere was some reduction in
absolute response in the presence of AIDPRU (+ATP) v’s 170RU (-ATP) for 0.2uM

IKK B), binding was stil observed and in a concentration-depérnchanner as previously
(Fig. 2B). This suggests addition of ATP and possible subsegbesphorylation does not
prevent interaction but could affect the extent ofawton. Since both proteins are capable
of phosphorylation, this effect could be at the level of CaMtahd/or IKKB.

Finally, the possiility that the interaction may be&Gdependent was examined. Removal of
C&*from the running buffer had no effect on the CaMi<HIKK B interaction (Fig. 3C) with
concentration-dependent increases in binding occurring a®teefdra maximum response
difference of ~160RU for 02Vl IKK 3.

3.4 Characterisation of CaMKiland NF B signalling components in cardiac fibroblasts



Folowing on from the use recombinant proteins, folow up expatinwere
conducted in CFs. CFs were isolated under sterile cond#isriescribed in the methods
section. Typical CF preparations are shown in Figure 4k of contamination of CFs by
smooth muscle cells or myofibroblasts was demonstrated bynostaining with alpha-
smooth muscle actin which did not stain fioroblasts (&#.(i)) but did stain colonic smooth
muscle cells (Fig. 4Aii{)). Cels were also stained for vimentin which is a resegl non-
selective marker for fibroblasts (Fig. 4B (iv)). To deteamthat CFsvere appropriate for
studying potential interaction between CaMikéind NF«B signalling components, it was
important to demonstrate that the relevant proteins wgnessed in these cells. Whole
cardiac homogenised tissue (WH) was used as a positive cantelwe know these proteins
are expressed in the cardiomyocyte component of homogenatesnolointting shows that
CaMKIlg, the active kinases IKé& and IKKB as well askBo. proteins are all clearly

expressed in adult CFs (Fig. 4B).

3.5 Afunctional role for CaMKIIn NF-xB signalling— effect of CaMKII inhibition on kB
degradation in cardiac fibroblasts

In order to establish whether CaMKII plays a role in tiyglegion ofNF-«xB signalling, the
effect of CaMKIl inhibition upon#Ba degradation was assessed. LPS is a potent activator of
the NF«B pathway and was therefore used in this study [2ZB8 selective CaMKII
inhibitor peptide AIP was usg@®uM for 1h) prior to LPS5ug/ml) stimulation of CFs for the
indicated periods and degradation ©Bd monitored by immunoblotting. Treatment with
LPS resulted in significantxBo. degradation in CFs over the time course tefie@0 mins).
When cells were pre-treated with AlPu{@), IkBo degradation in response to LPS was
significantly reversed (Fig. 4C(i)) and this was susthirat 30 minutes, 45 minutes, and in
some cases 60 minutes of stimulation (mean densitometrécfrdiat four separat
experiments is shown in Figure 4C(ii)). We have previowlgwn that the concentration of
AIP used here results in 95-100% inhibition of CaMKIatgti in rabbit cardiac preparations
[19]. This data highlights for the first time the potentad CaMKII3 in regulating agonist-

stimulated kBo degradation and corresponding activation of kB-signalling in adult CFs.

3.6 CaMKIlls interacts with IKKG in cardiac fibroblasts
Given the results obtained with SPR showing that Cabkain bind selectively to IKEK, and
in light of the fact that CaMK4 influences #«Ba degradationn CFs, the possibility that a



CaMKIlIs-IKK B interaction may exist in these cels was explorecbrdier for interaction to
be detected natively in CFs, Proximity Ligation AssaysA§) were employed using primary
antibodies against the two proteins of interest (CaMKII and IKKp).

Initial work was conducted to optimise the primary antibod&isguindirect
immunofluorescence prior to conducting PLA experiments. Sigiat IKK 3 were clearly
detected (Fig. 5A) however signals obtained using th@mustade CaMKRB antibody were
very weak (Fig. 5B). Whist both IKK and CaMKIb antibbodies used here had previously
been shown to work well for immunoblotting (Fig. 4) it was rcksat their utility for
immunofluorescent-based imaging studies was limited. VWhaelKK( antibody proved
suitable for PLA-based experiments, the CaMkdhtibbody did not. The approach was
therefore taken to use a CaMKII antibody directed agaiesttfive (oxidised) form of the
protein (ox-CaMKII). Athough i is likely that there wibe some ox-CaMKIl present in cells
under basal resting conditions, it is much more likely lhadls wil rise following activation,
particularly with a stimulus that drives oxidation. In ordeptomote oxidation, kD, was
used to treat CFs and the ox-CaMKIl signal is shown inunoblots from CFs following
treatment with KO, (1-10uM) (Fig. 5C). Cells were subsequently exposed oM ®,0,
prior to PLA. The fluorescence signal for ox-CaMKII fradis proved to be much greater
than that obtained using the CaM&Hntibody (Fig. 5D).

