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2. Abstract

Background: Atherosclerosis — the leading cause of morbidity and premature
mortality worldwide and a driver of healthcare costs — is a chronic inflammatory
arterial disease underlying most primary clinical manifestations of CVD. GWAS have
associated elevated HDAC9-expression with LAS and other atherosclerotic
complications. It plays a prominent role in driving pro-atherogenic vascular
inflammation, atheroprogression and plaque vulnerability. Previous research
confirmed HDAC9-dependent p65-phosphorylation at ser468 and ser536, activating
NF-kB-signalling. However, the exact link between HDAC9 and NF-kB — including
potential for therapeutic targeting — requires further investigation.

Methods: To explore interactions between HDAC9 and NF-kB-signalling, along with
their mechanistic role and downstream effects, wild type and Hdac9-depleted
samples were generated from murine BMDMs, HEK293 cells and HUVECs.
Depending on the experimental setup, HDAC9 was knocked down or co-transfected
with an NF-kB signalling component. The samples were then employed for protein
complex immunoprecipitation, kinase activity assays, TNFa-stimulation or ELISAs.
Results: Interactions were identified for HDAC9 with IKKa and IKKB in both HEK293
cells and HUVECSs, establishing a crucial link between HDAC9 and pro-atherogenic
inflammation. Further, IKKa and IKK( were demonstrated to undergo HDACO9-
mediated deacetylation. Heightened HDAC9-mediated kinase activity was revealed
for IKKB, enhancing p65-phosphorylation at ser636. HDAC9-depletion in HUVECs
did not affect TNFa-stimulated p65-phosphorylation at ser276, diverging from
findings for both ser468 and ser536. IKKB-inhibition significantly reduced Ccl2-
secretion in wild type BMDMs, whilst showing no effect in Hdac9-depleted samples,
suggesting a non-additive mechanistic overlap between HDAC9 and IKK}.
Conclusion: HDACS interacts with NF-kB-signalling via IKKa and IKKg, resulting in
their deacetylation. HDAC9 enhances IKKp kinase activity, stimulating pro-
atherogenic downstream NF-kB-activity. Specific inhibition of HDAC9’s catalytic
domain and the identified interactions may offer promising therapeutic strategies in
atherosclerosis, heightening selectivity and reducing off-target effects.



3. Zusammenfassung

Hintergrund: Atherosklerose, die weltweit fUhrende Ursache fur Morbiditat sowie
vorzeitige Mortalitat und ein Treiber von Gesundheitskosten, ist eine fur viele primare
klinische Manifestationen von CVD ursachliche chronisch entzundliche
Arterienerkrankung. GWAS assoziierten zuvor erhdhte HDAC9-Expression mit LAS
und anderen atherosklerotischen Komplikationen. HDAC9 spielt eine zentrale Rolle
bei pro-atherogener vaskularer Entzindung, Atheroprogression und
Plaquevulnerabilitat. Frihere Ergebnisse bestatigen eine HDAC9-abhangige
Phosphorylierung von p65 an ser468 und ser536, die eine Aktivierung der NF-kB-
Signalubertragung zur Folge hat. Der genaue Zusammenhang zwischen HDAC9 und
NF-kB, sowie das therapeutische Potenzial, bleiben aber weiterhin unklar.
Methoden: Zur Untersuchung von Interaktionen zwischen HDAC9 und NF-kB, sowie
deren mechanistische Rolle und nachgeschaltete Folgeeffekte, wurden wildtyp und
Hdac9-depletierte Proben aus murinen BMDMs, HEK293-Zellen und HUVECs
erzeugt. HDAC9 wurde entweder herunterreguliert oder mit einer Signalkomponente
von NF-kB ko-transfiziert. Proben wurden fur Protein-Komplex-Immunprazipitation,
Kinase-Aktivitatsassays, TNFa-Stimulation oder ELISAs eingesetzt.

Ergebnisse: In HEK293-Zellen und HUVECs wurden Interaktionen fur HDAC9 mit
IKKa und IKKB nachgewiesen, die den Zusammenhang zwischen HDAC9 und pro-
atherogener Inflammation entscheidend herstellen. IKKa und IKKp wurden in
Anwesenheit von HDAC9 deacetyliert. Eine erhohte HDAC9-vermittelte
Kinaseaktivitat von IKK( verstarkte die Phosphorylierung von p65 an ser536. Im
Kontrast zu Ergebnissen fur ser468 und ser536, beeinflusste die Depletion von
HDAC9 in HUVECs die TNFa-stimulierte Phosphorylierung von p65 an ser276 nicht.
Hinweisgebend fur einen nicht-additiven mechanistischen Overlap von HDAC9 und
IKKB, reduzierte die Inhibition von IKKf die Ccl2-Sekretion in wildtyp-BMDMs,
wahrend sie in Hdac9-depletierten Proben keine Wirkung zeigte.

Fazit: HDACO interagiert mit NF-kB via IKKa und IKKp, was zu deren Deacetylierung
fuhrt. HDAC9 erhoht die Kinaseaktivitat von IKKB und stimuliert pro-atherogene NF-
kB-Aktivitat. Selektive katalytische Hemmung von HDAC9 und der identifizierten
Interaktionen kdnnte neuartige therapeutische Strategien zur Eindammung von

Atherosklerose ermdglichen und Off-Target-Effekte reduzieren.



4. Introduction

4.1. Ischaemic stroke

41.1. Overview

Accounting for 11.6% of global mortality and 5.7% of disability-adjusted life years
(DALYs), stroke is the second most common cause of premature death and the third
leading cause of combined death and disability worldwide?. In 2019, there were 12.2
million global incident cases and at 25 years of age, the global lifetime risk for stroke
approximates 24.9% in both men and women, with the majority of lifetime risk —
18.3% - falling on ischaemic stroke?3.

At 7.63 million incident cases in 2019 — 64.2% of all global incidence of stroke in that
year — ischaemic stroke is the most common form?. It is defined as an episode of
neurological dysfunction caused by hypoxia-induced cell death in the central nervous
system*. Ischaemic stroke accounts for half of all stroke-related deaths worldwide
and is also dominant in Germany, which faced 225,531 cases in 2019%5. With an
ageing population, incidence and the substantial associated economic burden are
set to rise. In 2017, Germany’s stroke-induced healthcare expenditures and
productivity losses amounted to €17.6 billion — 0.54% of its GDP®.

Ischaemic strokes are typically thromboembolic in nature, whereby an
atherosclerotic plaque ruptures, resulting in distal embolisation of cerebral
vasculature’. Globally and in Germany, a fifth of ischaemic stroke cases are
attributed to large artery atherosclerosis®®. This subcategory of ischaemic stroke,
Large Artery Stroke (LAS), is defined as a complete occlusion or significant stenosis
(of at least 50% in diameter) of a major brain artery or branch cortical artery, with

presumed atherosclerotic aetiology.

Advances in treatment and risk factor control are thought to explain a global 34.0%
reduction in ischaemic stroke’s age-standardised mortality between 1990 and 2019,
with steeper declines in developed countries?''-3, Recent studies of modifiable risk
factors — including hypertension, smoking, elevated blood levels of low-density
lipoprotein (LDL) cholesterol and a lack of physical activity and diabetes — imply
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significant preventability of the condition: 85.7% to 91.5% of global DALY's caused by
ischaemic stroke are attributed to modifiable risk factors?'°. Besides age, sex, race
and other non-modifiable risk factors, interest in genetic determinants is increasingly
gaining traction'. Figure 1 categorises the different types of ischaemic stroke by

aetiology.

Thrombotic stroke Embolic stroke Global ischemia

Lacunar stroke

I
Lipohyalinosis

Lenticulostriate
arteries

Middle cerebral
artery

Atherothrombotic
stroke

Internal carotid Watershed
artery area
(-
Thrombus
Atherosclerotic . . Systemic
plaques Areas of infarction hypoperfusion

Figure 1: Types of ischaemic stroke

Ischaemic strokes are typically thromboembolic in nature. Rupture of ulcerated and stenotic atherosclerotic plaques results in distal
embolization of cerebral vasculature. Large arteries are most commonly affected (LAS), with the Middle Cerebral Artery being the
most prominent example. In thrombotic stroke, the source of the thrombus is located in the arteries supplying blood to the brain.
Characteristically, culprit atherosclerotic plaques are located in the Internal Carotid Artery immediately distal to the bifurcation from
the Common Carotid Artery. Intracranial atherosclerosis is sometimes also observed. Embolic stroke is characterised by debris
originating from other parts of the body, such as ruptured thrombi from the left atrium following atrial fibrillation (cardioembolic
stroke). Hypoxia induces cell death in the central nervous system, whereby resulting neurological dysfunction depends on the area
of primary arterial occlusion’. Figure from Amboss GmbH (2023)'.

4.1.2. The rs2107595-risk locus as a genetic determinant of ischaemic stroke

Advances in technology are assisting continuous knowledge expansion surrounding
ischaemic stroke’s genetic determinants. Various single-gene disorders associated
with LAS have been identified via gene sequencing, including Fabry and sickle cell
disease, while a genome-wide association study (GWAS) approximated LAS’ genetic
heritability at 40.3%'+16.177. GWAS allow for the definition of common genetic variants
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— usually defined as having an allele frequency of at least 0.5% — by comparing the
frequency of variants between predetermined phenotypes. Single nucleotide
polymorphisms (SNPs) are the most common form of variant'®. The first stroke
GWAS, conducted using European ancestry data, identified the SNP rs2107595, an
intergenic risk variant between HDAC9 and TWIST1 on chromosome 7p21.1, as the
strongest risk variant for LAS. Each allele copy increased risk by 40%6.18, This
finding was confirmed by the MEGASTROKE-collaboration, which conducted a
transancestral meta-analysis of GWAS among 521,612 individuals, identifying
rs2107595 to obtain genome-wide significance for stroke, ischaemic stroke and LAS
at an odds ratio of 1.21'°%. The MEGASTROKE-results are depicted in Figure 2.
Demonstrating a gene-dosage effect and implying a specificity for HDAC9-
transcription, rs2107595 was then associated with elevated HDAC9-expression
levels in murine peripheral blood mononuclear cells, but not with increased mRNA-
levels of its other two neighbouring contenders, TWIST1 and FERD3L'%2°. The

findings were confirmed in human blood-derived macrophages®
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Figure 2: HDAC9 is a major risk locus for large artery atherosclerotic stroke

Manhattan plot visualising the findings of a transancestral meta-analysis of GWAS conducted by the MEGASTROKE-collaboration
among 521,612 individuals. HDAC9 was identified as the strongest risk locus for LAS. rs2107595 further obtained genome-wide
significance for stroke and ischaemic stroke. Figure adapted from Malik et al. (2018)"°.
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Leading to the suspicion of a role in atherosclerosis, the variant was further
identified in various GWAS as a common risk locus in coronary artery disease
(CAD), myocardial infarction, peripheral artery disease (PAD), atherosclerotic aortic
calcification and Moyamoya, a disease involving stenotic carotids®™’.
Immunohistochemical evidence associating the SNP with carotid intima-media
thickness and the presence of carotid plaque further strengthened the hypothesis
that rs2107595 increases the risk for ischaemic stroke via pro-atherogenicity?3. This
theory was underlined by research conducted in our group, finding HDAC9-

deficiency to attenuate murine atherosclerotic plaque size and formation?°.

In summary, rs2107595 is the lead SNP for LAS. It results in elevated HDAC9-
expression and plays a role in various other atherosclerotic complications. However,
notwithstanding the overwhelming evidence associating HDAC9 with LAS, arterial

inflammation and atherogenesis, the exact mechanism remains unclear.

4.2. Atherosclerosis

421. Overview

Atherosclerosis is a chronic inflammatory arterial disease involving both an innate
and adaptive immune response?®2°, Pathogenically, it underlies most primary clinical
manifestations of cardiovascular disease (CVD) — ischaemic stroke, CAD and PAD,
in particular — making it the leading cause of global premature mortality and
morbidity and a driver of rising healthcare costs worldwide'"28-30-32 Notwithstanding
treatment-related global declines in vascular mortality, 35.3% of Germany’s deaths in
2019 were linked to CVD, while the global burden attributable to modifiable risk

factors increases continuously'':31-33,

Atherosclerosis is exacerbated by various modifiable risk factors, including arterial
hypertension and elevated blood levels of LDL'"?%:34. The chronic inflammatory
process is characterised by an expansion of the tunica intima via the formation of

plaques protruding into the arterial lumen?835.
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42.2. Atherogenesis

Atherosclerosis typically develops in the arterial wall at specific predilection sites:
arches and bifurcations of medium-sized to large vessels of the arterial system
exposed to shear stress and disturbed laminar blood flow?>36. The ensuing
endothelial injury leads to subendothelial accumulation of LDL, its intimal retention
and subsequent oxidation to oxLDL3"38, oxLDL triggers the endothelial secretion of
adhesion molecules and chemokines, resulting in increased endothelial permeability
and leukocyte infiltration into the intima — monocytes in particular — and further
induces the transformation of accumulating intimal monocytes into
macrophages?®3949, The pro-inflammatory environment, heightened by the
continued secretion of various pro-inflammatory chemokines, including MIF, CXCL1
and CCL2, drives further monocyte recruitment*!. This leads to the development of
‘fatty streaks’, an early subendothelial lesion comprised predominantly of foam cells
— macrophages that have taken up oxLDL via phagocytosis — and T-cells?840.42,

Characterised by a progressing fibrous cap, these early lesions mature into

fibroatheromatous plaques. This follows macrophage-mediated migration of smooth
muscle cells (SMCs) from the tunica media to the intima, intimal SMC- and collagen-
accumulation, intimal calcification and the development of a necrotic core comprised

of accumulated apoptotic cell debris and extracellular cholesterol?®4243,

4.2.3. Complications

As fibroatheromatous plaques progress in advanced stages of atherosclerosis,
clinical manifestations become increasingly likely. Plaque growth-induced luminal
narrowing may result in a limitation of blood flow and downstream ischaemia. The
risk for complicative plaque rupture increases**. Intrinsically, rupture-prone plaque
vulnerability is aggravated by fibrous cap thinning — through the depletion of SMCs
and collagen — and an expansion of the lipiduous necrotic core induced by lesional
macrophage and other cell death*>48, Extrinsically, hypertension and high velocity

blood flow augment the risk of plaque rupture, particularly in the lesion’s shoulder
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regions?847. Plaque rupture — the predominant cause of thrombosis — leads to
blood’s exposure to thrombogenic plaque material, collagen and lipids in the
necrotic core, resulting in clotting and eventual downstream thrombotic vessel
occlusion*™°, Most plaque ruptures remain silent with autopsy data indicating that
9% of healthy, asymptomatic individuals display ruptured plaques in their
coronaries*”*°. Some clinical manifestations of atherosclerotic plaque rupture, such
as myocardial infarction, are acute and catastrophic. Haemodynamically significant
thrombotic luminal stenosis of cerebral arteries can culminate in ischaemic LAS®'.
The pathogenesis of atherosclerosis and its complications is depicted in Figure 3.

1 Normal endothelium 2 Endothelial cell 3 Infiltration of LDLand 4 Foam cell formation 5 Proliferation and 6 Fibrous plaque 7 Obstructive plaque 8 Plaque rupture 9 Thrombus formation

dysfunction monocytes resulting resulting in fatty migration of SMCs formation (e.g., due to increased
in accumulation of streaks and ECM deposition matrix degradation)
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Figure 3: Schematic illustration of atherogenesis

Healthy arterial endothelium progresses towards dysfunction due to exposure to chronic stress, induced by the likes of arterial
hypertension and chronic inflammation. Ensuing endothelial injury permits LDL and monocytes to infiltrate the intima and
accumulate as macrophages and oxLDL. Macrophages then take up oxLDL via phagocytosis and transform into foam cells,
resulting in fatty streaks. Stimulated by growth factors like PDGF and FGF, SMCs proliferate and migrate from the tunica
media towards the intima, depositing extracellular matrix components. Surrounded by a stable fibrous cap, a lipid necrotic
core develops, comprised of accumulated apoptotic cell debris and extracellular cholesterol. The plaque grows over decades,
with increasing clinical apparency due to the luminal obstruction of blood flow. Plaque rupture can lead to rapid thrombus
formation, potentially resulting in acute clinical events. Figure from Amboss GmbH (2024)52,

4.3. Histone deacetylases

4.3.1. Overview and classification

Eucaryotic cells’ genetic information is organised in nucleic chromosomes. These
are ordinarily found in the form of compact structures containing deoxyribonucleic
acid (DNA) wrapped around histones, which serve as key controllers of gene

expression®3%4. Their N-terminal domains contain positively charged amino acids —
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prominently, lysine and arginine — allowing for chromatin condensation by binding
with DNA's negatively charged backbone. This compacts the DNA — thereby
effectively suppressing gene transcription — and can be regulated by reversible post-
translational modifications (PTMs). These include acetylation, phosphorylation and
methylation®3-%%_ In particular, epigenetic mechanisms resulting in the acetylation and
deacetylation of histones’ lysine residues — conducted by histone acetyltransferases
(HATs) and histone deacetylases (HDACs) respectively — have been identified as
fundamental to transcriptional regulation. Whereas histone-acetylation by HATs
decompacts the DNA — via removal of a lysine residue’s positive charge to promote
gene transcription — HDAC-induced histone deacetylation has the opposite effect.
This results in suppression of gene transcription®45%. Figure 4 depicts the processes

of histone-acetylation and deacetylation by HATs and HDACs.

