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Summary

Summary

Endothelial cek (ECs) function agprotectivebarrier to separate the blo@dm thesurrounding
tissueby conductingcrucialroles inregulation ananaintenance of vascular homeostasigh as
control of vessel permeability or coagulatiofiherefore dysfunction of the EC barrier due to
inflammation, infection or injury can cauaevariety ofvascular pathologies, sualsthrombosis
or atherosclerosis. In this context, the circulating extracellular endonuclease Ribonliclease
(RNasel) was identified aevessel and tissugrotective enzyme and potentregulator of
vascular homeostasiglpon acute inflammation, RNasel functionsaasstural counterpart to
extracellular RNA (eRNA), damageassociated molecular pattevia degradatiomo protect the
EC cell layerfrom excessive inflammation. However, loterm inflammationdisrupts the
RNase1eRNA systemTherebyeRNA accumulates in éhextracellular spade induce massive
proinflammatory cytokingelease from circulating inflammatory celluch asgumor necrosis
factoralpha(TNF-U) o r i hbetalt-1 p Th&se cytokinesegativelyaffect the EC layer
by downregulation of RNgelpresumably through activation of histone deacetylases (HRACs
In this regard this studyinvestigatedwhether nflammationmediated deacetylase function of
HDACs suppressefRNasel expressionin human ECsthrough modulation ofchromatin
modifications Proinflammatory $mulation with TNF-U o ¢l bdf human umbilical vein
endothelial cells significantlyeducedRNaselexpressionThus, dentification of theRNASE1
promoter regiomndanalysisof its chromatin stateevealedhe association ®RNASE Yepression
with deacetylation of histon8 at lysine27 and histond. The important role of HDACs in this
process wadurther confirmed by dministration of the specific clagsHDAC1-3 inhibitor
MS275 that successfully restoreRNASE1promoter acetylationred mRNA abundancepon
TNF-Uor IL-1 bt r eThésensults indica@n essentiaimpact of HDAC1-3 in RNasel
regulation Additionally, identificationof specific HDACs involved in RNasel regulation was
obtained bychromatin immunoprecipitation kinetiasonfirming significant accumulation of
HDAC?2 at theRNASEJpromoter upon TNRJ s t i mTheésa findingswere furthealidated
by siRNA double knockdown of HDAC2 and its redundant enzyme HDACL1, which also
recovered RNasel mRNA abundance upon proinflatong stimulationln conclusionour data
identified HDAC2 asacrucial factor in RNasel regulatiomhuman ECsHDAC?2 isrecrutedto
the RNASE1lpromoter site to attenuate histone acetylati@nd suppresssubsequent gene
repressionThis effect can bélocked by the specific HDAGhibitor MS275 implicating the
potential of HDAC inhibitors asiovel therapeutic stratggto promotevascularintegrity by

preventing RNasel downregulatitnEC inflammation



Zusammenfassung

Zusammenfassung

Endothelzellen fungieren als schébhde Barriere zwischen Blut und Gewebe und sind
malRgeblich an der Regulation und Aufrechterhaltung der vaskularen Homoostase beteiligt.
Demzufolge kann eine Fehlfunktiates Endothelsauf Grund von Entziindungen, Infektionen
oder Verletzungen zu einer Viahl von Krankheitszustandenwie Thrombose oder
Atherosklerose, fiihren. In diesem Kontext wurde Ribonuklease 1 (RNasel), eine zirkulierende,
extrazellulare Endonuklease, als geféfid gewebeschiitzendes Enzym und wichtiger Regulator
der vaskularen Homotase identifiziert. Bei akuten Entzindungsprozessen fungiert RNasel als
nat ¢rlicher Gegenspi el er dedamageassociatedenoléculdr2a r en RN
pattermi . Hi er bei degradiert RNasel akkumulierende
manige Entziindungsreaktion zu schitzen. Bei lang anhaltenden Entziindungen kommt es jedoch
Zu einer Storung des RNaseRNA Gleichgewichtes. Dabei induziert die Akkumulation von
eRNA die Freisetzung groRRer Mengen proinflammatorischer Zytokine durch zirkulierende
Entziindungszellen, wie zum Beispiel Tumornekrosefaktor IpKRE-U) oder Interleukin 1 beta
(IL-1b). Diese Zytokine konnen das Endotkatziindungsbedingeeinflussen und fiihren unter
Anderem zur Repression de@Nasel1Expressionwelche moglicherweise durch die Aktivierung

von HistorDeacetylasen (HDACSs) vermittelt wir®ie hier vorliegende Studie untersuglab

die entziindungsvermittelte Deacetylasefunktion der HDACs durch Verdndevang
Chromatinmodifikationermit der RNase1Repression in human Endothelzellereinhergeht