Based on these findings, PLAs were conducted using antibdidgeted against ox-CaMKII
and IKKB. In CFs treated with #D-, the fluorescence intensity following incubation with
both antibodies was significantly greater than incubatigth either IKKB alone or both
antibodies in unstimulated cels (Fig 6A and 6B). This asigg interaction between the
antbodies (and hence proteins) of interest when celidéad stimulated with #D,

signifying greater levels of interaction in activateelisc (Fig @B).

4. Discussion

There is increasing evidence for a ink between CaMKIINMRekB signalling, however our
understanding of this link in the heart remains imif@&, 16, 24]. This is the first study to
present evidence faadirect interaction between a speciic component of the pathiKK )
and CaMKIb ard to demonstrate a functional interaction in CFs. Thede aattribute to
contractle and non-contractile function in normal anéatied heart [25]. Crucially, there is
strong evidence that CaMKII plays a key role in pathophygicdd events in CFs[25, 26] yet

nothing is known of the potential for CaMKIl modulation of pnlammatory signalling in



these cells. Given that inflammation is a common compoogtite onset and progression of
cardiovascular disease, and that both CaMKIIIdfRekB signalling are central to the
inlammatory process in cardiac and vascular cels [27,28]piertinent to understand (i)
whether these pathways are inter-dependent in differdist afghe heart and (i) how any
potential interaction between the two may occur.

To identify a specific target or targets for CaMKIl acgivitvithin the NFxB pathway, our
initial work used recombinant or purified proteins. Autoradiographglysis of IKK
phosphorylation by CaMKd# was performed in the presence and absence of AIP.
Interestingly, only the phosphorylation associated with BK(End not IKKa) was
significantly reduced in the presence of AIP. This sugg#st the phosphorylation signal
associated with IKl& is due primarily to autophosphorylation but the phosphorylation
associated with IKIR is at least partly due to CaMKHmediated phosphorylation (Fig. 1).
This indicates that CaMK3dl may preferentially associate with and phosphorylate fKids a
means of modulatindNF-«kB signalling. This interpretation was strengthened by 8&R
which clearly showed a selective interaction betweddfkand CaMKIbB, but not between
either IKKa or IKKy and CaMKIb (Fig. 2). The kinetics of IKI§ binding were rapid with a
slower dissociation rate, similar to that observed with addrin. Importantly, the extent of
binding of IKKB to CaMKII5 was greater than that observed for calmodulin binding to
CaMKIIs (~160RU c.f. ~70RU for 012V IKK 3 and 0.2M calmodulin respectively). This
is the first evidence for a direct, selective and hidinitgf interaction between CaMKadland
IKK B. Although autoradiographic analysis suggests CaMKII cangblorgate IKKB, the
interaction between these proteins does not appear to be AdERddat, at least when
analysed by SPR (Fig. 3).

Previous work has demonstrated the prevalence ofliKKi) induction of NF«B activity
and (i) modulation of cardiac function. Importantly, foe tmajority of cellular agonists
canonical NF-xB cannot be activated by agonist stimulation in [Kéefcient cells and
disruption of the IKK3 locus is lethal. In contrast, IKddisruption does not abolish
activation of the classical IKK complex that mediatesocial NF-«B [29], suggesting that
IKK B plays a more important role in canoniddF-«B activation than IKKx. In the heart,
inhibition of IkB phosphorylation has been shown to reduce reperfusion if§@jyand
specific targeting and inhibition of IKKhas provided both acute and delayed
cardioprotection [31, 32]. This has highlighted IKl&s a potential therapeutic target that



could be used to modulate inlammation and cardiac damage fujowmury. The possibility
that CaMKIB may modulate cardiac NkB pro-inflammatory signalling via interaction with
IKK B indicates an important link that could be used for more tselemodulation of this
inflammatory route. The interaction does not appear to B&@mpendent but could be
affected to some extent by phosphorylation. Further work wouldsdmnial to map the
specific site or sites of interaction between the two potd assess this in more detail.