However, beyond interactions with histones to suppress transcription, HDACs’ ability
to deacetylate target proteins has other far-reaching regulatory effects. Their
deacetylation of non-histone proteins’ lysine residues typically modulates protein-
protein interactions (PPls), target proteins’ activation-status and enzymatic activity,
depending on the lysine residue in question®6-%”. Mass spectrometry has identified
3,600 acetylation sites on 1750 proteins involved in regulating cell cycle, nuclear
translocation and a range of other cellular processes®®. Both in- and outside the
nucleus, HDACs interact with various important non-histone substrate proteins,
including transcription factor p53, a-tubulin and oestrogen receptor a.%57:5%, Due to
their extensive regulatory effects, HDACs have been identified to play a role in
oncogenesis for various types of cancer — often characterised by the regulation of
inflammatory and immune pathways — and, among others, various cardiovascular,

neurological and immunological diseases®®-70.

18 different HDACs have been identified in humans, which are divided into four
classes. These are based on the zinc-dependence of their enzymatic activity and the
conservation of a deacetylase domain. Enzymatic activity of classes I, lla, lIlb and IV
is Zn?*-dependent, in contrast to class Il — known as sirtuins — whose enzymatic
activity is dependent on the availability of cofactor NAD®. Sirtuins are not typically
categorised as classical histone deacetylases®%.69%71,
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Class | HDACs are ubiquitously expressed nuclear proteins and — due to their
characteristic role as histone modifiers — are predominantly involved in cell
proliferation and survival. This is explained by their strong deacetylase activity and
subcellular nucleic localisation®®”!. HDAC3 provides an exception, being able to
shuttle between the nucleus and cytoplasm. Shuttling facilitates the mediation of
other HDACs’ deacetylase activity — particularly that of class Il HDACs — as

multiprotein complexes are formed to confer transcriptional co-repression®®72.

Expression of the remaining classes of HDACs typically exhibits characteristic
tissue-specificity®47273. Class || HDACs maintain a conserved deacetylase domain
with reduced activity compared to members of class I. They are subdivided into the
classes lla and 11b®°. Class llb and IV HDACs are primarily expressed in the kidneys,
liver and heart and, at a subcellular level, predominantly localised in the cytoplasm

and nucleus respectively®*73.

D

>
%\k
-

Figure 4: HDACs and HATSs regulate gene expression via histone acetylation

HATSs acetylate (AC) histones’ lysine residues, resulting in an open chromatin configuration that facilitates the attachment
of RNA polymerase Il (RNA Pol Il) for gene expression. Conversely, HDACs remove acetyl groups, resulting in a compact
chromatin structure repressing gene expression. Figure from Park et al. (2020)%°.

17



4.3.2. Class lla histone deacetylases

HDACO is grouped into the class lla family, which also includes HDAC4, HDACS5 and
HDAC7%°. Members of class lla are characteristically expressed cerebrally and in
cardiac and skeletal muscles’75. At a subcellular level, this family of HDACs
shuttles between the nucleus — where they typically act as repressors of myocyte
enhancer factor-2 (MEF2)-dependent transcription — and the cytoplasm. Their N-
terminal domain enables interactions with transcription factors while nuclear export
signals in their C-terminal domain regulate subcellular localisation. Shuttling of class
Ila HDACs from the nucleus to the cytoplasm is induced by phosphorylation of
specific serine residues and subsequent binding of chaperone 14-3-3 proteing54.76.77,
Subcellular transport out of the nucleus prevents class lla HDACs from functioning
as transcriptional repressors, thereby inducing gene expression®6478_ HDAC4,
HDACS and HDAC7 are deemed dependent on the formation of large nucleic
multiprotein complexes to establish deacetylase activity. These include the
transcription co-repressors SMRT and N-CoR as well as HDAC3, which was found
to confer the totality of deacetylase activity associated with the complexes®*72. In
select cases, class lla HDACs may conversely recruit transcriptional co-activators to
stimulate gene expression’®-81. In summary, class Ila HDACs modulate transcription,
usually via repression and independent of their intrinsic HDAC-activity. This often
involves binding large nucleic, enzymatically active multiprotein complexes

containing transcription co-factors and other HDACs%472.

4.3.3. Histone deacetylase 9 (HDAC9)

Research into HDAC9 — a member of the family of class lla HDACs — is gaining
traction. Due to its critical role in regulating transcription, cell differentiation and
proliferation, it has been associated with several diseases ranging from various
cancers to intracranial aneurysms®2-87_ |t further promotes angiogenesis by
stimulating endothelial cell sprouting and is associated with obesity-related metabolic
disease, downregulating adipocyte differentiation and reducing glucose tolerance
and insulin sensitivity®-91. Critically for this study, HDAC9 has been associated with
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atherosclerosis and ischaemic stroke and has also been found to regulate pro-

inflammatory responses’16-20.60.91,

HDAC9 demonstrates tissue-specific expression. Typically, said tissue-specificity is
defined as brain, skeletal myocytes and peripheral blood cells”37587. However,
HDACO also shows significant expression in cells relevant to atherosclerosis,
including macrophages, endothelial and SMCg?3:87:88.91.92,

HDACO9 plays a prominent role in a range of tissue-specific physiological processes —
both in the cytoplasm, via interaction with other non-histone proteins, and the
nucleus, where it typically functions as a transcription repressor®’. Phosphorylation of
its ser223 and ser253-residues is hypothesised to result in its transportation from the
nucleus to the cytoplasm, facilitated by the binding of chaperone 14-3-3 proteins’®.
This prevents HDAC9’s nucleic interaction with MEF2, a transcription factor involved
in cell division and differentiation, regulating myogenesis in skeletal and cardiac
muscles, angiogenesis and other forms of development®3-9%. While HDAC9’s binding
of MEF2 in the nucleus represses MEF2-mediated transcription, said effect is
reduced when HDAC9 shuttles into the cytoplasm®. Further, HDAC9'’s function as a
repressor of MEF2-mediated transcription is independent of its intrinsic enzymatic

activity87.97-99,

HDAC9 maintains its enzymatic function via the conservation of its deacetylase
domain, as seen in other class lla HDACs. However, while these exhibit reduced
enzymatic activity, HDAC9 has been found to deacetylate both histones and non-
histone proteins’>%.100. HDAC9’s endogenous interaction with TANK-binding kinase
1 (TBK1) via its deacetylase domain was identified in mouse peritoneal
macrophages. Here, direct HDAC9-mediated deacetylation of TBK1’s lysine residue
lys241 heightened kinase activity, leading to an enhanced antiviral innate immune

response’®0,

HDACO9-involvement in further immunological processes indicates a prominent role
as a driver of inflammation. In a model of murine colitis — an inflammatory bowel
disease displaying a 12-fold increase of locally expressed HDACO9 — its inhibition
prevented or reduced case severity. Hdac9-deletion reproduced similar results and
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was associated with increased suppressive Foxp3*-regulatory T cell-function
(Treg)''. HDACO is exported from the nucleus upon Treg-activation, which is thought
to be necessary for optimal Treg-function®?. At a molecular level, HDAC9 establishes
a functional complex with FOXP3, a transcriptional repressor and regulator of Treg-
function and development'®2. In summary, HDAC9 has been linked to inflammation
via the enhancement of innate immune responses and its interaction with crucial

regulators to modulate immune cell function.
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Figure 5: Hdac9-deficiency reduces aortic root lesion size

Experimental outline: Lethally irradiated Apoe~-mice were reconstituted with bone marrow from either Hdac9~"-
Apoe™~ (Hdac9~~ BM) or Hdac9**Apoe~ (Hdac9** BM) mice and fed a Western-type diet for 11 weeks to induce
advanced atherosclerosis. Left: Representative images of Oil-Red-O stained aortic root lesion. Scale bars, 200
um. Right: Quantification of lesion sizes. Figure adapted from Asare et al. (2020)".

43.4. HDAC9’s pro-inflammatory role in atherosclerosis

Various GWAS have associated HDAC9 with atherosclerosis, a chronic inflammatory
arterial disease'®18.19.22-27_Qur group previously linked rs2107595 — a risk allele at
HDAC9 - to elevated mRNA-expression of HDAC9 in two atherosclerosis-relevant
cells: macrophages and human peripheral blood mononuclear cells. The findings
were emphasised by a gene-dosage effect??2!. The risk allele was also associated
with elevated plasma levels of HDAC9 in patients with CAD'%3. HDAC9-expression is
upregulated in human atherosclerotic plaques, with our group replicating the finding
in an Hdac9-deficient murine model displaying reduced atherosclerotic plaque size
and formation®%-23, Hdac9-upregulation in macrophages is atherogenic via the
repression of cholesterol efflux and generation of alternatively activated, pro-
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inflammatory macrophages®'. Further, HDAC9 partly mediates oxLDL-cell viability

suppression and cell apoptosis via TNFa-expression in HUVECs'%4,
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Figure 6: Hdac9-deficiency reduces lesion development

Experimental outline: Lethally irradiated Apoe™ mice were reconstituted with bone marrow from either Hdac9~"-
Apoe™ (Hdac9~~BM) or Hdac9**Apoe™ (Hdac9** BM) mice and fed a Western-type diet for 11 weeks to induce
advanced atherosclerosis. Left: Classification of atherosclerotic lesions into early and advanced via Masson-
trichrome staining. Right: Quantification of necrotic core area as a percentage of the tunica intima. Figure adapted
from Asare et al. (2020)".

Prior to this study, our group was able to solidify the link between HDAC9 and
vascular inflammation. HDAC9 was shown to promote pro-inflammatory responses
and increase atherosclerotic plaque vulnerability. Compared to control bone marrow,
aortic root lesion size and lesion development were reduced in lethally irradiated
Apoe™~ atherosclerotic mice that had been reconstituted with Hdac9~~ Apoe~--bone
marrow. Further, haematopoietic Hdac9-deficiency was shown to attenuate multiple
characteristics of atherosclerotic plaque vulnerability: necrotic core and intimal
macrophage area were both reduced while fibrous cap thickness was increased.
Finally, Hdac9-deficienct bone marrow-derived macrophages (BMDMs) displayed
reduced TNFa-induced mRNA-expression and secretion of various pro-atherogenic

cytokines and chemokines. Our group’s discoveries — summarised in Figures 5 to 7
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— are indicative of HDACO9'’s role in vascular inflammation, suggesting promotion of
atherosclerotic plaque vulnerability and pro-inflammatory responses via the
haematopoietic vascular compartment!. However, the exact link between HDAC9

and vascular inflammation and its potential as a therapeutic target require further

exploration.
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Figure 7: Hdac9-deficiency attenuates atherosclerotic plaque vulnerability

Experimental outline: Lethally irradiated Apoe~~mice were reconstituted with bone marrow from either Hdac9~"-
Apoe™~ (Hdac9~~ BM) or Hdac9**Apoe~ (Hdac9** BM) mice and fed a Western-type diet for 11 weeks to induce
advanced atherosclerosis. Left: Quantification of macrophage area as a percentage of the tunica intima. Right:
Quantification of fibrous cap thickness. Figure adapted from Asare et al. (2020)".

4.3.5. HDACY9 as a therapeutic target

HDAC-involvement in the pathogenesis of various diseases — including oncological,
cardiovascular, immune and neurological conditions — is well-studied and

established®-70, Thus, interest in their potential as therapeutic targets is high.
HDACSs boast ubiquitarian relevance in tissue-specific development and

physiological processes, and predictably, their genetic deletion typically results in
dramatic phenotypes that are incompatible with life. Full deletion of genes coding for
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all class | HDACs, as well as HDAC4 and HDACY from the class Ila-family, result in
early or embryonic murine lethality. However, genetic ablation of HDACS or HDAC9
is viable in mice, though — due to their role in cardiomyocyte development — prone to
cardiac hypertrophy and other cardio-anatomical abnormalities®3:647°,

As an alternative, interest in pharmacological inhibition of HDACs is gaining traction.
Their generally better tolerability is hypothesised to result from incomplete
inactivation, the transient nature of their mechanistic action and their inhibition of
enzymatic activity whilst leaving transcriptional co-repressor complexes intact®*.
Some broad-spectrum HDAC-inhibitors are already clinically implemented in the
treatment of select lymphomas and myelomas'®. Further, carboxylic acids with
inhibitory effects on HDACs, such as valproic acid, are used in the treatment of
epilepsy and for mood stabilisation in bipolar disorder'?6.1%7. Some HDAC-inhibitors’
adverse effect profiles suggest contraindication for atherosclerosis, exacerbating
murine oxLDL-uptake and expression of atherosclerosis-relevant genes in

atherosclerotic mice'°8,

To date, selective inhibition of HDAC9 or other specific class lla-isoforms remains to
be developed, with target selectivity proving challenging. Notably, TMP195 — a first-
in-class selective competitive inhibitor of the class lla HDAC-family — stands out as a
promising development and has recently been demonstrated in vivo to reduce
tumour burden and metastasis in breast and colorectal cancer via macrophage
modulation'®-1""_|ts promising candidacy as an anti-inflammatory treatment was
therefore — in parallel to this study — a central pillar of our group’s research into the
link between HDAC9 and atherosclerosis’.

4.4. Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)

441. Overview
NF-kB is a family of major pro-inflammatory transcription factors. It is a significant

regulator of chronic inflammation — including pro-atherogenic inflammation — and its

dysregulation is involved in a range of inflammatory processes ranging from
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oncogenesis to autoimmunity''?>-11%. Responsible for the transcriptional regulation of
over 160 genes for cytokines, chemokines and adhesion molecules, it consists of
five proteins collectively modulating immune and inflammatory signalling, apoptosis
and cell proliferation: p50, p52, p65 (RelA), c-Rel and RelB. These DNA-binding
subunits form complexes of homo- and heterodimers, whereby positive gene
regulation depends on the binding of p65, c-Rel or RelB due to their Transactivation
Domains (TADs)''3116.117 The most common complex — often abbreviated as NF-kB
— is a heterodimer comprised of p50 and p65. It is kept inactive by interaction with
inhibitor of kappa B (IkB), which expresses nuclear export signals and prevents NF-
KB’s nuclear translocation. The most abundant isoform is inhibitor of kappa B alpha

(|KBOL)113'116’117.

The IxB kinase-complex (IKK) is a significant regulator of NF-kB-activity, directing
transcription in a target gene-specific manner''®-120_ |t consists of two structurally
similar catalytic subunits — I«B kinase alpha (IKKa) and kB kinase beta (IKKf) — and
a non-catalytic regulatory subunit, kB kinase gamma (IKKy/NEMQ)121-123,
IKKY/NEMO-dimers are required for TNFa-induced NF-kB-activity and confer stability
to the IKK-complex, thus keeping IKKa. and IKKP inactive''6.124.125 Pro-inflammatory
stimulation results in IKKy/NEMOQ'’s interaction with other upstream NF-kB signalling
components, leading to a conformational change of the IKK-complex, thus permitting

IKKa and IKKB to phosphorylate downstream targets, such as IkBa/ 6125,

442 The signalling pathway

A diverse range of endo- and exogenous stimuli lead to NF-kB-activation, which
occurs via two characteristic signalling cascades regulating two distinct sets of target
genes: the canonical and the non-canonical pathways'"®.

Canonical NF-kB-activation relies on upstream IKK-activation and IkB-degradation.
The canonical pathway is induced by numerous extracellular ligands. The cytokine
TNFa is well-studied, next to Lipopolysaccharide (LPS), though a plethora of further
stimuli result in ligation of an equally diverse set of receptors''3116. TNFa — which
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regulates inflammation in various diseases, including pro-atherogenic responses in
atherosclerosis — is bound by Tumor necrosis factor receptor 1 (TNFR1)'16.126,
TNFR1 then recruits TNF receptor associated factor 2 (TRAF2) and Receptor-
interacting protein (RIP) via an adapter protein — Tumor necrosis factor receptor type
1-associated death domain protein (TRADD)'?’. TRAF5 is also recruited as both
TRAF2 and TRAFS5 are jointly required for IKK-activation''®. RIP1 — an RIP-isoform
essential for IKK- and NF-kB-activation — oligomerises''®128. Though IKK-activation
is independent of RIP1’s kinase activity, its oligomerisation is characterised by its
scaffolding function that facilitates the recruitment of further proteins to the complex.
These include Mitogen-activated protein kinase kinase kinase 7 (TAK1) and —
importantly — IKKy/NEMOQ116.129-132_ TAK1 — which activates IKKp via phosphorylation
— has been found to be critical for IKK-mediated NF-kB-activation'16:133.134_ For
IKKY/NEMO, induced proximity models reveal its oligomerisation to be essential for
canonical IKK-activation, as it facilitates IKK’s autophosphorylation, described
below'16:131.135 Both the activation of IKKa and that of NF-kB are diminished when
IKKB-deficient cells are stimulated with TNFa, indicating canonical signalling’s
principal reliance on IKKB-activity'®6. However, a supportive if not dominant function
for IKKa in TNFa- and IL-1-stimulated canonical signalling is also increasingly
described, with IKKa playing a prominent role in NF-kB-activation, nuclear

translocation as well as ser468- and ser536-phosphorylation16:134.137.138

IKKa and IKKp are activated via (auto-)phosphorylation of their activation
loops™'35139_ In turn, activated IKK phosphorylates downstream IkB-proteins —
typically IkBa — resulting in polyubiquitination and subsequent ubiquitin-mediated
proteasomal degradation of IkB'16.140-142_ Thys, IkxB-degradation — an intermediary
milestone in canonical signalling — is oftentimes described to hinge on IKKB-induced
phosphorylation. Yet, deficiency of either IKKa or IKKB has also been found not to

affect IkBa-phosphorylation, indicating potential redundance of both!16:122,138,143,144