The present study has shown that adult CFs express kepoens of NF<B signalling,
including the IKK complex. These cells also express Cabiiiig. 4), which to our
knowledge, although having been widely examined in the Heastonly received limited
examination in adult CFs. Inttial experiments using €ksnined the potential famteraction
between CaMKIl and NikB signalling by measuring degradation ®Bt. as a functional
read-out of NF«B activation. kBa degradation was assessed in the presence and absence of
CaMKIl inhibition and usinga potent agonist of Nk&B activation (LPS). For the first time
we have demonstrated that inhibition of CaMKIl (usingP Adre-treatment) prevents agonist-
stimulated kBo degradation/NF-kB activation in these cels (Fig. 5). How CaMKII may
target NFxB signalling in CFs has not previously been explored howdased on our SPR
data, the possibility that interaction at the level dk[Kmay occur was investigated. Using
PLA technology (Duolink, Sigma), interaction between CalVitidl IKKB was evident
folowing treatment with KO-. This is a welkknown driver of local and systemic
inlammation in vivo and therefore an appropriate treatnenise in the context of the
present study [33,34] (Fig. 6). That saidbCdmay cause aggregation of CaMKII through
formation of disulphide and non-disulphide bridges so there ipdissibility that the presence
of dimers could affect the PLA signal and this was sangtiwve did not explore further in
the present study. Taking these cel-based experiments tadeathough, this study provides
crucial evidence for the first time for CaMKIl modulaticof NF-«B in adult CFs.
Strengthened by recombinant protein work, the present stadifies IKK(B as a potential
novel substrate for modulation by CaMKIl and a source thraugich CaMKIl may exert its
effects on NkB signalling across the cardiovascular system.

Given the central importance of CaMKlh cardiac function and dysfunction, it is surprising
that studies examining its potential role in mediating cardiaarnmfhation are stil relatively
limited, particularly in relation to non-contractile sedf the heart. Similarly, despite strong
evidence for altered NKkB signalling in cardiac dysfunction, details of the undedyi

regulatory mechanisms are unclear. This study provides ewdfem the first time that



CaMKIIs may modulate NFeB signalling in adult CFs via direct interaction whKK (3. The
possibility of targeting this interaction to modulate cardilammation therapeutically could
improve specificity on previous approaches for targehtg«B [35, 36]. The argument exists
that more selective therapeutic strategies may bel@asaging due to lower incidence of off-
target and wider-ranging effects. A key strength of thegmestudy has been the
investigation in adult CFs, a cardiac cell that, although-contractile, plays a crucial role in
modulation of structural integrity as well as indirecthpdulating contractile function.
Activation of NF-kB in CFswill induce gene programs that promote inflamomatnd this
could potentially be halted across contractile and non-ctiltrall types via targeting of the
CaMKIIs-IKK B interaction. Further examination of the site(s) ofrantdon should prove
informative and wil indicate whether CaMKIl may phosphate/l unique sites on IKK This
could form the basis for disruptive intervention strate@iesardiovascular disease where

both CaMKIB and NF«B signalling are significantly elevated.

5. Conclusion

In conclusion, we have provided evidence that CaMKIl modulat€xB signalling in adult
CFs and that this occurs, at least in part, via direstaiction with IKKB. There is no
evidence from SPR experiments for interaction of CaMiKiith IKK o or IKKy. Interaction

between CaMKIl and IK is elevated under conditions of oxidative stress in CFsidgrgv
evidence that CaMKIl is an important condutt for pro-infleatory signalling in non-
contractle myocardial cells and a molecule that could begbiotthe role these cells play in

inlammatory cardiac dysfunction.
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Figure legends

Fig. 1. Phosphorylation profiles of CaM K118, IKKa and IKKB following co-incubation
with ATP . (A) CaMKII3 (30ng) was incubated with either IkKor IKK( (both at 100ng) at
30°C for 30 minutes in the presence HHJATP and in the presence (lanes 5 and 6) or
absence (lanes 3 anjiaf AIP (5uM). Equivalent loads of sample were subjected to
electrophoresis and incorporation of phosphate into Cadl&it IKKs was detected using
autoradiography. Representative autoradiogram data is shomgie\asit sections from one
autoradiogram (representative of two others) where the satch of CaMKIb was
incubated with IKKs and the exposure time consistent aatbbses. B) Purity of

individual proteins CaMKB, IKK a. and IKKB (100ng each) was shown by coomassie

staining of a gel following electrophoresis.

Fig. 2. SPR analysis revealsthat IKKp interacts directly with CaMKII3 ina

concentration dependent manner but IKKa and IKKy do not. The potential for

CaMKIIs interaction with components of the IKK complex was andlybg SPR.

Calmodulin A), IKKB (B), IKKa (C) and IKKy (D) proteins (0.0125-012V) were injected
across a CaMK48 surface which had ~7000RU immobilised protein (~7pg@mmnalytes
were injected in duplicate and in random order with redpembncentration. Association was

monitored for 3 min and dissociation for 15 min. Binding surfacesewegenerated following
2 x 30s pulses with regeneration reagent (100mM HCI, 0.5M NaChntol flow cell
contained BSA immobilised at equivalent levels to CaNkdhd responses from this flow
cell together with the response to zero analyte wereaswibtt from the experimental
responses. Data is representative of 3 independent experimentsmed in duplicate. For

clarity only a single response at each analyte concentrati shown.