Following IKKB-mediated proteolysis of IkBa, the remaining transcriptionally active
p65:p50-heterodimers are released to translocate freely into the nucleus'8.142, Here,
NF-kB binds to DNA via its Rel homology domain (RHD) and functions as a co-

activator for the expression of various pro-inflammatory, atherogenic TNFa-target
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genes. Examples of such NF-kB-dependent target genes include the adhesion
molecules ICAM-1 and VCAM-1 and the cytokines IL-1B, IL-12 and CCL2"'3 .
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Figure 8: Schematic representation of canonical NF-kB-signalling

Canonical signalling is induced by numerous external stimuli. This includes TNFa, which binds to TNFR. A cascade is
induced, whereby TRAFs, TAK1 and other proteins oligomerise. This activates the IKK-complex, which comprises the
catalytic subunits IKKa. and IKKB and a regulatory subunit, IKKy/NEMO. IKK phosphorylates downstream IkBa, which
undergoes proteasomal degradation. This enables NF-kB’s release to undergo nuclear translocation, where it
transactivates TNFa-target genes, including VCAM-1 and CCL2. Both de-novo synthesis of IkB-a and interaction of NF-
kB with class | HDACs can repress NF-kB-mediated transcription. Adapted from Asare et al. (unpublished).
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To prevent its dysregulation, NF-kB’s transcriptional activity is scrutinised by
negative feedback mechanisms. Termination of NF-kB-dependent transcription is
induced via p65’s interaction with co-repressors, such as HDAC1 and HDAC2'45,
NF-kB-dependent IkBa-transcription also represents a negative feedback loop,
ending NF-kB ‘s transcriptional activity. Here, NF-kB and newly synthesised IkBa
form a complex undergoing prompt nuclear export, whereby the process is

stimulated by HDAC3'’s prior deacetylation of p65'46-148,

Non-canonical NF-kB-signalling is associated with lymphoid malignancies and does
not involve the phosphorylation of p65 or IkBa.. Here, NF-kB-inducing kinase (NIK)
and IKKa facilitate the processing of p100 to p52 and subsequent activation of
p52/RelB-dimers in an IKKy-independent manner'16.144.149_ Prominent examples of
non-canonical kinases include RSK1, GSK3p, TBK1 and IKKe'®%-%2. Though IKKe
belongs to the family of kB kinases, it forms complexes distinct to those of IKKa,
IKKB and IKKy/NEMO and plays a secondary role in NF-kB-activations3.154,

4.4.3. Post-translational modifications to NF-kB pathway proteins

Member proteins of the NF-kB signalling pathway may undergo various regulatory
PTMs. Critically for this study, phosphorylation and acetylation may modulate NF-kB
signalling proteins’ enzymatic activity, the quality of their interactions with other
cascade components, transcription co-factors and crosstalk with non-NF-kB
signalling pathway proteins''®1%5. For example, class | HDACs have been found to
regulate p65’s transcriptional activity via deacetylation4%146.156,

4.4.3.1.  IKKeeand IKKf

Most research exploring PTMs to the IKK-complex has focussed on phosphorylation.
IKK was shown to be inactivated when incubated with protein phosphatase 2A
(PP2A) and the effect was extinct when PP2A was inhibited’'8'41, For IKKp,

autophosphorylation of serine residues ser177 and ser181 in the activation loop of
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the kinase domain has been deemed essential for kinase activation by pro-
inflammatory stimuli'23.13%.141.157 'For |KKa, both autophosphorylation and NIK-
dependent hetero-phosphorylation of serine residues ser176 and ser180 in its kinase
domain activation loop result in activation3%.141.144 However, though important for
IKKa-activation, its phosphorylation is lesser so the target for pro-inflammatory
stimuli, compared to IKKB'3541_ Further, in contrast to IKKp, the phosphorylation of

IKKa is not critical for canonical NF-kB-activation 35158,

Acetylation of both IKKa and IKKf’s catalytic domains has also been found to
mediate alterations in kinase activity. YopJ, a bacterial protein with acetyltransferase
activity and an inhibitory effect on NF-kB-activity, was shown to inactivate both IKKa
and IKKp via acetylation. This delays phosphorylation within their activation loops
and thus the kinases’ activation’?21%°. Subsequent mass spectrometry identified the
acetylation domains as threonine residues located between the previously
mentioned phosphorylation domains: thr179 for IKKa and thr180 for IKK. In
summary, acetylation of IKKa and IKKf'’s catalytic domains attenuates kinase
activity, thus preventing kinase activation and phosphorylation of IkBa in response to

pro-inflammatory stimuli’?2.

4.4.3.2. p65

PTMs of p65 are subject to ongoing interest. Phosphorylation can result in reduced
affinity for IkBa — thereby promoting p65’s translocation to the nucleus — and
transactivation, an increased rate of transcription factor-dependent gene expression.
However, NF-kB-activity can also be inhibited, depending on specific kinase and
residue-involvement. The barcode hypothesis proposes a selective target gene-
expression mediated by specific kinases, each conferring different effects on NF-
kB'’s transcriptional activity via phosphorylation of distinct residues''®. Thus, the
identification of specific downstream phosphorylation sites within the NF-kB pathway
can indicate changes in upstream kinase activity and triangulate evidence to assist
kinase identification.
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Phosphorylation of p65 at ser536 is mediated by kinases IKKa, IKKB, RSK1 and
TBK1 — with IKKe sustaining basal phosphorylation'®. Phosphorylation of ser536
facilitates p65’s binding of DNA, stimulating NF-kB’s transcriptional activity. Similarly,
phosphorylation at ser276 results in co-activation — here, involved kinases include
mitogen- and stress-activated protein kinase 1 (MSK1), protein kinase A (PKAc) and

proviral integration site for Moloney murine leukemia virus-1 (PIM1)117.119.160-162,

Phosphorylation of ser468 — located in p65’s transactivation domain — is associated
with negative feedback during activated NF-kB-signalling and thus presents an
exception to the rule. It results in p65’s ubiquitination and eventual proteasomal
degradation, leading to the selective termination of NF-kB-dependent transcriptional
activity'%3, Ser468’s basal phosphorylation is associated with glycogen synthase
kinase-3 beta (GSK3pB) and IKKp, following canonical TNFa-stimulation'®'1%4, Early

evidence also suggests ser468-phosphorylation by IKKo and IKKg!38.152,

GSK3
IKKa
IKKB
MSK1 IKKe
PKAc S311 S316 RSK1
PIM1 o O TBK1

S205 T254 S276 S281 T435 S468 T505 S529 S536
O [e] O @] O @]
p65 rel homology domain transactivation domain

® phosphorylation sites
phosphorylation sites relevant to this study

Figure 9: Schematic representation of p65’s phosphorylation sites and relevant kinases

p65 consists of two domains: the Rel homology Domain (RHD), facilitating nucleic binding of DNA, and the
transactivation domain (TAD), responsible for positive gene regulation. Depicted are each domain’s serine (S) and
threonine (T) residues, acting as distinct phosphorylation sites. Relevant to this study are ser276, ser468 and
ser536. Kinases involved in phosphorylating ser276 include MSK1, PKAc and PIM116%-162. GSK3, IKKa, IKKB and
IKKe phosphorylate ser468138151.152184 " |[KKa, IKKB, IKKe, RSK1 and TBK1 phosphorylate ser536'%. Figure
reconstructed from Asare et al. (unpublished) and Christian et al. (2016)"'® to graphically include kinases.

p65’s transcriptional activity is also regulated via its acetylation status, whereby most
evidence points towards class | HDACs negatively regulating TNFa-stimulated NF-
kB-dependent gene expression'4%146. HDAC1 and HDAC?2 act as co-repressors,
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suppressing TNF-a-induced gene expression. Inhibition of their deacetylase activity
exhibits the opposite effect'4®. Nucleic deacetylation by HDAC3 was found to reduce
the duration of NF-kB-activity by promoting binding of p65 to IkBa., thus activating
nuclear export'#®. Recently, HDAC3 was found to exhibit co-activating properties in
IL-1-signalling by removing inhibitory acetylation at p65’s lysine residues lys122,
lys123, lys314 and lys315'%¢. Acetylation of lys314 and lys310 also prominently
regulates NF-kB target gene-transcription'®%1%6_ Interestingly, p65’s acetylation at
lys310 is regulated by prior phosphorylation of ser276 and ser536: joint

phosphorylation and acetylation enhance NF-kB’s transcriptional activity'6”.

4.4.3.3.  HDAC9-relevance to post-translational modifications in NF-kB pathway

Paving the way for this study, our research group previously provided early evidence
on PTMs to p65, linking NF-kB to HDAC9-mediated pro-atherogenicity. TNFa-
stimulation in three different atherosclerosis-relevant cell types identified HDAC9 to
promote p65’s phosphorylation at ser468 and ser536. In HUVECs, siRNA-mediated
HDACY-depletion reduced TNFa-stimulated phosphorylation levels at both ser468
and ser536 compared to SCR siRNA control. The findings are depicted in Figure 10.
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Figure 10: HDAC9-depletion reduces phosphorylation of ser468 and ser536

Experimental outline: HUVECs previously co-transfected with HDAC9 siRNA or SCR siRNA control were left
untreated or stimulated with TNFa for 5 to 120 minutes. Total p65 and levels of site-specific phosphorylation were
visualised via immunoblotting with either anti-p65, anti-p-p65 (ser536) or anti-p-p65 (ser468). Left: Quantification of
relative phosphorylation at ser536 in HDAC9-depleted samples normalised to total p65 versus control. Phosphorylation
was most significantly reduced at 120 minutes (n=8). Right: Quantification of relative phosphorylation at ser468 in
HDAC9-depleted samples normalised to total p65 versus control. Phosphorylation was significantly reduced at 5
minutes (n=5). Figure adapted from Asare et al. (2020)".
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4.5. Aims of this study

Due to NF-kB’s critical role in atherogenesis and the overlap between HDAC9’s gene
expression in inflammation and NF-kB-dependent canonical transcriptional
responses, NF-kB-signalling was hypothesised to mediate pro-atherogenic
downstream effects of HDAC9" '3, It was further hypothesised that one or more
interactions between HDAC9 and key components of the NF-kB signalling cascade
facilitate said pro-atherogenic effects. A schematic representation of the hypothesis
is provided in Figure 11.
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Figure 11: Schematic representation of hypothesis

Hypothesis: NF-kB-signalling mediates pro-atherogenic downstream effects of HDAC9. Leading to
increased phosphorylation of p65’s ser468 and ser536-residues, HDAC9 interacts either directly with
one or more key components of the canonical NF-kB signalling cascade or indirectly via one or more
non-canonical kinases. Figure adapted from Asare et al. (2020)".
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Exploration of HDAC9'’s potential as a therapeutic target in atherogenic inflammation
requires prior understanding of the mechanisms linking the two.

Thus, the aims of this study were defined as follows:

1. To clarify HDACY9’s role in atherogenesis via screening for and identification of
its potential interaction partners within the NF-kB signalling pathway

2. To explore the mechanistic role of HDAC9's interaction with NF-kB-signalling

3. Toinvestigate downstream effects of HDACO in the NF-kB signalling pathway
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5. Materials and Methods

5.1. Materials
511. Instruments
Instrument Company

Block Heater SHT100D

Stuart Scientific, United Kingdom

Cooling room, 4°C

Viessmann, Germany

DynaMag-2 Magnet Stand

Invitrogen, USA

Fusion Fx7

Vilber, France

Heracell 240i CO2 Incubator

Thermo Fisher Scientific, USA

Heratherm Compact Microbiological Incubator

Thermo Fisher Scientific, USA

IKA KMO 2 basic IKAMAG stirrer

IKA-Werke, Germany

iMark Microplate Absorbance Reader

Bio-Rad, USA

Liquid nitrogen tank, -153°C

Thermo Fisher Scientific, USA

Megafuge 16R Centrifuge

Thermo Fisher Scientific, USA

Microscope, Eclipse TS100

Nikon, Japan

Millipore Q-Pod (for ddH20)

Merck, Germany

Mini-PROTEAN Tetra Cell Casting Stand/Clamps Bio-Rad, USA
Mini-PROTEAN Tetra Vertical Electrophoresis Cell | Bio-Rad, USA
Mini Trans-Blot Module Bio-Rad, USA

Mr. Frosty freezing container

Thermo Fisher Scientific, USA

NanoDrop 1000 Spectrophotometer

Thermo Fisher Scientific, USA

Nucleofector | Device

Lonza, Switzerland

PeqgPower300 (electrophoresis power supply)

PegLab, Germany

PowerPac HC (electrophoresis power supply)

PegLab, Germany

Refrigerator, -20°C

Siemens, Germany

Refrigerator, -80°C

Thermo Fisher Scientific, USA

Rotating wheel, rotator 2-1175

neoLab, Germany

ST5 rocking shaker

Ingenieurbiro CAT, Germany

TC20 Automated Cell Counter

Bio-Rad, USA

Vortex-Genie 2

Scientific Industries, USA

Water bath 1003

Ges. fir Labortechnik, Germany
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51.2. Consumables

Material Company
6-well plate Thermo Fisher Scientific, USA
96-well plate Sigma-Aldrich, Germany

Cell culture dish (100 mm)

Thermo Fisher Scientific, USA

Cell culture dish (150 mm)

Thermo Fisher Scientific, USA

Cell scraper Corning, USA
Cell strainer (40 um) Corning, USA
Cryocial (2.0 ml) Thermo Fisher Scientific, USA
Falcon tube (15 ml) Corning, USA
Falcon tube (50 ml) Corning, USA
Immun-Blot PVDF Membrane, Roll Bio-Rad, USA

Millex Syringe Filter Unit, PVDF, 0.22 ym

Merck Millipore, USA

T75 cell culture flask

Thermo Fisher Scientific, USA

Thick blot filter paper

Bio-Rad, USA

TipOne Pipette Tips (10 yl — 1000 pl)

Starlab, Germany

5.1.3. Reagents and solutions

Reagent

Company

Accutase cell detachment solution

Sigma-Aldrich, Germany

Agar-agar Sigma-Aldrich, Germany
Ampicillin Thermo Fisher Scientific, USA
APS Thermo Fisher Scientific, USA
ATP disodium salt hydrate Sigma-Aldrich, Germany

BSA Sigma-Aldrich, Germany

Cell lysis buffer (10x) Cell Signaling Technology, USA
Collagen G Merck Millipore, USA

cOmplete, EDTA-free Protease Inhibitor Cocktail

Roche, Switzerland

DH5a bacteria

Inst. f. Stroke and Dementia Res., Germany

DMEM Thermo Fisher Scientific, USA
DMSO Roth, Germany
DTT Sigma-Aldrich, Germany

Dynabeads Protein A

Invitrogen, USA

Dynabeads Protein G

Invitrogen, USA

Endothelial Cell Growth Medium

Promocell, Germany
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Ethanol 99%

Roth, Germany

FBS

Thermo Fisher Scientific, USA

Glycine

Sigma-Aldrich, Germany

“Immobilon” Chemiluminescent HRP Substrate

Merck Millipore, USA

Isoflurane Sigma-Aldrich, Germany
Isopropanol Sigma-Aldrich, Germany
KCI Roth, Germany
KH2PO4 Roth, Germany

Kinase buffer (10x)

Cell Signaling Technology, USA

Laemmli protein sample buffer (4x)

Bio-Rad, USA

LCM (L929 conditioned medium)

Dr. Yaw Asare, Germany

Methanol >99%

Roth, Germany

MG-132 Cell Signaling Technology, USA
NaCl Roth, Germany
NazHPO4 Sigma-Aldrich, Germany

“‘NuPAGE” LDS Sample Buffer (4X)

Invitrogen, USA

OPTI-MEM reduced serum medium

Thermo Fisher Scientific, USA

Peptone

Roth, Germany

PhosSTOP Phosphatase Inhibitor Cocktail Tablets

Roche, Switzerland

“Pierce” BCA Protein Assay

Thermo Fisher Scientific, USA

“Pierce” BSA Protein Standard

Thermo Fisher Scientific, USA

PMSF

Roche, Switzerland

Precision Plus Protein Blotting Standards

Bio-Rad, USA

Recombinant NF«kB p65 protein

Active Motif, USA

“Rotiphorese” Acrylamide/Bis-Solution, 30%

Roth, Germany

RPMI 1640 medium

Thermo Fisher Scientific, USA

SDS

Sigma-Aldrich, Germany

TEMED

Roth, Germany

TNFa (human)

Thermo Fisher Scientific, USA

TNFa (mouse)

Thermo Fisher Scientific, USA

TPCA-1

Abcam, United Kingdom

“Trizma"“ Tris base

Sigma-Aldrich, Germany

Trypan blue solution

Sigma-Aldrich, Germany

Trypsin-EDTA (0.25%), phenol red

Thermo Fisher Scientific, USA

“Tween 20” Polysorbate 20

Sigma-Aldrich, Germany

Yeast extract

Roth, Germany
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514. Cells

Cells

Supplier

BMDMs (Hdac9** Apoe™)

Inst. f. Stroke and Dementia Res., Germany

BMDMs (Hdac9~~ Apoe™")

Inst. f. Stroke and Dementia Res., Germany

HEK 293 ATCC, USA
HUVEC Promocell, Germany
5.1.5. Buffers and solutions

Listed in order of mention in methods. 10x solutions denote stock solutions. If not

described otherwise, 1x solutions were prepared by diluting a higher concentration

stock solution with the appropriate amount of ddH.0.

10x Phosphate buffer saline (for 5 I, pH: 7.4)

Substance Amount Supplier

Naz2HPO4 58,75 ¢ Sigma-Aldrich, Germany
NaCl 400 g Roth, Germany

KCI 1049 Roth, Germany

KH2PO4 10g Roth, Germany

ddH20 to51

BMDM growth medium (approx. 20 ml)

Substance Amount Supplier

RPMI 1640 15 ml Thermo Fisher Scientific, USA
FBS 2 mi Thermo Fisher Scientific, USA
LCM (L929 conditioned medium) 3ml Dr. Yaw Asare, Germany
Gentamicin 20 ul Thermo Fisher Scientific, USA

HEK293 cell medium (approx. 500 ml)

Substance Amount Supplier

DMEM 450 ml Thermo Fisher Scientific, USA
FBS 50 ml Thermo Fisher Scientific, USA
Gentamicin 500 pl Thermo Fisher Scientific, USA
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Enriched endothelial cell growth medium (approx. 500 ml)

Substance Amount Supplier

EC growth medium 450 ml Promocell, Germany

FBS 50 ml Thermo Fisher Scientific, USA
Gentamicin 500 ul Thermo Fisher Scientific, USA
LB medium (for 500 ml, pH: 7.0)

Substance Amount Supplier

Yeast extract 25¢ Roth, Germany

Peptone 59 Roth, Germany

NaCl 25¢g Roth, Germany

LB agar (for 500 ml, pH: 7.0)

Substance Amount Supplier

Yeast extract 25¢ Roth, Germany

Peptone 59 Roth, Germany

Agar-agar 759 Sigma-Aldrich, Germany

NaCl 25¢g Roth, Germany

1x Cell lysis buffer (for 10 ml)

Substance Amount Supplier

10x Cell Lysis Buffer 1ml Cell Signaling Technology, USA
ddH20 9 mil

Protease inhibitor 1 tablet Roche, Switzerland
Phosphatase inhibitor 1 tablet Roche, Switzerland

SDS sample buffer (for 10 ml)

Substance Amount Supplier

4x NuPAGE LDS Sample Buffer 2.5 mi Invitrogen, USA

DTT (1 M) 1.25 ml Sigma-Aldrich, Germany
ddH20 6.25 ml

Protease inhibitor 1 tablet Roche, Switzerland
Phosphatase inhibitor 1 tablet Roche, Switzerland

10% APS (for 500 ml)

Substance Amount Supplier

APS 50 mg Thermo Fisher Scientific, USA
ddH20 to 500 ml
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Lower Tris 4x (for 1 1)

Substance Amount Supplier

Tris base 181.7 ¢ Sigma-Aldrich, Germany
SDS 49 Sigma-Aldrich, Germany
ddH20 to1l

Upper Tris 4x (for 1 1)

Substance Amount Supplier

Tris base 60.6 g Sigma-Aldrich, Germany
SDS 49 Sigma-Aldrich, Germany
ddH20 to1l

7.5% lower gel (for 2 gels, 1mm depth)

Substance Amount Supplier

ddH20 5.9 ml

Lower Tris 3ml

Acrylamide 3ml Roth, Germany

APS 100 pl Thermo Fisher Scientific, USA
Temed 10 pl Roth, Germany

Upper gel (for 2 gels, 1mm depth)

Substance Amount Supplier

ddH20 29ml

Upper Tris 1Tml

Acrylamide 0.6 ml Roth, Germany

APS 45 ul Thermo Fisher Scientific, USA
Temed 4.5 ul Roth, Germany

10x running buffer (for 5 1)

Substance Amount Supplier

Tris base 150 g Sigma-Aldrich, Germany
Glycine 720 g Sigma-Aldrich, Germany
SDS 50 g Sigma-Aldrich, Germany
ddH20 to5|
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10x blotting buffer (for 51)

Substance Amount Supplier

Tris base 150 g Sigma-Aldrich, Germany
Glycine 720 g Sigma-Aldrich, Germany
ddH20 to5|

10x TBS-T (for 5 1)

Substance Amount Supplier

Tris base 60.57 g Sigma-Aldrich, Germany
NaCl 87.66 g Roth, Germany

Tween 20 50 ml Sigma-Aldrich, Germany
ddH20 to5|

5% BSA blocking buffer (for 500 ml)

Substance Amount Supplier
BSA 259 Sigma-Aldrich, Germany
1x TBS-T to 500 ml
5.1.6. Kits
Kits Company

DuoSET ELISA, Mouse CCL2/HE/MCP-1

R&D Systems, USA

DuoSET ELISA, Mouse CXCL1/KC

R&D Systems, USA

DuoSET ELISA, Mouse TNF-a

R&D Systems, USA

HUVEC Nucleofector Kit

Lonza, Switzerland

NucleoBond Xtra Midi Plus

Macherey-Nagel, Germany

Pierce BCA Protein Assay

Thermo Fisher Scientific, USA

PolyFect Transfection Reagent Kit

Qiagen, Netherlands

5.1.7. cDNA-clones and siRNA
Clone Company
FLAG-HDAC9 cDNA Dr. Matthias Prestel, Germany
FLAG cDNA Dr. Matthias Prestel, Germany
GFP cDNA Lonza, Switzerland
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HA-IKKB cDNA

InvivoGen, USA

HA-IKKa cDNA

InvivoGen, USA

HA-IKKy/NEMO cDNA (Addgene plasmid #13512)

Prof. Kun-Liang Guan, USA

HA-IkB-a cDNA (Addgene plasmid #21985)

Prof. Warner Greene, USA

HA-RSK1 (Addgene plasmid #13841)

Prof. John Blenis, USA

HA-GSK3 cDNA (Addgene plasmid #14753)

Dr. Jim Woodgett, Canada

ON-TARGETplus nontargeting SCR siRNA

Horizon Discovery, United Kingdom

ON-TARGETplus SMARTpool HDAC9 siRNA

Horizon Discovery, United Kingdom

T7-IKKe cDNA (Addgene plasmid #27238)

Prof. Tom Maniatis, USA

5.1.8. Antibodies

Antibody

Company

Anti-acetyl lysine

Abcam, United Kingdom

Anti-FLAG (M2) mAb

Sigma-Aldrich, Germany

Anti-GFP mAB (3E6)

Thermo Fisher Scientific, USA

Anti-HA (C29F4) Rabbit mAb

Cell Signaling Technology, USA

Anti-mouse 1gG HRP

Agilent Dako, USA

Anti-p65

Santa Cruz, USA

Anti-p-p65 (ser276)

Invitrogen, USA

Anti-p-p65 (ser468)

Cell Signaling Technology, USA

Anti-p-p65 (ser536)

Cell Signaling Technology, USA

Anti-rabbit IgG HRP

Agilent Dako, USA

Anti-T7 (D9E1X) Rabbit mAb

Cell Signaling Technology, USA

5.1.9. Software
Software Company
Graphpad Prism 7.0 Graphpad Software Inc., USA
Image J 1.47v Wayne Rasband, USA

Microplate Manager Software 6

Bio-Rad, USA

Microsoft Excel

Microsoft Corporation, USA
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5.2. Methods
5.21. Primary cell culture

5.2.1.1.  Isolation of murine bone marrow-derived macrophages (BMDMs)

Animal experiments were ethically approved by the Institutional Animal Care
Committee of the government of Upper Bavaria (ROB-55.2-2532.Vet_02-14-187)
and the sacrifice of mice for these experiments were performed in line with best
practice principles. Murine BMDMs were isolated from the Hdac9** Apoe~~ and
Hdac97~ Apoe™ mice. These had been generated beforehand by crossing Eric
Olson’s Hdac9~~ mouse model with an Apoe~ model, as previously described?:63,
Prior to sacrifice, mice were sedated with isoflurane (Sigma-Aldrich, Germany).
Sacrifice was performed by cervical dislocation, after which the lower extremities and
abdomen were disinfected with 80% ethanol (Roth, Germany). Following abdominal
midline cutaneous incision, the femurs and tibiae were exposed by pushing aside
and removing surrounding tissue. After severing the femurs at the level of the hip,
both ends of the femurs and tibiae were resected, thus exposing the bone marrow.
This was flushed out using ice-cold 1x PBS. The BMDMs were then resuspended in
1x PBS and underwent filtration through a 40 uym cell strainer (Corning, USA), after
which the suspension was centrifuged at 500 g for 10 minutes (Thermo Fisher
Scientific, USA). The cell pellet was then resuspended in BMDM growth medium and
the suspension transferred for culture in 150 mm cell culture dishes (Thermo Fisher
Scientific, USA). 3 ml L929 conditioned medium (LCM) was added on each of the
following two days. Harvesting took place after the 7" day in culture. After gentle
washing of the BMDMs with PBS, a cell scraper (Corning, USA) was cautiously used
to reduce adherence to the cell culture dishes’ surface. Pending automated cell
count, described below, 1 million cells were then transferred to each well of a 6-well
plate (Thermo Fisher Scientific, USA). The BMDMs were given 24 hours to adhere in
an LCM-free BMDM growth medium whilst microbiologically incubated at 37°C
(Thermo Fisher Scientific, USA). They were then used to measure cytokine excretion
in ELISA experiments.
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5.2.1.2.  Cell cultivation, count and cryopreservation

Beyond BMDMs, HEK293 cells (ATCC, USA) and HUVECs (Promocell, Germany)

were also employed.

HEK293 cells (Thermo Fisher Scientific, USA) between the passages 4 and 15 were
cultured for later plasmid DNA transfection in preparation of protein complex
immunoprecipitation and kinase activity assay experiments. They were cultivated at
37°C (Thermo Fisher Scientific, USA) in T75 cell culture flasks (Thermo Fisher
Scientific, USA) containing HEK293 cell medium, described above. Passaging at a
ratio of between 1:2 and 1:5 was performed once a confluence of 90% was attained.
First, the HEK293 cell medium was replaced with 5 ml Trypsin-EDTA (Thermo Fisher
Scientific, USA) to reduce cell adherence to the flask. Following three minutes of
incubation and short agitation, the solution containing the cells was transferred to a
falcon tube (Corning, USA) for centrifugation at 1200 rpm for 5 minutes (Thermo
Fisher Scientific, USA). Depending on the cell count, the HEK293 cells were
distributed to 2 to 5 new flasks. If needed for experiments, they were transferred to
100 mm cell culture dishes (Thermo Fisher Scientific, USA), whereby 6 million
HEK293 cells per cell culture dish were allowed to settle for 24 hours prior to

transfection.

HUVECs (Promocell, Germany) between the passages 5 and 8 were cultured for
transfection of plasmid DNA, HDAC9-silencing siRNA or non-targeting siRNA to
facilitate protein complex immunoprecipitation and TNFa-stimulation experiments.
Plated on T75 cell culture flasks (Thermo Fisher Scientific, USA), the cells were
cultivated at 37°C in enriched endothelial cell growth medium (Thermo Fisher
Scientific, USA), which was replaced every 48 hours. To promote cell adherence,
container surfaces were coated with Collagen G (Merck Millipore, USA), previously
diluted 1:100 in 1x PBS and passed through a 0.2 ym syringe-driven filter (Merck
Millipore, USA). Once they had attained a confluence of 100%, the HUVECs were
passaged at a ratio of between 1:2 and 1:10, depending on cell count. Here,
Accutase (Sigma-Aldrich, Germany) was used for cell detachment and the above-

described steps for HEK293 cells were maintained. For protein complex
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immunoprecipitation experiments, 3 million HUVECs were plated on 150 mm cell
culture dishes (Thermo Fisher Scientific, USA). For TNFa-stimulation experiments, 1
million cells were used for each well of a 6-well plate (Thermo Fisher Scientific,
USA). Container surfaces were coated with diluted collagen G, as described above.

Cells were counted with an automated cell counter (Bio-Rad, USA). Here, 10 ul of a
suspension containing the cells in question was dissolved 1:1 in 10 pl Trypan blue
solution (Sigma-Aldrich, Germany). The average of three automated cell counts was

calculated for subsequent use.

To accommodate future experiments and in cases where cells no longer were
needed, HEK293 cells and HUVECs underwent cryopreservation. Here, they were
brought out of adherence using the steps described above. They were then
centrifuged at 500 g for 10 minutes (Thermo Fisher Scientific, USA). The
supernatant was replaced with DMSO (Roth, Germany) — a freezing medium — and
the cell suspension transferred into a cryovial (Thermo Fisher Scientific, USA). The
vial was stored overnight at -80°C in a freezing container (Thermo Fisher Scientific,
USA) before transfer to a liquid nitrogen tank (Thermo Fisher Scientific, USA), in
which cells were preserved at -153°C. When required for experiments,
cryopreserved cells were thawed on ice, the DMSO removed rapidly post-
centrifugation and the cells brought into culture under above-described conditions.

5.2.1.3.  Plasmid DNA preparation and transfection

Both HEK293 cells and HUVECs were transiently co-transfected with plasmid DNA
for later protein complex immunoprecipitation. HUVECs were also transfected with

siRNA for TNFa-stimulation experiments.

For protein complex immunoprecipitation, HEK293 cells and HUVECs were
transiently co-transfected with FLAG-HDAC9 (Dr. Matthias Prestel, Germany) or
FLAG alone control (Dr. Matthias Prestel, Germany) and one component of the NF-
KB signalling pathway: HA-IKK« (InvivoGen, USA), HA-IKKS (InvivoGen, USA), HA-
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IKKy/NEMO (gift from Prof. Kun-Liang Guan, USA), HA-IxB« (gift from Prof. Warner
Greene, USA), HA-RSK1 (gift from Prof. John Blenis, USA), HA-GSK3/ (gift from Dr.
Jim Woodgett, Canada) or T7-IKKe (gift from Prof. Tom Maniatis, USA)'68-172,

Plasmids were prepared using the NucleoBond Xtra Midi Plus kit (Macherey-Nagel,
Germany). Here, 1 yl of the aforementioned plasmid DNA samples was added to
competent DH5a bacteria (Institute for Stroke and Dementia Research, Germany),
incubated on ice for 30 minutes and heat-shocked at 42°C for 90 seconds. 250 pl LB
medium (described above) was added. The solution was incubated at 37°C for 30
minutes (Thermo Fisher Scientific, USA) before being transferred uniformly onto an
LB agar plate (described above) and incubated at 37°C overnight. Two clones were
then picked from the agar plate and incubated at 37°C for 6 hours in a solution of 4
ml LB medium containing 4 yl Ampicillin (Thermo Fisher Scientific, USA).
Subsequently, the kit's protocol was followed. The bacteria suspension was
centrifuged at 4.000 g and 4°C over 45 minutes, the supernatant removed and the
pellet resuspended and incubated for 5 minutes, at room temperature, in 4 ml kit-
enclosed RES Buffer. 8 ml LYS Buffer was added to lyse the bacteria. The lysate
was then added to the kit-enclosed column filter pretreated with 12 ml EQU buffer
and 8 ml NEU buffer. 5 ml EQU buffer was added on top of the lysate and the eluate
was collected below the column. 3.5 ml isopropanol was added and the solution
centrifuged at 15.000 g and 4°C over 30 minutes. The supernatant was removed and
the pellet resuspended in 70% ethanol (Roth, Germany) before being centrifuged at
15.000 g and room temperature for 5 minutes. The supernatant was removed and
the pellet allowed to dry. The plasmid pellet was then resuspended in 300 yl ddH20
and, using spectrophotometry, the concentration of plasmid DNA was quantified by
Nanodrop (Thermo Fisher Scientific, USA).

For co-transfection in HEK293 cells, 6 million cells — plated a day prior to transfection
— were cumulatively provided with 8.5 pg of plasmid DNA: 4 ug of either FLAG-
HDACO9 or FLAG alone control, 4 ug of one of the aforementioned NF-kB signalling
components and, for control of transfection quality, 0.5 pg of GFP (Lonza,
Switzerland). The plasmids were diluted in 300 pl OPTI-MEM medium (Thermo
Fisher Scientific, USA) along with 80 ul of Polyfect transfection reagent (Qiagen,
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Netherlands), agitated and incubated at room temperature for 10 minutes. The
solution was then distributed uniformly when applied to the cells, prior to overnight
incubation at 37°C. Following use of a microscope (Nikon, Japan) to verify green
fluorescence as a surrogate for the transfection of GFP, the cells were lysed and the

lysate used for protein complex immunoprecipitation.

For plasmid DNA co-transfection in HUVECs, 3 million cells per sample were
passaged two days in advance. Due to the significant amount of highly concentrated
cell lysate required for protein complex immunoprecipitation, the protocol provided by
the HUVEC Nucleofector Kit (Lonza, Switzerland) was modified to accommodate
pooling of samples. Transfected over three cycles, a total of 15 ug of plasmid DNA
was used per sample: 6.75 ug of either FLAG-HDAC9 or FLAG alone control, 6.75
ug of either HA-IKKa or HA-IKK and 1.5 pg kit-enclosed GFP. In each culture dish,
HUVECs — which had previously been washed with 1x PBS, brought out of
adherence by Accutase (Sigma-Aldrich, Germany), centrifuged at 200 g for 10
minutes (Thermo Fisher Scientific, USA) and resuspended in 100 pl kit-enclosed
nucleofector solution — thus received 5 ug of plasmid material. The cell/DNA
suspension was then transferred to a transfection cuvette and underwent
electroporation in the Nucleofector Device (Lonza, Switzerland), with the latter set to
programme A-034. Three corresponding samples were pooled and transferred to a
150 mm collagen G-coated cell culture dish (Thermo Fisher Scientific, USA). The
cells were left to incubate in enriched endothelial cell growth medium at 37°C
overnight. Transfection quality was verified for GFP using a microscope and the cells

were lysed ahead of protein complex immunoprecipitation.