Fig. 3. The CaM KI18-IKKp interaction does not occur via the HIS-tag on IKK nor is it
affected by the presence of ATP or removal of Ca®*. The CaMKIB-IKK p interaction was
explored in more detail using SPR analysis performed underedif running conditions.
IKK B was injected over a range of concentrations (0.01256M).Across a CaMKal-
immobilised sensor chip as previoushA) (To assess possible binding via the HIS-tag of
IKK 3, 100mM imidazole was included in the running buffd) To assess whether

phosphorylation (inclusion of ATP) may be an important reomairg for the interaction,



1mM ATP was included in the running buffelC)(To determine whether the interaction may
be C&*-dependent, analysis was performed in the absence of.@E4 for each condition

Is representative of two other independent experiments.

Fig. 4. Agonist-induced IkBa degradation in cardiac fibroblasts isreversed following
CaMKI1 inhibition. (A(i)) A typical population of adult rat cardiac fibroblasts (p1)uituce
(x20 magnification). B) CFs were double-stained for (i) vimentin/DAPI (i) vonie¥rand
factor(WWF)/DAPI (i) CD31/DAPI and (v)a-smooth muscle actin/DAPI to check for any
contamination with endothelial cells, smooth muscle @zlsyofibroblasts. Positive controls
included endothelial cells stained with (v) VWF/DAPI drigl CD31/DAPI and smooth
muscle cells stained with-SMA. Nuclei are stained blue with DAPI and antibody stgins
shown in green and red from FITC or Alexa-Fluor 594. Panglsvere obtained using 20x
objective and panels v-vi used the 10x objecti®). Gardiac fibroblasts or whole
homogenate preparations were solubilised in Laemmli samfide s described in the
methods section and protein expression was examined by immtinadpl Total protein from
either 2x10 cels CF) or 2Qug whole cardiac homogenate used as a positve colfid) (
was probed for expression of CaMKJIKK o, IKK 3 and kBo.. This data is from an
individual experiment, typical of two otherd({)) Representative immunoblot showing LPS-
induced IxBa degradation in the presence or absence of CaMKIl inhibitor AIP (5uM)D(ii))
Densitometric analysis was performed and all data noedake GAPDH. Al data are

expressed as mean * S.E.M, n=3, *p<0.05.

Fig. 5. IKKB and oxidised CaM K11 can both be detected in cardiac fibroblasts using
immunofluorescence. (A) Images showing positive staining f<Kp by
immunofluorescence in CFs. Cells were fixed, permeabilis@tinaubated with primary
antHIKK B antibody (1:2200) (Abcam) overnight at 4°C and anti-mouse FITC conjugated
secondary antibody (1:200) under basal conditions. Cells statfedsegondary antibbody
alone served as a negative control. Nuclei were coumedtavith DAPI. 8) Similar
experiments were performed to assess CaMKIIS expression (1:50 (Eurogentec, custom-made)
folowed by anti-rabbit TRITC conjugated secondary antibody (1:2@0pation. Secondary
antibody alone was again used as a negative cor@pRépresentative immunoblots
showing sensttivity of ox-CaMKII antibody (1:1000) (GeneTex}réatment of CFs with
increasing concentrations op®h (1h). Al data was normalised to GAPDH and 10O



selected as the optimal concentratioD.) [mages showing ox-CaMKIl expression as detected
by immunofluorescence (1:50) following under basal conditions ao@ving treatment with
10pM HO-. Anti-rabbit TRITC conjugated secondary antibbody (1:200) aloreused as a
negative control. All images are from one experimeeresentative of two others.

Figure 6. PLA analysis of oxidised CaM K11-IKKB binding in cardiac fibroblasts. (A)
Proximity Ligation Assay (PA) data showing ox-CaMKIIKK} interaction in CFs

following H,O, (10uM) stimulation (bottom right panel). The interactioasvalso assessed
under basal conditions (bottom left panel). Controls wereded where no primary antibody
incubation was used (control, top left panel) or [KKntibody alone (top right panel) was
used.(B) Quantification of signals was performed using fourgiesa per treatment group and
counting number of fluorescent dots/cell as shown in histagi@tatistical analysis was
performed using a ongay ANOVA followed by Tukey’s post-test. Al data is presented as
mean * S.E.M of fluorescent dots/cell, n=3, *p<0.05, ***p<0.001.



Highlights

e Surface Plasmon Resonance using recombinant or purifiedinproiemonstrates that
CaMKIll6 interacts directly with IKK but does not interact with IKé or IKKy.

e Pharmacologically-induced NB activation in adult cardiac fibroblasts is inhibited
following selective CaMKII inhibition.

e Interaction between CaMKIl and IKKin adult cardiac fibroblasts is evident under
conditions of oxidative stress.

e CaMKIlis an important modulator of NdB signalling in adult cardiac fioroblasts.
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