5.2.1.4.  siRNA transfection in HUVECs for TNFa-stimulation

For TNFa-stimulation experiments, 1 million HUVECs per sample were passaged
two days ahead of siRNA transfection. The steps outlined in the protocol provided by
the HUVEC Nucleofector Kit (Lonza, Switzerland) were followed. The preparatory
steps mirrored those of plasmid DNA transfection in HUVECs, at the end of which

the cells were resuspended in 100 pl kit-enclosed nucleofector solution. 100 pmol of
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either predesigned ON-TARGETplus SMARTpool human HDAC9 siRNA (Horizon
Discovery, United Kingdom) or nontargeting ON-TARGETplus SCR siRNA control
(Horizon Discovery, United Kingdom) were added and the cell/RNA suspension
underwent electroporation in the Nucleofector Device (Lonza, Switzerland) set to
programme A-034. Following transfer to a collagen G-coated 6-well plate (Thermo
Fisher Scientific, USA) containing endothelial cell growth medium for a total volume
of 1.5 ml in each well, the cells were allowed to recuperate for 48 hours. They were
then stimulated with 20 ng/ml human TNFa (Thermo Fisher Scientific, USA) at time
intervals of between 0 and 120 minutes. Stimulation was interrupted by aspiration of
the TNFa-containing medium and two cycles of subsequent washing with 1x PBS,
after which the cells were lysed.

5.2.1.5.  Lysis

Whole cell lysate was required for both protein complex immunoprecipitation and
immunoblotting following TNFa-stimulation. To prevent proteasomal degradation of
proteins ahead of and throughout protein complex immunoprecipitation, HEK293
cells and HUVECs were incubated for 60 minutes with 1uM MG-132 (Cell Signaling
Technology, USA), a proteasome inhibitor. After two washing cycles with 1x PBS,
the cells were incubated for 5 minutes at 4°C with 500 pl 1x cell lysis buffer. Using a
cell scraper (Corning, USA) to harvest, the cells were gently brought out of
adherence from the surface of the cell culture dish (Thermo Fisher Scientific, USA)
and transferred to an eppendorf vial. Using a pipette to homogenise the lysate, the
cell material was resuspended before the whole cell lysate was centrifuged for 10
minutes at 14.000 g and with a temperature of 4°C (Thermo Fisher Scientific, USA).
The supernatant was then transferred to a new vial and underwent protein

concentration measurement, described below.

Whole cell lysate from HUVECs was harvested for TNFa-stimulation experiments.
Here, the supernatant containing TNFa was removed from the wells of the 6-well

plate (Thermo Fisher Scientific, USA) and the cells washed twice with 1x PBS. To
maintain the effect from TNFa-stimulation, the cells were immediately incubated at
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4°C with 100 pl LDS sample buffer (Invitrogen, USA) over 5 minutes. Following the
above-described protocol, they were then brought out of adherence, homogenised,

centrifuged and underwent protein concentration measurement.

5.2.2. Protein methods

5.2.2.1. Concentration measurement

To ensure the use of equal amounts of protein in subsequent experiments, sample
protein concentrations were determined. These were measured by Bradford Protein
Assay using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, USA) and
colorimetry. Following preliminary dilution of kit-enclosed BSA standards in ddH20
(Merck, Germany) to attain standard concentrations of between 0 pg/ml to 2000
pg/ml, 10 pl of either (diluted) standard or sample were pipetted into a 96-well plate
(Sigma-Aldrich, Germany). This was followed by 200 ul of working reagent, a 1:50
solution of the kit-enclosed Substrates A and B. It was ensured that all samples
faced equal amounts of light exposure. Following 20-minute incubation of the probes
at 37°C (Thermo Fisher Scientific, USA), a microplate absorbance reader (Bio-Rad,
USA) was employed for colorimetry, whereby a samples’ absorbance at a
wavelength of 595 nm was plotted against the standard curve of a duplicated series
of BSA standard. Total protein concentrations were calculated using Microplate
Manager Software 6 (Bio-Rad, USA) and Microsoft Excel (Microsoft Corporation,
USA). Samples were then immediately used in protein complex immunoprecipitation
experiments or stored in a laboratory refrigerator at -80°C (Thermo Fisher Scientific,
USA) for later use.

522.2. Protein complex immunoprecipitation

Whole cell lysate samples obtained from HEK293 cells (ATCC, USA) or HUVECs
(Promocell, Germany) previously transfected with FLAG-HDAC9 or FLAG alone
control alongside one of various NF-kB signalling components were used for protein

complex immunoprecipitation experiments. Derived from their respective total protein
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concentration, the whole cell lysates were further diluted in 1x cell lysis buffer to
attain equal total protein weights of 250 ug for HEK293 cells or 100 ug for HUVECs
and 500 pL per sample. To inhibit serine proteases, 1 mM PMSF (Roche,
Switzerland) was added to the 1x cell lysis buffer immediately prior to dilution. The
samples were then incubated at 4°C overnight on a rotating wheel (neolLab,
Germany) for conjugation with 10 ug of a primary antibody, either anti-FLAG (Sigma-
Aldrich, Germany), anti-HA (Cell Signaling Technology, USA) or anti-T7 (Cell
Signaling Technology, USA). Next, depending on isotope-specificity, 50 yL of either
Protein A or G Dynabeads (Invitrogen, USA) were placed in an eppendorf vial
equivalent to the number of samples. For pre-clearing, the Dynabeads were placed
on a magnetic stand (Invitrogen, USA), the supernatant was removed and the
magnetic beads washed three times with 100 uL cell lysis buffer. Each 500 pL
sample was then resuspended into the respective eppendorf vial containing the
magnetic beads. The sample suspensions were incubated over 2 hours at 4°C on a
rotating wheel (neoLab, Germany), thereby initiating immunoprecipitation. Following
incubation, the samples’ cell lysate was discarded using the magnetic stand and the
remaining magnetic pellets then kept on ice between five washing cycles. In the first
three cycles, the pellet was resuspended in low salt washing buffer — 200 pL 1x cell
lysis buffer with 150 nM NaCl (Roth, Germany). High salt washing buffer, containing
200 pL 1x cell lysis buffer and 250 nM NaCl (Roth, Germany), was used to
resuspend the pellet in the last two cycles. Between each washing cycle, the
washing buffer was collected and discarded using the magnetic stand. After the final
washing cycle, the antigen-antibody complexes were eluted by resuspending the
magnetic sample pellets in 40 yl SDS sample buffer. For input samples, which did
not undergo immunoprecipitation and amounted to the 5% equivalent of initial total
protein weight, 10 yl SDS sample buffer was used. The samples were then agitated
for 30 seconds using a vortex (Scientific Industries, USA) and boiled for 10 minutes
at 70°C in a block heater (Stuart Scientific, United Kingdom). Finally, the samples
were placed on the magnetic stand, enabling the transfer of the supernatant with the
antigen-antibody complexes for electrophoresis.
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52.2.3. Kinase activity assay

Kinase activity assays were conducted using whole cell lysate of HEK293 cells or
HUVECs previously transfected with HA-IKKg and FLAG-HDAC9 or FLAG alone
control. Cell lysis, using pooled material from three and six 150 mm cell culture
dishes (Thermo Fisher Scientific, USA) for HEK293 cells and HUVECs respectively,
and protein complex immunoprecipitation were performed as described above.
Either anti-FLAG (Sigma-Aldrich, Germany) or anti-HA (Cell Signaling Technology,
USA) was used. The magnetically immunoprecipitated protein complexes were
washed following the previously described washing process, whereby three washing
cycles performed with 4°C cold 1x cell lysis buffer were followed by three washing
cycles with 4°C cold 1x kinase buffer (Cell Signaling Technology, USA). The
immunoprecipitated protein complexes were kept in the 1x kinase activity buffer used
in the final washing cycle, thus providing the medium for the kinase activity assays
that immediately followed. To measure the ability of IKKp to phosphorylate p65 in the
presence and absence of HDAC9, substrate was added in the form of 400 ng
recombinant human p65 (Active Motif, USA). The solution was then immediately
incubated with 50.72 pg (100 uM) ATP (Sigma-Aldrich, Germany), whereby the vial
containing the solution was placed in a water bath (Gesellschaft fur Labortechnik,
Germany) at a temperature of 34°C. Following 45 minutes of incubation, kinase
activity was inhibited with the addition of 10 pl 4x Laemmli protein sample buffer
(Bio-Rad, USA). Samples were then boiled for 20 minutes at 95°C in a block heater
(Stuart Scientific, United Kingdom), after which a magnetic stand (Invitrogen, USA)
was used to separate the magnetic beads (Invitrogen, USA) previously used for
immunoprecipitation, thus enabling the transfer of the reagents for electrophoresis.

5.2.2.4.  Electrophoresis

SDS-PAGE upper and lower gels with a thickness of 1 mm were prepared following

the respective recipes. Pouring stands were prepared using glass plates, glass plate

holders and sponges (Bio-Rad, USA) to accommodate the preparation of 7.5%
sodium dodecyl sulphate (SDS) that was used to separate proteins. The lower gel
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solution, described above, was added to amount for the lower 70% of the volume
between the glass plates. To allow for the development of a smooth upper surface
during gel polymerisation, isopropanol (Sigma-Aldrich, Germany) was added above
the lower gel solution and removed again after 30 minutes post-polymerisation, after
which the lower gel's upper surface was rinsed with ddH2O (Merck, Germany). The
upper gel solution, described above, was added to the upper 30% of the volume
between the glass plates and underwent polymerisation for 30 minutes with a 10-well
comb inserted.

Samples with equivalent total protein weight were filled into each well and 10 ul of a
pre-stained protein standard marker (Bio-Rad, USA) was added to enable the
approximation of molecular weight. SDS-Page electrophoresis was conducted at
between 100 V to 150 V over 60 to 90 minutes in an electrophoresis cell (Bio-Rad,
USA) containing 1x running buffer, described above. Smaller, negatively charged
proteins migrated towards the cathode at higher speed and electrophoresis was
ended when those proteins had travelled the entire distance of the gel, as
demarcated by the protein marker.

5.2.2.5. Western Blot

PVDF membrane (Bio-Rad, USA) was used for protein transfer. In preparation, the
membrane was activated in methanol (Roth, Germany) for 10 seconds before being
deposited in 1x blotting buffer, described above, for 10 minutes on a rocking shaker
(Ingenieurblro CAT, Germany). Thick blot filter paper (Bio-Rad, USA) was
submerged in 1x blotting buffer before the transfer module (Bio-Rad, USA) was
arranged in the following order: anode — mesh — blot filter paper — PVDF membrane
— gel — blot filter paper — cathode. The module was then placed into the
electrophoresis cell with 1x blotting buffer. To maintain temperature conditions, via
prevention of the blotting buffer overheating in the electrophoresis cell, a cold pack
was added and the module placed on a magnetic stirrer (IKA-Werke, Germany).
Protein transfer was conducted over 60 minutes at 100 V, 250 mA and 50 W, the
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quality of which was verified through the existence of the standard marker’s coloured
bands on the PVDF membrane demarcating the range of molecular weights.

Following completion of the protein transfer, the PVDF membrane was submerged in
5 ml 5% blocking buffer, described above, for 60 minutes on a rocking shaker
(Ingenieurbliro CAT, Germany), at 20°C. It was then incubated with a primary
antibody on the rocking shaker at 4°C overnight, whereby 5 to 10 ml of the primary
antibody was dissolved in 5 ml of either 1% or 5% BSA solution (Sigma-Aldrich,
Germany). The PVDF membrane was then rinsed with TBS-T, described above, in 3
to 5 cycles of between 5 to 15 minutes. Depending on the host species of the
primary antibody, a secondary HRP-conjugated anti-mouse (Agilent Dako, USA) or
anti-rabbit antibody (Agilent Dako, USA) was dissolved 1:10.000 in 10 ml 1% BSA
solution and the PVDF membrane left to incubate with the secondary antibody on a
rocking shaker for 120 minutes. After incubation, the washing process was repeated
again. Following application of 600 ul of chemiluminescent HRP substrate (Merck
Millipore, USA), the protein bands were visualised using Fusion Fx7 (Vilber, France)
and stored for later reuse in a refrigerator at -20°C (Siemens, Germany). Where
necessary, protein band areas and intensity were quantified by densitometry using
the Image J 1.47v software (Wayne Rasband, USA).

5.2.2.6. ELISA

Murine BMDMSs'’ secretion of cytokines and chemokines was quantified via ELISA for
various conditions. Here, the effect of the absence of Hdac9 and inhibition of the NF-
kKB pathway and the interplay between the two were assessed. BMDMs from
Hdac9** Apoe™ and Hdac9~~ Apoe~~ mice were used. Following BMDM-isolation
from their femurs and tibiae, the cells were cultivated in BMDM growth medium with
LCM, both described above. 1 million cells were seeded for 24 hours in LCM-free
BMDM growth medium, allowing them to adhere to the surface of a 6-well plate
(Thermo Fisher Scientific, USA). They were left untreated (14.1 yM DMSO as
vehicle control) or pretreated for 60 minutes with either 100 nM or 250 nM TPCA-1

(Abcam, United Kingdom), a selective IKKB-inhibitor. After pre-treatment, all samples

51



were stimulated for 24 hours with 2.87 yM mouse TNFa (Thermo Fisher Scientific,
USA), keeping the cells incubated at 37°C. The supernatant was collected and
centrifuged for 10 minutes at 500 g (Thermo Fisher Scientific, USA). Using
commercially available ELISA kits, BMDM-secretion of Ccl2, Cxcl1 and TNFa (all
R&D systems, USA) was quantified adhering to the supplier’s protocols. To ensure
cytokine and chemokine levels fell within the kits’ detection ranges, samples were
diluted as appropriate (Ccl2 and TNFa: 1:400, Cxcl1: 1:100). 100 ul of each diluted
sample or standard was incubated for 2 hours at room temperature in a 96-well plate
(Sigma-Aldrich, Germany) pre-treated with kit-enclosed capture antibody. Following
aspiration and three washing cycles with wash buffer, the samples were incubated
for 2 hours at room temperature with 100 pl kit-enclosed detection antibody, after
which aspiration and washing was repeated. Samples were then incubated for 20
minutes with 100 pl kit-enclosed Strepdavidin-HRP. Following aspiration and the
addition of 100 pl substrate solution and 50 ul stop solution, colorimetry was
performed using a microplate absorbance reader (Bio-Rad, USA) and Microplate
Manager Software 6 (Bio-Rad, USA). Absorbance was measured at 595 nm and 450
nm, whereby the first reading was subtracted from the latter and the result was
plotted against a standard curve.

5.3. Statistical analysis

Western Blot readouts on acetylation and phosphorylation status were quantified via
densitometry using Image J 1.47v (Wayne Rasband, USA). Both densitometry and
ELISA results underwent statistical analysis with Graphpad Prism 7.0 (Graphpad
Software Inc., USA), whereby data was represented as means + SEM and the
sample size ranged from 3 to 6. Data was tested for normality using the Shapiro-Wilk
test next to visual inspection of the quantile-quantile plots. There were two scenarios:
first, a comparison of two groups, whereby a two-sided non-parametric Mann-
Whitney U test was applied. Second, experiments with two variants and at least
three groups, where Two-Way Analysis of Variance (ANOVA) was conducted,
followed by Bonferroni’s or Dunnett’'s multiple comparisons tests. A result was
considered statistically significant at p<0.05.
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6. Results

6.1. HDACY interacts with IKKa and IKKp of IkB kinase enzyme complex

The primary aim of this study was to identify HDAC9'’s role in atherogenesis by
screening for potential interaction partners within the NF-kB signalling pathway. For
proof of concept, interactions were detected or ruled out in HEK293 cells: a cell line
chosen for its simple maintenance, high growth rate and excellent transfection
efficiency'”3174. To render a positive overall screening result, candidates required
independent positive results in both directions — via pull down of HDAC9 and the
investigated interaction partner, respectively. Identified interactions were then
reproduced in atherosclerosis-relevant primary cells. Investigation of specific
interaction partners was prioritised systematically, based on existing literature and

previous findings within our research group.

6.1.1. HDACO interacts with IKKa and IKKB, but not with IKKy in HEK293 cells

Earlier TNFa-stimulation experiments in our research group identified HDACS9 to
promote the phosphorylation of p65’s serine residues 468 and 536 in three different
atherosclerosis-relevant cell types. Thus, we hypothesized an interaction between
HDAC9 and at least one NF-kB-relevant protein kinase’.

A systematic screening of potential interaction partners for HDAC9 was employed
via protein complex immunoprecipitation experiments in HEK293 cells. Exploration of
candidate interactions was based on, (A) kinase activity relevant to phosphorylating
p65’s serine residues 468 and 536 and, (B) relevance to canonical NF-kB-signalling,
whereby candidates meeting both (A) and (B) were prioritised. FLAG-tagged HDAC9
or FLAG alone control were transiently co-transfected in HEK293 cells with one of

the potential HA- or T7-tagged interaction partners, as described above.

Based on their association with the phosphorylation of p65’s ser536 and ser468-
residues, IKKa., IKKB, IKKe, RSK1 and GSK3p underwent screening'!7138.150-
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152,164,175,176 " |xkBow and the kinase IKKy/NEMO were employed as controls due to their
relevance in canonical NF-kB-signalling — though neither demonstrate kinase
activity!16.124.125,131,135,140.142 ' TBK1 was not screened for, because it was previously

already identified to interact with and undergo deacetylation by HDAC9'%.

Meeting both (A) and (B), IKKa and IKKP were hypothesised as key candidates for
HDAC9-interaction38.1%0.164.175.176 ' Though IKKa. is not typically defined as canonical,

literature indicates a major, even dominant role in canonical NF-kB-signalling'38.144,
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Figure 12: HDACS interacts with IKKa in HEK293 cells

Representative immunoblot images depicting the interaction between HDAC9 and IKKa following
protein complex immunoprecipitation of whole cell lysate from HEK293 cells previously transfected
with FLAG-HDAC9 or FLAG-tagged control (CTRL) and HA-IKKa. Top: Anti-FLAG was used to
pull down HDAC9 and its interaction partner, IKKa. IKKa was visualised via immunoblot with anti-
HA and the pulldown of HDAC9 confirmed via anti-FLAG. Bottom: To validate the finding, the
same sample and experimental setup was used to pull down IKKa and its interaction partner,
HDACY, using anti-HA. HDAC9 was visualised via immunoblot with anti-FLAG and the pulldown of
IKKa confirmed via anti-HA. Shown on the left are molecular weights in kilodaltons (kDa), as
determined by the protein standard marker. n=4. Results previously published in Asare et al.
(2020)".
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Indeed, screening confirmed the hypothesis and identified interactions between
HDAC9 and both IKKa and IKKp. The interactions were replicated in 4 independent

samples respectively. For each sample, the interaction was first identified via pull
down of HDAC9’s FLAG-tag, with detection of either IKKa or IKKf via

immunoblotting of the HA-tag. The findings were validated in a second experiment

using the same sample via pull down of the HA-tagged kinase and detection of

HDACDO via the FLAG-tag. Representative images are shown in Figures 12 and 13.
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Figure 13: HDACS interacts with IKKB in HEK293 cells

Representative immunoblot images depicting the interaction between HDAC9 and IKKp
following protein complex immunoprecipitation of whole cell lysate from HEK293 cells
previously transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL) and HA-IKKp.
Top: Anti-FLAG was used to pull down HDAC9 and its interaction partner, IKKB. IKKB was
visualised via immunoblot with anti-HA and the pulldown of HDAC9 confirmed via anti-
FLAG. Bottom: To validate the finding, the same sample and experimental setup was
used to pull down IKKB and its interaction partner, HDAC9, using anti-HA. HDAC9 was
visualised via immunoblot with anti-FLAG and the pulldown of IKK( confirmed via anti-HA.
Shown on the left are molecular weights in kilodaltons (kDa), as determined by the protein
standard marker. n=4. Results previously published in Asare et al. (2020)".



Inputs of between 0.25% and 0.5% of total protein weight were used and refer to the
entirety of protein content prior to protein complex immunoprecipitation, thus
providing a reference for the evaluation of protein levels within the sample. This was

maintained for all following protein complex immunoprecipitation experiments.

IKKa and IKKp represent two of the three subunits of the IKK-complex. Both are
catalytic, phosphorylating downstream targets. The third, IKKy/NEMO, maintains a
regulatory function and — notwithstanding its status as a kinase — is not typically
involved in the phosphorylation of other proteins'””. Thus, specificity for HDAC9's
interaction with IKKa and IKKB was hypothesised, whereby — in line with (A) and (B)
— IKKy/NEMO was postulated not to interact with HDAC9 and thus employed as a

screening control.
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Figure 14: HDAC9 and IKKy/NEMO do not interact

Representative immunoblot image depicting no interaction between HDAC9 and
IKKy/NEMO following protein complex immunoprecipitation of whole cell lysate from
HEK293 cells previously transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL)
and HA-IKKyNEMO. Anti-FLAG was used to pull down HDAC9 and its hypothesized
interaction partner, IKKy/NEMO. IKKy/NEMO was visualized via immunoblot with anti-HA
and the pulldown of HDAC9 confirmed via anti-FLAG. Shown on the left are molecular
weights in kilodaltons (kDa), as determined by the protein standard marker. n=2. Results
previously published in Asare et al. (2020)".

Indeed, the absence of an interaction between HDAC9 and IKKy/NEMO both
supported the hypothesis of specificity and validated the experimental setup.
Because pulldown via HDAC9 was negative and bidirectional positive results were
necessary for a screening result to be deemed positive, validation via HA-pulldown
was rendered unnecessary. A representative image is shown in Figure 14.
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6.1.2. HDACY interacts with IKKa and IKKf in HUVECs

While HEK293 cells’ high growth rate and transfection efficiency provide practical
conditions for proof of concept, key findings concerning atherogenesis are ideally
validated in atherosclerosis-relevant primary cells. Thus, following initial screening in
HEK293 cells, HUVECs were used to replicate findings. The experimental design

was adapted to accommodate for differences in cell cultivation and transfection.
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Figure 15: HDACS interacts with IKKa and IKKB in HUVECs

Representative immunoblot images depicting the interactions of HDAC9 with IKKa
and IKKB, following protein complex immunoprecipitation of whole cell lysate from
HUVECs previously transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL)
and either HA-IKKa or HA-IKKB. Anti-FLAG was used to pull down HDAC9 and the
interacting kinase. Top: Anti-HA was used to visualise IKKa via immunoblot, after
which the pulldown of HDAC9 was confirmed via anti-FLAG. n=3. Bottom: Anti-HA
was used to visualise IKKp via immunoblot and HDAC9-pulldown again confirmed
via anti-FLAG. n=3. Shown on the left are molecular weights in kilodaltons (kDa), as
determine1d by the protein standard marker. Results previously published in Asare et
al. (2020)".
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Indeed, protein complex immunoprecipitation in HUVECs validated both previous
findings: interaction between HDAC9 and IKKa and IKKf was replicated in three
independent experiments respectively, in which the complex underwent pulldown via
FLAG-tag and immunoblotting via the HA-tag. Representative images are shown in
Figure 15. Confirmation of the protein interactions in this atherosclerosis-relevant cell
type substantiated the concept of a significant role for HDAC9-mediated alterations
to NF-kB-signalling in atherogenic inflammation. The findings led to two pressing
questions: are IKKa and IKKp the only NF-kB-relevant proteins to interact with

HDAC9 and how do these interactions modify NF-kB-signalling?

6.1.3. HDACY9 does not interact with RSK1, GSK3p, IKKe or IkBa

Screening involved further protein complex immunoprecipitation experiments
investigating interactions between HDAC9 and the remaining shortlisted proteins.
Based on their ability to phosphorylate p65 at ser468 and ser536, three additional
non-canonical kinases and, for control, a downstream target of IKKa and IKK within

the NF-kB signalling pathway — IkBa — were investigated.

RSK1 was of interest, because it is a serine/threonine-kinase and a downstream
effector of the MAPK/ERK-pathway. Its biological functions include activating
transcription and translation as well as cell cycle regulation”®. Critically to NF-kB-
signalling, RSK1 activates NF-kB directly, via phosphorylation at ser536, and

indirectly, via phosphorylation of IkBa., thus inducing its degradation50.178-180,

Using whole cell lysates from HEK293 cells previously transfected with FLAG-
HDACS9 or FLAG alone control and HA-RSK1, pulldown was conducted via FLAG
and immunoblotting via HA. However, three independent protein complex
immunoprecipitation experiments confirmed no interaction between HDAC9 and

RSK1. A representative image depicting no interaction is shown in Figure 16.
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Figure 16: HDAC9 and RSK1 do not interact

Representative immunoblot image depicting no interaction between HDAC9 and RSK1
following protein complex immunoprecipitation of whole cell lysate from HEK293 cells
previously transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL) and HA-RSKT.
Anti-FLAG was used to pull down HDAC9 and its hypothesized interaction partner, RSK1.
RSK1 was visualized via immunoblot with anti-HA and the pulldown of HDAC9 confirmed
via anti-FLAG. Shown on the left are molecular weights in kilodaltons (kDa), as determined
by the protein standard marker. n=3. Results previously published in Asare et al. (2020)".

Described as “the busiest kinase”, with involvement in a range of biological functions
and over 100 substrates, GSK3p was of natural interest for this study'®'. This non-
canonical serine/threonine-kinase regulates various cellular processes from
glycogen metabolism to cell cycle progression. Notably, it phosphorylates p65 at
ser468 with an inhibitory effect, thereby reducing basal NF-kB-activty5"181,

As above, whole cell lysates derived from HEK293 cells were transfected with HA-
tagged GSK3p and FLAG-tagged HDAC9 or FLAG alone control. Pulldown via FLAG
with HA-immunoblotting was negative. The interaction between HDAC9 and GSK3p3
was ruled out in three independent samples. A representative image depicting no

interaction is shown in Figure 17.

IKKe, a non-canonical serine/threonine-kinase shown to phosphorylate ser536
basally and ser468, was the final screening candidate®%1%2, Notwithstanding its
name, it plays a secondary role in NF-kB-activation and does not associate with
other IkB kinases — forming distinct complexes separate to those of IKKa, IKKp and
IKKy/NEMO'%3.1%# Thus, following positive screening for IKKa and IKKB, an
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interaction between HDAC9 and IKKe may have been indicative of multiple

communication pathways with the NF-kB pathway.
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Figure 17: HDAC9 and GSK3p do not interact

Representative immunoblot image depicting no interaction between HDAC9 and GSK3p
following protein complex immunoprecipitation of whole cell lysate from HEK293 cells
previously transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL) and HA-
GSK3p. Anti-FLAG was used to pull down HDACY9 and its hypothesized interaction
partner, GSK3p. GSK3p was visualized via immunoblot with anti-HA and the pulldown of
HDACS9 confirmed via anti-FLAG. Shown on the left are molecular weights in kilodaltons
(kDa), as determined by the protein standard marker. n=3. Results previously published
in Asare et al. (2020)".

Here, whole cell lysates derived from HEK293 cells previously transfected with
FLAG-HDAC9 or FLAG alone control and T7-tagged IKKe were employed. Three
independent samples were prepared for protein complex immunoprecipitation. Initial
pulldown was conducted via FLAG and immunoblotting via T7. While one experiment
rendered a negative screening result, two remained inconclusive, showing only
minimal band visibility versus the 0.25% input. To rule out an interaction, reciprocal
experiments were performed pulling down via T7 and immunoblotting via FLAG.
Here, all three experiments rendered a negative result and thus confirmed no
communication between HDAC9 and IKKe. Representative images of the pulldown in

both directions are depicted in Figure 18.
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Figure 18: HDAC9 and IKKe do not interact

Representative immunoblot images depicting no interaction between HDAC9 and IKKe
following protein complex immunoprecipitation of whole cell lysate from HEK293 cells
previously transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL) and T7-IKKe.
Top: Anti-FLAG was used to pull down HDAC9 and its hypothesized interaction partner,
IKKe. Immunobilotting of IKKe via anti-T7 gave one negative and two inconclusive results
out of three experiments. Pulldown of HDAC9 was confirmed for each experiment via anti-
FLAG. Bottom: To rule out an interaction, the same sample and experimental setup was
used to pull down IKKe and its interaction partner, HDAC9, using anti-T7. HDAC9 could not
be visualised via immunoblot with anti-FLAG while the pulldown of IKKe was confirmed via
anti-T7. Shown on the left are molecular weights in kilodaltons (kDa), as determined by the
protein standard marker. n=3.

The final protein under investigation was IkBa, the most abundant IkB-isomer. A key
regulator of NF-kB-signalling, IkB is the most significant downstream target for IKKa
and IKKp. IkB-degradation is an intermediary milestone in canonical NF-kB-
signalling and hinges on its phosphorylation by activated IKKp. Its degradation paves
the way for NF-kB’s nuclear translocation'6.140-143_ |t was therefore of interest to
assess its potential for involvement in a protein super-complex next to HDAC9 and

the two previously identified kinases.
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Maintaining the same experimental setup, HEK293 whole cell lysates previously
transfected with FLAG-HDAC9 or FLAG alone control and HA-IkBo were used.
Pulldown was conducted via FLAG and immunoblotting attempted via HA. Two
independent protein complex immunoprecipitation experiments confirmed no

interaction between HDAC9 and IkBa.. Figure 19 depicts a representative image.

IP: Anti-FLAG
Input CTRL_,. HDACO_,.
40 kD
- HA-IkBa
30 kD
150 kD —
ookp | - Sl [ FLAG-HDACY

Figure 19: HDAC9 and IkBa do not interact

Representative immunoblot image depicting no interaction between HDAC9 and IxBa
following protein complex immunoprecipitation of whole cell lysate from HEK293 cells
previously transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL) and HA-IxBe.
Anti-FLAG was used to pull down HDAC9 and its hypothesized interaction partner, IkBa.
IkBa was visualized via immunoblot with anti-HA and the pulldown of HDAC9 confirmed
via anti-FLAG. Shown on the left are molecular weights in kilodaltons (kDa), as determined
by the protein standard marker. n=2. Results previously published in Asare et al. (2020)".

These negative screening results, which rule out interactions between HDAC9 and
three significant non-canonical kinases as well as IKKB's primary canonical
downstream target, are noteworthy. The lack of interactions with RSK1, GSK3 and
IKKe underline the above-described overlap between HDAC9's gene expression in
inflammation and NF-kB-dependent canonical transcriptional responses. Said
overlap had substantiated the hypothesis of HDAC9's pro-atherogenic downstream
effects being mediated by canonical NF-kB-signalling. These findings further confirm
the specificity of HDAC9’s interaction with IKKa and IKKp, rendering the involvement
of RSK1, GSK3p and IKKe — all previously described to phosphorylate p65 at ser468
and/or ser536 — unlikely. Further, the lack of interaction between HDAC9 and IkBa

reduces the likelihood of the involvement of a protein super-complex. This is
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significant, because it minimises risk of off-target effects by other unknown proteins
to mediate HDAC9'’s atherosclerotic downstream manifestations.

Though IkBa has been described to interact with other non-canonical kinases, the
absence of interaction with HDAC9 — and the lack of communication between
HDAC9 and RSK1, GSK3p or IKKe — reduced the likelihood of non-canonical
involvement in mediating HDAC9'’s downstream effects'®2183, Thus, screening of
further potential interactions between HDAC9 and other non-canonical kinases was
deprioritised to facilitate exploration of the mechanistic role of its interaction with
IKKa and IKKp.

6.2. HDAC9-mediated deacetylation of IKKa and IKKp leads to activation of
IKK

Following identification of HDAC9's interaction partners within NF-kB signalling, the
second aim of this study was to explore the mechanistic role of interactions. Due to
HDACZ9'’s previously described class-atypical enzymatic activity — enabling the
deacetylation of both histones and non-histone proteins, such as the non-canonical
kinase TBK1 — potential deacetylation of interaction partners was investigated”>-96.100,
As with the former experiments to identify protein interactions, protein complex
immunoprecipitation was employed to evaluate HDAC9-mediated deacetylation of
IKKa and IKKB. Proof of concept was conducted in HEK293 cells. To validate
positive results in atherosclerosis-relevant primary cells, findings would be replicated
in HUVECs. HDAC9 was hypothesised to mediate the deacetylation of both IKKa
and IKKp.

6.2.1. HDAC9 mediates deacetylation of IKKa and IKKp in HEK293 cells

To assess IKKa and IKKB’'s HDAC9-dependent pan-acetylation status in HEK293
cells, the previously prepared samples containing transiently co-transfected FLAG-
tagged HDAC9 or FLAG alone control with one of the HA-tagged interaction partners
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were either reused or prepared afresh. Protein complex immunoprecipitation was
employed using the above-described experimental setup. In each sample, pull down
was conducted via the kinase’s HA-tag. IKKa and IKKf'’s respective pan-acetylation
levels, in the presence and absence of HDACY, were detected via immunoblotting of
acetylated lysine-residues using acetyl lysine-antibody. Acetylation of IKKa and IKKf3
was quantified and normalised to total IKKa or IKK( protein levels, in five and six
independent experiments respectively. Total amounts of kinase in each sample were
quantified via immunoblotting of pulled down HA-tag. A two-sided non-parametric
Mann-Whitney U test compared HDAC9-samples to control.

Both IKKa and IKKp rendered positive results, showing significantly reduced levels
of pan-acetylation in the presence of HDAC9. This confirmed the hypothesis.
Compared to the FLAG alone control, IKKa's relative acetylation in the presence of
FLAG-HDAC9 was 0.71 (p=0.008), suggesting a 29% reduction in pan-acetylation
mediated by HDACS9. Similarly, for IKKp, relative acetylation in the presence of
FLAG-HDAC9 was 0.74 (p=0.004) compared to control. Here, HDAC9 mediated a
26% reduction of IKKp’s levels of pan-acetylation. Representative images, as well as
a graphical quantification of IKKa and IKKf'’s relative acetylation levels in HEK293

cells, are depicted in Figure 20.

6.2.2. HDAC9 mediates deacetylation of IKKf in HUVECs

The finding concerning HDACO9’s role in mediating the deacetylation of kinases in
HEK293 cells warranted validation in atherosclerosis-relevant primary cells. Thus,
replication of the results was attempted in HUVECs. Here, IKKB was prioritised due
to its greater significance for canonical NF-kB-signalling. The experimental setup
was adapted to accommodate for differences in cell cultivation and transfection, as
described above.
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Figure 20: IKKa and IKKB undergo HDAC9-mediated deacetylation in HEK293 cells

Representative immunoblot images depicting the HDA9-mediated reduction in pan-acetylation of
IKKa (Top) and IKKB (Middle). Protein complex immunoprecipitation was conducted with whole
cell lysate from HEK293 cells previously transfected with FLAG-HDAC9 or FLAG-tagged control
(CTRL) and HA-IKKe or HA-IKK. Anti-HA was used to pull down each kinase with the interaction
partner, HDAC9. Acetylation was visualized via immunoblot with anti-acetyl lysine. Kinase
pulldown was confirmed and total kinase amounts quantified via immunoblot with anti-HA. Shown
on the left are molecular weights in kilodaltons (kDa), as determined by the protein standard
marker. Bottom: Relative acetylation of IKKa (n=5) and IKKB (n=6) in the presence of FLAG-
HDACO versus FLAG alone. Both were reduced in the presence of HDAC9. Relative acetylation
of IKKa: 0.71 (p=0.008). Relative acetylation of IKKB: 0.74 (p=0.004). Error bars indicate SEM.
Results previously published in Asare et al. (2020)".
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Four independent experiments reproduced the same positive results for IKKB. A
significant reduction in levels of pan-acetylation was identified in the presence of
HDACO versus control, thus validating the earlier findings in HEK293 cells.
Compared to the FLAG alone control, IKKp'’s relative acetylation in the presence of
FLAG-HDAC9 was 0.47 (p=0.002), representing a 53% reduction of pan-acetylation
in the presence of HDACO9. A representative image, as well as a graphical
quantification of HDAC9-mediated relative acetylation levels for IKKf in HUVECs,

are depicted in Figure 21.
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Figure 21: IKKB undergoes HDAC9-mediated deacetylation in HUVECs

Left: Representative immunoblot image depicting the reduction in pan-acetylation of IKKB in the presence of FLAG-HDAC9
versus control. Protein complex immunoprecipitation was conducted with whole cell lysate from HUVECs previously
transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL) and HA-IKKS. Anti-HA was used to pull down IKKB with its
interaction partner, HDAC9. Acetylation was visualized via immunoblot with anti-acetyl lysine. IKKB-pulldown was confirmed
and total IKKB quantified via immunoblot with anti-HA. Shown on the left are molecular weights in kilodaltons (kDa), as
determined by the protein standard marker. Right: Quantification of IKKp’s relative acetylation in the presence of FLAG-
HDACO9 versus FLAG alone. Relative acetylation of IKKB was significantly reduced in the presence of HDAC9 compared to
control (0.47, p=0.002). n=4. Error bars indicate SEM. Results previously published in Asare et al. (2020)".

6.2.3. HDAC9 mediates increase in IKKp kinase activity

Previous research has found acetylation of IKKa and IKKf'’s catalytic domains to
have an inhibitory effect on their kinase activity, thus preventing kinase activation

and phosphorylation of IkBa in response to pro-inflammatory stimuli’?>. Downstream,
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IKKa and IKKf also phosphorylate p65 at ser536, which stimulates NF-kB’s
transcriptional activity by facilitating p65 to bind DNA'°. However, the exact link
between IKK’s acetylation status and p65’s phosphorylation levels at ser536

remained unclear.

Hence, the effect of HDAC9-mediated IKKp-deacetylation on IKKf's kinase activity
was explored via quantification of p65’s phosphorylation levels at ser536. The
findings introduced between 6.1 and 6.2.2. presented the concept of HDACO9-
mediated IKK-deacetylation while our research group’s previous work linked HDAC9
to ser536-phosphorylation. Taken together, these findings suggested a potential
mechanistic role for HDAC9’s interaction with IKKp. It was thus hypothesised that the
HDAC9-mediated deacetylation of IKKB enhances IKKp'’s kinase activity, leading to

the phosphorylation of ser536 and stimulation of NF-kB'’s transcriptional activity.

To investigate this hypothesis, kinase activity assays were conducted. For proof of
concept, whole cell lysates were derived from HEK293 cells previously co-
transfected with HA-IKKfg and FLAG-HDAC9 or FLAG alone control. Using the
above-described experimental design, protein complex immunoprecipitation samples
that had previously undergone pulldown via FLAG or HA (n=2 respectively) were
exposed to recombinant human p65-substrate. Kinase activity was visualised via
immunoblotting with anti-p-p65 (ser536).

All four independent experiments displayed increased phosphorylation of ser536 in
the presence of HDAC9 versus control, thus confirming the hypothesis of an
HDAC9-mediated stimulation of IKKp kinase activity. Representative images
depicting results of these kinase activity assays conducted in HEK293 cells are
shown in Figure 22.

To replicate the findings of heightened, HDAC9-mediated kinase activity in
atherosclerosis-relevant primary cells, two independent validation experiments with a
cell-adapted setup were repeated in HUVECs. Due to the significant quantity of
cellular material required for each sample, pulldown was conducted one-way via
FLAG.
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Figure 22: HDAC9 stimulates ser536-phosphorylation by IKKp in HEK293 cells

Representative immunoblot images depicting increased HDAC9-mediated phosphorylation of
p65 at ser536 following protein complex immunoprecipitation of whole cell lysate from
HEK293 cells previously transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL) and
HA-IKKp. Top: Anti-HA was used to pull down IKKB and its interaction partner, HDACY,
before IKKB’s substrate, recombinant p65, was added to initiate the kinase activity assay.
Phosphorylation of p65 at ser536 was visualized via immunoblot with anti-p-p65 (ser536).
n=2. Bottom: The finding was validated by pulldown of HDAC9 and its interaction partner,
IKKB, via anti-FLAG. The subsequent kinase activity assay and immunoblotting followed the
same process described above. n=2. Shown on the left are molecular weights in kilodaltons
(kDa), as determined by the protein standard marker. Results previously published in Asare

et al. (2020)".
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Confirming the previous findings, both HUVEC-based experiments rendered an
identical result, displaying an increase in phosphorylation levels at ser536 in the
presence of HDAC9 versus control. A representative image is depicted in Figure 23.
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Figure 23: HDAC9 stimulates ser536-phosphorylation by IKKp in HUVECs

Representative immunoblot image depicting increased HDAC9-mediated phosphorylation of
p65 at ser536 following protein complex immunoprecipitation of whole cell lysate from
HUVECs previously transfected with FLAG-HDAC9 or FLAG-tagged control (CTRL) and HA-
IKKS. Anti-FLAG was used to pull down HDACY and its interaction partner, IKKB, before
IKKB’s substrate, recombinant p65, was added to initiate the kinase activity assay.
Phosphorylation of p65 at ser536 was visualized via immunoblot with anti-p-p65 (ser536).
n=2. Shown on the left are molecular weights in kilodaltons (kDa), as determined by the
protein standard marker. Results previously published in Asare et al. (2020)'.

6.3. Further findings
6.3.1. p65-phosphorylation at ser276 unaffected by HDAC9-knockdown

Earlier TNFa-stimulation experiments in our research group identified HDACO to
promote the phosphorylation of p65 at residues ser468 and ser536 in three different
atherosclerosis-relevant cell types'. To explore the specificity of the identified effect
of HDAC9-knockdown on phosphorylation levels at these residues, the previous
experimental setup with HUVECs was maintained. Here, p65’s phosphorylation
levels at another site, ser276, were assessed in three independent HUVEC-based

TNFa-stimulation experiments.
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ser276, located in p65’s RHD, is also involved in transcriptional co-activation, though
phosphorylation is conferred by other kinases''7:169-162_ Hence, absence of changes
to phosphorylation levels at ser276 would serve as further confirmation of the
specificity of HDAC9'’s interaction with IKKa and IKK, since their mediation of
downstream effects do not involve phosphorylation of ser276. Thus, no significant
HDACO9-dependent change in its phosphorylation levels was hypothesised.

This hypothesis was confirmed in three independent TNFa-stimulation experiments,
with no significant difference in phosphorylation, irrespective of duration of
stimulation. Quantification of p65-phosphorylation at ser276 normalised to total p65
showed comparable results for HUVECs that had undergone siRNA-mediated
HDACY-depletion and those treated with SCR RNA. A representative image, as well
as a graphical quantification of results, are depicted in Figure 24.

6.3.2. Hdac9-knockout reduces effect of IKKB-inhibition on CCL2-secretion in
murine BMDMs

Notwithstanding identification of HDAC9'’s interaction partners in NF-kB-signalling,
along with evidence of HDAC9's mechanistic role, downstream effects of the
interaction remained to be explored. The findings gave rise to the question of
whether HDAC9’s pro-inflammatory effect is mediated exclusively via IKK.

Earlier ELISA results in our research group identified Hdac9-knockout in murine
BMDMs to reduce secretion of key pro-inflammatory cytokines and chemokines,
including Ccl2, Cxcl1 and Tnfa'. To determine the exclusivity of IKKB as a mediator
of HDAC9-associated pro-inflammation, the effect of IKKB-inhibition on protein
secretion levels was investigated in HDAC9-depleted cells versus control. IKKp was
hypothesised to mediate at least part of HDAC9'’s pro-inflammatory target gene
expression. Maintaining our group’s previous experimental design, secreted levels of
Ccl2, Cxcl1 and Tnfa were compared between Hdac9-depleted murine BMDMs and
wild type controls in three independent experiments. Here, BMDMs were stimulated
with TNFa and either left untreated or underwent IKKB-inhibition with 100 nM or 250
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nM TPCA-1. Protein levels were measured via ELISA of the collected supernatant,
after which multiple comparison statistical analysis followed.

Levels of Ccl2 were reduced in untreated Hdac9-knockout BMDMs compared to wild
type controls, replicating our group’s earlier findings. The same effect was seen in
groups treated with 100 nM and 250 nM TPCA-1, where Hdac9-deficiency
attenuated Ccl2-secretion compared to wild type controls.
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Figure 24: HDAC9-depletion does not affect p65-phosphorylation at ser276

Top: Representative immunoblot image depicting p65-phosphorylation levels at ser276 and total
p65 in HUVECs following co-transfection with HDAC9 siRNA or SCR siRNA control and TNFo-
stimulation at various durations. Total p65 and levels of site-specific phosphorylation were
visualized via immunoblotting with anti-p65 and anti-p-p65 (ser276). Bottom: Quantification of
relative phosphorylation at ser276 in HDAC9-depleted samples normalized to total p65 versus non-
HDAC9-depleted control. Absence of HDAC9 had no effect on p65-phosphorylation at ser276. n=3.
Shown on the left are molecular weights in kilodaltons (kDa), as determined by the protein standard
marker. Error bars indicate SEM. Results previously published in Asare et al. (2020)".
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Interestingly, IKKB-inhibition-dependent Ccl2-secretion in Hdac9-knockout BMDMs
contrasted that in wild type BMDMs. IKKB-inhibition significantly reduced Ccl2-
secretion in wild type BMDMs compared to non-inhibited controls. However, in
Hdac9-knockout BMDMs, the reduction in Ccl2-secretion was not significant in IKKf-
inhibited samples compared to the untreated Hdac9-knockout control. The results
suggest TPCA-1’s effect to have been, in part, pre-empted by Hdac9-depletion. Two-
way analysis of variance (ANOVA) further identified Hdac9 as the main source of
variation in Ccl2-levels (p=0.0004). Combined, these results introduce early evidence
supporting the hypothesis of a non-additive mechanistic overlap between HDAC9

and IKKp in regulating Ccl2-secretion. This was not the case for Cxcl1 and Tnfa.

A schematic representation of the experimental setup, as well as a graphical
description of the multiple comparison statistical analysis, are depicted in Figure 25.
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Figure 25: IKKB-inhibition does not reduce Ccl2-secretion in Hdac9-depleted BMDMs

Left: BMDMs isolated from Hdac9'-Apoe~- and Hdac9**Apoe~~ mice were cultivated in BMDM growth medium with
15% LCM. Following seeding, they were treated for 60 minutes with either DMSO (untreated control), 100 nM or 250 nM
TPCA-1 before undergoing TNFa-stimulation for 24 hours. Protein levels were measured via ELISA. Figure adapted from
Asare et al. (2020)". Right: Secretion levels of Ccl2 (pg/mL) in Hdac9’- compared to Hdac9** BMDMs. Ccl2-secretion
was significantly reduced in Hdac9” compared to Hdac9** BMDMs, across all TPCA-1-treatment conditions. IKKp-
inhibition significantly decreased Ccl2-secretion in Hdac9** BMDMs, while it had no significant effect on Hdac9”- BMDMs.
n=3. Error bars indicate SEM.
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7. Discussion

7.1.  Summary of results and relevance

LAS represents a fifth of ischaemic stroke cases worldwide, attributed to the rupture
of atherosclerotic plaques located in vessels supplying the brain®®. Various GWAS
have associated HDAC9 with LAS and other catastrophic atherosclerotic
complications6.18.19.22-27 52107595, an HDAC9-variant, was linked to elevated
HDACY-expression in two atherosclerosis-relevant cells — macrophages and human
peripheral blood mononuclear cells — before upregulated HDAC9-expression was
shown to result in increased atherosclerotic plaque size and formation?%2'23, HDAC9
was then found to increase atherosclerotic plaque vulnerability and promote pro-
inflammatory responses via secretion of various pro-atherogenic cytokines and
chemokines. The findings led to the exploration of NF-kB-involvement in HDAC9's
pro-atherogenicity, whereby TNFa-stimulation experiments showed elevated
phosphorylation of p65 at ser468 and ser536".

With NF-kB-signalling hypothesised to mediate HDAC9’s pro-atherogenic
downstream effects via interaction, the aims of this study were 1) to clarify HDAC9’s
role in atherogenesis via screening for and identification of its potential interaction
partners within the NF-kB signalling pathway, 2) to explore the mechanistic role of
HDACO9’s interaction with NF-kB-signalling and 3) to investigate downstream effects
of HDACS9 in the NF-kB signalling pathway.

Among others, these aims were addressed via protein complex immunoprecipitation,
kinase activity assays and TNFa-stimulation experiments. The results of this study
reveal crosstalk between HDAC9 and NF-kB-signalling. The findings can be
summarised as 1) HDAC9 interacts with NF-kB-signalling via IKKa and IKKp, 2)
IKKa and IKKp are deacetylated in the presence of HDAC9 and 3) HDAC9 increases

IKKP kinase activity, stimulating downstream NF-kB-signalling alterations.
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711, HDACO interacts with NF-kB-signalling via IKKa and IKKf3

The central finding in this study — providing a basis for subsequent results — was the
discovery of a key link between HDAC9 and pro-atherogenic inflammation: the
interaction between HDAC9 and two components crucial to canonical NF-kB-
signalling. Screening of HDAC9’s potential interaction partners was prioritised based
on (A) kinase activity relevant to phosphorylating p65’s serine residues 468 and 536
— for which our group had previously demonstrated an HDAC9-dependency — and
(B) relevance to canonical NF-kB-signalling. Our approach was supported by the
barcode hypothesis, which associates specific phosphorylation sites of p65 with
distinctive transcriptional responses''2184, The catalytic subunits of the IKK-complex,
IKKa and IKKp, were defined as key candidates for interaction with HDAC9 as they
met both criteria (A) and (B)'38150.164.175.176  Though IKKa is not typically defined as a
canonical kinase, earlier findings indicate a major, sometimes dominant role in
canonical signalling’8144, Protein complex immunoprecipitation experiments were
initially conducted in HEK293 cells for proof of concept. These confirmed the
hypothesis, finding HDACS9 to interact with both IKKa and IKKpB. By contrast,
interactions with the canonical and non-canonical entities IKKy/NEMO, IkBa, RSK1,
GSK3p and IKKe were eliminated via negative protein complex immunoprecipitation
results. Critically, these findings indicate specificity for HDAC9'’s interaction with
IKKa and IKKp by ruling out interaction partners previously described to
phosphorylate p65. They also minimise the risk of off-target effects by other
unknown proteins to mediate HDAC9’s atherosclerotic downstream manifestations.
Findings were then validated for applicability to atherosclerosis via reproduction of
the results in HUVECSs, an atherosclerosis-relevant primary cell type.

The relevance of these findings goes beyond corroborating HDAC9-involvement in
atherosclerotic inflammation. The immunoblot readouts are the first documented
evidence of crosstalk between HDAC9 and the NF-kB signalling cascade — a critical
immunological pathway — and provide a mechanistic link informing the overlap
between HDACZ9’s pro-inflammatory gene expression and NF-kB-dependent
canonical transcriptional responses, including VCAM-1, ICAM-1 and CCL2""'3, Due
to NF-kB'’s central role in inflammation, the finding may provide spill over-effects to
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other inflammatory diseases involving HDAC9. Researchers in oncology will monitor
these results with particular interest as they examine therapeutic targets for various

tumour entities®3-87,

Beyond the unspecific inhibition of HDAC9 with TMP195, the identification of
HDACO9’s interaction with IKKa and IKKp delivers a new therapeutic target and thus
potential for advances in drug discovery. With both kinases functioning as significant
regulators of target gene-specific NF-kB-transactivation, research into the inhibition
of these newly identified PPIs may deliver therapeutic innovation in atherosclerosis
and beyond''®120_ Small molecule drugs (SMDs), monoclonal antibodies (mAbs) and
interfering peptide therapeutics could provide viable mechanisms to disrupt PPIs and
may thus represent key opportunities as candidates for specific inhibition of
HDAC9's interaction with IKKa and IKKpB'85-193,

While light has been shed on the interplay between HDAC9 and canonical NF-kB
signalling, IKKa also plays a prominent non-canonical role, processing p100 to p52
in conjunction with NIK and subsequently activating p52/RelB-dimers''6:144.149 Thus,
further exploration of non-canonical involvement may be informative. Protein
complex immunoprecipitation of HDAC9 with NIK, p100 or RelB could provide further
valuable insights into the specificity of canonical components in conferring HDAC9’s
pro-atherogenic effects.

7.1.2. IKKa and IKKp are deacetylated in the presence of HDAC9

Perhaps the most interesting finding — not least due to considerable novelty factor —
was the identification of HDAC9’s mechanistic role in its interaction with IKKo and
IKKB: HDAC9-mediated deacetylation of both interaction partners was demonstrated
in two cell types. First, proof of concept was attained in HEK293 cells before
reproduction of the results in HUVECs indicated vascular relevance.

Solidifying the suspicion of HDAC9’s uncharacteristic mechanistic ability to
deacetylate non-histone proteins, this finding has far-reaching scientific potential —
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particularly in light of HDAC9'’s involvement in various regulatory cellular processes
and diseases. Class lla HDACs generally exhibit lower enzymatic activity compared
to their class | counterparts. However, IKKa and IKKp’s HDAC9-mediated

deacetylation underlines the case of potential exceptions?>%:100,

Previously, HDAC9 had been found to interact endogenously with TBK1, leading to
its deacetylation and heightened kinase activity'%°. Acetylation of IKKa and IKKB'’s
catalytic domains has been shown to confer an inhibitory effect on NF-kB-activity,
mediated via delayed phosphorylation within their activation loops and subsequent
kinase inactivation'??1%°_ Our research group's discoveries, indicating enhanced NF-
kB-activity in the presence of HDAC9, are coherent with these earlier findings, as

deacetylation of IKKa and IKKf could be expected to augment NF-kB-activity.

The protein complex immunoprecipitation-protocol was adapted for both cell types to
detect IKKa and IKKB’s acetylation levels via immunoblotting of acetylated lysine-
residues. Thus, pan-acetylation in the presence of HDAC9 was assessed, whereby
the interaction partner’'s cumulative acetylation of all lysine residues was normalised

to the total amount of protein. Acetylation at specific residues was not quantified.

Specific acetylation sites in the acetylation domain have already been associated
with kinase activation for both IKKa and IKKB: thr179 for IKKa and thr180 for
IKKB'22. However, commonly available antibodies, as used in this study, currently
only assess for pan-acetylation of lysine residues. The results thus propose
significant potential for the identification of new candidate residues with relevance to
kinase activity. Mass spectrometry is required for the definition of these novel

acetylation sites.

Changes in a protein’s acetylation-state are associated with alterations in function

and conformation. This may explain subsequent evidence, described in detail below,
showing heightened kinase activity for IKKp%%:100.194 Again, mass spectrometry may
be appropriate to further the understanding of acetylation-dependent conformational

changes to IKKa and IKK and their effect on enzymatic activity.
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Since publication of these results, evidence on HDAC9’s enzymatic ability to
deacetylate non-histone proteins has undergone further substantiation, finding it to
induce neuronal death via interaction with and deacetylation of Hypoxia-inducible
Factor 1 (HIF-1) and Transcription factor Sp1'9. With this novel understanding of
HDACO9-involvement in the deacetylation of non-histone proteins, re-evaluation of its
mechanistic role in other PPIs and signalling pathways may be warranted to expand
understanding of HDAC9’s broader biological impact. More specific inhibition —
perhaps with affinity for HDAC9'’s catalytic domain — may provide a promising
therapeutic strategy, heightening selectivity and reducing off-target effects.

7.1.3. HDACO increases IKK kinase activity, stimulating downstream NF-kB-

signalling alterations

Further results triangulate evidence for downstream effects of HDAC9's interaction
with IKKa and IKKB. Findings from kinase activity assays, TNFa-stimulation
experiments and ELISAs indicate a significant mechanistic role for HDAC9 in altering
pro-atherogenic NF-kB-signalling.

To assess the effect of HDAC9-presence on kinase activity, kinase activity assays
were conducted using protein complex immunoprecipitation samples obtained from
HEK293 cell and HUVEC-derived whole cell lysates. IKK( was prioritised due to its
greater relevance to NF-kB-activation in canonical signalling. In both cell types,
presence of HDAC9 stimulated kinase activity for IKK, conferring increased
phosphorylation of p65 at ser536. The finding mimics earlier results described for
TBK1, which displayed heightened kinase activity following deacetylation by
HDAC9'%, The result is logically consistent with the documented inhibitory effect for

acetylation of IKKa and IKKp’s catalytic domains on respective kinase activity'?2.

One hypothesis to explain IKKB’s heightened catalytic activity could be
conformational change of its structure following a deacetylation-induced change in
charge state'®. Lysine deacetylation of IKKB may also induce allosteric regulation of

its kinase domain to promote the recruitment of p65'%. Deacetylation-induced
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changes in its cellular localisation are also possible, but less likely in the context of
NF-kB-signalling due to IKKf’s localisation in the cytoplasm and p65’s shuttling into

the nucleus hinging on IkB-degradation®’.

Leading to the hypothesis of IKKa and IKKB-involvement, earlier TNFa-stimulation
experiments in our research group had identified HDAC9 to promote p65-
phosphorylation at ser468 and ser536". Whether the effect of HDAC9-knockdown
was specific to phosphorylation levels at these phosphorylation sites remained to be
explored. ser276’s phosphorylation, which also promotes transcriptional co-
activation, is not conferred by IKKa. or IKKB'17:160-162 |ndeed, TNFa-stimulation
experiments conducted for this study concluded no relationship between HDAC9 and
ser276-phosphorylation. Taken together, the downstream effects revealed by the
kinase activity assays and TNFa-stimulation indicate a high specificity for HDAC in
its role of activating IKKp and potentially IKKa. Interestingly, early findings suggested
phosphorylation at ser276 to play a significant role in p65-transactivation’®®1%°. The
barcode hypothesis is a likely explanation, as site-differential p65-phosphorylation
regulates selective target gene-expression and downstream effects''92%, Further,
the question of whether IKKp'’s activation is conferred directly via HDAC9 or another

co-activating HDAC with deacetylase activity, remains to be explored’21%6,

Finally, to assess the mechanistic link between HDAC9’s interaction with IKK( and
downstream NF-kB-dependent chemokine-secretion, ELISA experiments were
conducted in Hdac9-knockout and Hdac9-wild type BMDMs. Replicating our group’s
earlier findings, levels of Ccl2 were reduced in Hdac9-knockout BMDMs compared to
wild type controls. IKKB-inhibition with TPCA-1 also reduced Ccl2-secretion in wild
type BMDMs, confirming earlier evidence on the inhibitor's downstream effects?'.
Interestingly, however, IKKB-inhibition did not significantly reduce Ccl2-secretion in
Hdac9-knockout cells compared to untreated controls, suggesting that Hdac9-
depletion had largely pre-empted TPCA-1’s effect. Statistical analysis further
identified Hdac9 as the main source of variation in Ccl2-levels. The results suggest a
non-additive mechanistic overlap between HDAC9 and IKKp in regulating Ccl2-
secretion, whereby HDACY9's effect is mediated via modulation of IKKB-activity. The

observation is congruent with preceding findings introduced in this study, whereby
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the likely non-additivity of HDAC9 and IKK in regulating Ccl2-secretion underlines

the central role of their interaction to promote pro-atherogenic inflammation.

In summary, these novel results represent a paradigm shift in our understanding of
pro-atherogenic NF-kB-signalling. HDAC9 has been elucidated as a key player in
mediating atherogenic inflammation, interacting with two central components of the
NF-kB pathway. Notwithstanding earlier evidence to the contrary, the above-
described results — and those presented in response by other researchers —
corroborate evidence indicative of deacetylase properties in class lla HDACs. Both
IKKa and IKKB undergo HDAC9-mediated deacetylation, resulting in IKKB-activation
and, subsequently, enhanced p65-phosphorylation at ser468 and ser536, but not
ser276. HDACS9 thus confers pro-atherogenic inflammation via its interaction with
IKKa and IKK. Subsequent research already suggests this finding’s significance to

stretch beyond atherosclerosis.

7.2. Limitations

7.21. Protein overexpression system

To date, the search for HDAC9’s endogenous interaction partners continues,
whereby candidate substrates have typically been explored in over-expression
systems’%. This study is no different, with both HDAC9 and the interaction partners
undergoing investigation via overexpression by plasmid DNA transfection. Though
appropriate for proof of concept, the biological relevance of findings discovered via
protein overexpression may be limited, as elevated protein levels could stimulate
cellular processes unlikely to occur endogenously??2. These non-ideal, potentially
cytotoxic conditions may be mediated by resource overload of biological pathways,
misfolding and aggregation?°2-295, Notably for HDAC9 and this study, protein
overexpression may also cause stoichiometric imbalance of protein complexes and
promiscuous off-target mis-interactions202:204.206.207 Experiments involving plasmids
to overexpress glycolytic enzymes estimate the maximum protein burden limit of
some non-harmful proteins — as a percentage of a cell’s total protein levels — at 15%,

with others significantly lower. This protein burden limit represents the protein
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expression level at which cells exhibit growth defects due to an overload of protein
synthesis resources?%*. However, cellular functions may in fact already be altered at
lower levels of protein overexpression, thus potentially reducing the internal and
external validity of experimental overexpression setups. In this study, the success of
plasmid DNA transfection was verified qualitatively via microscopic control of co-
transfected GFP’s green fluorescence. Notwithstanding quantification of total protein
concentrations, neither the protein levels of HDAC9 nor those of its interaction
partners were quantified, though the value of such quantification remains debatable
due to the lack of experimental setup alternatives. It is assumed that the identified
PPIls would also occur at endogenous concentrations. While protein overexpression
systems — though common and well-established — may not fully replicate
physiological conditions, the findings of this study are supported by a series of
diverse experiments collectively contributing to a cohesive and consistent overall
narrative, thus providing a comprehensive understanding of the underlying
mechanisms. However, confirmation of our findings at endogenous protein levels

and potentially mass spectrometry may contribute to our understanding of the field.

7.2.2. Role of a potential super-complex in the deacetylation of IKKa and IKKf

While other class lla HDAC-family members exhibit reduced deacetylase activity,
HDAC9 has been shown to deacetylate both histone and non-histone
proteins’596.100.195 Previously, HDAC9's endogenous deacetylation of TBK1 was
shown to heighten kinase activity, leading to an enhanced antiviral innate immune
response’®. Since publication of this study’s results, HDAC9 was further found to
induce neuronal death via deacetylation of HIF-1 and Transcription factor Sp1'%.
Nonetheless, the exact mechanism underlying IKKa and IKK(’s deacetylation in the
presence of HDACO9 requires further exploration. Though the setup for the protein
complex immunoprecipitation experiments attempts to limit off-target effects
introduced by unknown interaction partners, the formation of larger multiprotein
complexes — potentially involving further unidentified proteins next to overexpressed
HDAC9 and kinases — is not unfeasible. Oligomerisation is a shared theme for NF-
KB signalling components and is well-documented for TRAF and RIP-proteins, as
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well as IKKy/NEMO'6. Similarly, HDACs are described to establish large multiprotein
complexes that may include further HDACs®. In particular, class lla HDACs have
been found to involve HDAC3 — a class | HDAC — to confer deacetylation activity’2.
HDAC3 has also been identified to co-activate pro-inflammatory NF-kB-signalling by
deacetylating p65 at various lysine residues to reduce inhibitory effects on p65-
activity'®. Likewise, HDAC5 deacetylates PP2A to positively regulate NF-kB-
signalling via the phosphorylation of IKKB and p65 at ser5362%. Here, the controlled
environment — facilitated by protein overexpression, tag-based purification for
selective complex isolation and negative controls — reduces the risk of mediation of
IKKa and IKKf’s deacetylation by an unidentified member of a multiprotein complex.
Replication of the above-described experiments, leveraging plasmid DNA for
deacetylase-dead HDACO via point mutations in its catalytic domain, may offer a
robust strategy — alongside mass spectrometry — to rule out such off-target effects.

7.3. Outlook

The results introduced herein represent a paradigm shift in our understanding of pro-
atherogenic NF-kB-signalling. Scientific interest in the findings has been significant.

Since publication of these results, HDAC9’s enzymatic ability to deacetylate non-
histone proteins has enjoyed further substantiation: its interaction with and
deacetylation of HIF-1 and Transcription factor Sp1 has been found to induce
neuronal death'%®. More generally, class lla HDAC-mediated deacetylation of IKKa.
and IKKp has also been replicated. In a similar experimental setup to the one
described above, HDAC7 was shown to interact and deacetylate both IKKa and
IKKB. In contrast to HDAC9, HDACY also interacted with IKKy/NEMO without
affecting its acetylation, indicating specificity for the deacetylation of interaction
partners. Equally, HDAC7-overexpression enhanced IKKB-activity, mediated by
increased phosphorylation of p65 at both ser468 and ser5362°°. Demonstrated in a
mouse model of astrocyte-mediated inflammation, these findings propose relevance
for HDAC9's interaction with IKKa and IKKB beyond atherosclerosis in other non-

atherogenic inflammatory diseases. Moreover, the findings surrounding HDAC7
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represent the latest chapter in a recent row of developments that are shifting
understanding of class lla HDACs. The tide seems to be turning on the assumption
of low deacetylase activity, with recent evidence to the contrary now in circulation for
HDAC5 and HDAC?7, next to the findings presented for HDAC9100.195.208.209 Thjs may
open the field to a promising new therapeutic target: specific inhibition of class lla
HDACSs’ enzymatic activity, potentially via their catalytic domains.

Interest in HDAC-inhibition continues to gain traction. Notably, TMP195 — a first-in-
class selective competitive inhibitor of the class lla HDAC-family — stands out. Earlier
in vivo evidence confirms a reduction of tumour burden and metastasis via

macrophage modulation in various cancers'9-111.

Critically, our research group was able to demonstrate TMP195 to confer
atheroprotection and reverse many of the findings presented in this study: in mice,
TMP195 attenuates early lesion formation and mitigates the initiation of
atherosclerosis by limiting leucocyte recruitment. It decreases atheroprogression by
conferring plaque stability via reduced necrotic core formation and increased fibrous
cap thickness. Importantly for this study, TMP195 limits pro-inflammatory responses
consistent with attenuated IKKB-activity. While IKKB’s pan-acetylation levels in
BMDMs are increased, kinase activity is reduced in HEK293 cells and TNFa-induced
p65-phosphorylation at ser536 is also limited. NF-kB target gene-expression is
reduced both in mice and humans’. Thus, more so than its broad-spectrum
counterparts — some of which exacerbate atherosclerotic lesion size — TMP195
qualifies as a promising new therapeutic strategy in the treatment of
atherosclerosis?'. Further, TMP195-mediated HDAC-inhibition has since shown
early evidence of efficacy in treating neuroinflammatory psychiatric disorders, via
inhibition of NF-kB-activation®?°. It shows similar effects in the treatment of acute
kidney injury and — using nanoparticle drug delivery — in enhanced fracture

recovery?'1212,
However, reflecting the fast pace of the field, the results presented in this study —

identifying various potential therapeutic targets — may already warrant the
exploration of new treatment strategies. HDAC9 is now understood to interact with
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IKKa and IKKf, whereby each kinase functions as a regulator of target gene-specific
NF-kB-transactivation''8-120, SMDs, mAbs and interfering peptide therapeutics may
thus provide effective and more selective inhibition of these newly discovered
PPIs'85-193 Further, with mounting evidence for class lla HDACs’ deacetylase
activity, inhibition of HDAC9'’s catalytic domain may offer explorative potential. For
example, selective inhibition of HDAC9’s catalytic domain or PPls may reduce
adverse events induced by genetic deletion and other less targeted approaches,
including cardiac hypertrophy and other cardio-anatomical abnormalities®3-64.70,

Several further research priorities emerge from this study. To gain deeper insights
into the mechanisms underlying IKKa and IKKB-activation, the identification of
specific acetylation sites for both proteins remains essential. Mass spectrometry
experiments are recommended, also to explore the role of deacetylation-induced
conformational changes in stimulating IKKp kinase activity. Positive findings would
bear significant potential for the definition of new therapeutic targets for

atherosclerosis and other HDAC9-associated diseases.

Appropriate strategies to evaluate the direct deacetylation of IKKa and IKKp by
HDACY9 could include mass spectrometry or replication of the above-described
experiments, leveraging plasmid DNA for HDAC9 with point mutations in its catalytic
domain. Ruling out the presence of other HDACs with deacetylase activity in a
potential multiprotein complex renders off-target IKKB-activation less likely. Further,
IKKa's prominent role in non-canonical NF-kB-signalling prompts the exploration of

non-canonical components in mediating HDAC9’s atherogenic downstream effects.

The relevance of these findings goes beyond corroborating HDAC9-involvement in
atherosclerotic inflammation. Rather, these novel insights associate HDAC9 with the
deacetylation of non-histone proteins. Thus, re-evaluation of HDAC9’s mechanistic
role in other PPIls and signalling pathways may be warranted to support
understanding of its broader biological impact.
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8. Conclusion

HDAC9 boasts a prominent role as a driver of pro-atherogenic vascular
inflammation, atheroprogression and plaque vulnerability. Our research group
previously confirmed HDAC9-dependent phosphorylation of p65 at ser468 and
ser536, associating HDAC9 with the activation of NF-kB-signalling. However, the
exact link between HDAC9 and NF-kB, the underlying mechanisms, as well as their

potential for therapeutic targeting required further investigation.

To shed light on these evidence gaps and identify viable therapeutic strategies, this
study screened for and explored interactions between HDAC9 and NF-kB-signalling
and, further, investigated HDAC9’s mechanistic role and downstream effects on NF-
kKB. Samples generated from murine BMDMs, HEK293 cells and HUVECs — co-
transfected with HDAC9 and key NF-kB components — were employed for protein
complex immunoprecipitation, kinase activity assays, TNFa-stimulation and ELISAs.

The findings represent a paradigm shift in our understanding of HDAC9 and pro-
atherogenic NF-kB-signalling. Interactions for HDAC9 with IKKa and IKKp were
identified in two cell types, establishing a crucial link to pro-atherogenic inflammation.
Further, IKKa and IKKpB were discovered to undergo HDAC9-mediated deacetylation,
inaugurating a potential reversal of assumptions concerning low enzymatic activity in
class lla HDACs. HDAC9-presence resulted in IKKB-activation and enhanced p65-
phosphorylation at ser536, but not ser276. HDACS9 thus confers pro-atherogenic
inflammation via interaction with IKKa and IKKf, though potential super-complex

involvement should be excluded and the results reproduced at endogenous levels.

Several research priorities emerge, not least because recent findings indicate
significance beyond atherosclerosis. Mass spectrometry should be employed to
identify the specific acetylation sites for IKKa and IKKB. Further, the results bear
significant potential for novel therapeutic strategies: SMDs, mAbs and interfering
peptide therapeutics may offer opportunities to inhibit enzymatic HDAC-activity and
newly discovered PPls, heightening selectivity and reducing off-target effects.
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