Dabei fuihrte die Stimulation humaner Nabelschnurvenenendothelzell@mitoderlL -16 zu

einer signifikanten Reduktion déRNaselExpression. Durch Identifizierung d&®NASE1
Promotorregiorund Analysen ds Chromatigtatus wurde weiterhin eine Verbindung zwischen
derRNaselRepression und der Deacetylierung Wiston 3 Lysin 27 und Histon 4 aufgezeigt.
Zusatzlichkonnte durch Inhibierung der Klask&lDACs 1-3, mittels des spezifischen Inhibitors
MS275, die RNasel mRNAowie diedamit verbundend’romotoraetylierung selbst nach
Zytokinstimulation der Endothelzellen wiederhergestellt werden. Zur Identifizierung der
funktionellen HDAC wurden ChromatimmunoprampitationsKinetiken durchgeftihrt, welche

eine signifikante Akkumulation von HDAC2 aRNASEIPromotornach TNFU Stimulation
aufzeigten. Diese Ergebnisse wurden durch siREAnittelte Hemmung defHDAC2-
Expression und dessen redundanten EszfiDACL bestdpt, da auch diese Behandlung die
RNaselmRNA-Expression nach proinflammatorischer Stimulation wiederherstellen konnte.
Diese Ergebnisse identifizieren HDAC2 als einen Hauptfaktor in der RNRegdlation in
humanen Endothelzellen. Dabei wird HDAQ&ch poinflammatorischer Stimulatiozum
RNASE1Promotorrekrutiert, um die Histagcetylierung zu verhindern und so die Genexpression

zu reprimieren.Demzufolgeeroffnet derhier aufgezeigte protektive Effekt des spezifischen
HDAC-Inhibitors MS275 neuartige Thepieansétze zur Forderung deefalintegritat durch

Verhinderung deRNaselRepression in entziindeten Endothelzellen.
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Introduction

1 Introduction

1.1 Inflammation of endothelial cells

The endothelial cell (EQayerforms the inner lining of all blood vesselsd functiongssphysical
barrier to separate the blood from the surrounding tissue. Thereby, ECs caomditgile
functions inregulatingmaintenanceand integrityof vascular homeostasisuch ascontrol of
vessel permeability, blood fluiditypr coagulation and platelet functigRober and Sessa, 2007
Rajendranet al, 2013. Under physiological conditions, resting ECsoiaV interaction with
circulating leukocytes Thereby,they sequester leukocyte interactive proteilise adhesion
molecules or chemokinewijthin their secretory vesicles called Weitlade Bodies (WPBs)
(Pober and Sessa, 2QRondaijet al, 2006, ard suppresgranscription of membrane bound
adhesion molecules(e.g. endothelial selectin E-selectir), intracellular adhesion molecule
(ICAM)-1) or proinflammatory cytokineto prevent leukocyte interactidide Caterinaet al,
1995 Pober and Sessa, 200Upon inflammation ECs get rapidly activatetb supportthe
recruitment,attachment and interaction with leukocytésr instancevia initiation of WPB
exocytosisand activation of proinflammatorygene expressioto release leukocytattractant
chemokines andransportadhesion molecules to the EC surfa@onsequently, leukotss
interact withthe EC layelto leave the vesselndinfiltrate the tissugthereby secretinfurther
proinflammatory cytokinessuch asumor necrosis factor alphadF-U) o r in@l)-Bf | e u k
(Pober and Sessa, 2Q0Due tothis inflammation,the homeostatic function dfi¢ EC layer may
be affectedresulting indysfunction of the endotheliunwhich favors progression of vascular
diseasessuch astherosclerosis, thrombosismyocardial infarctiorfPoredos, 200Sitiaet al,
201Q Zernecke and Preissner, 201 this regardcardiovascular pathologieepict one of the
main causes of death worldwide with several milliatalitiesper yearaccording to the World
Health OrganizatiogWwHO) (WHO, 2017.

1.2 RNaselfunction in endothelial celk

Previous research concerning cardiovascular patholagieb asatherosclerosis or thrombosis,
describedthe important function of a novel protective factor during EC inflammatizalled
Ribonuclease (RNasg{CabreraFuenteset al, 2014 Fischeret al, 2007 Kannemeieret al,
2007 Simsekyilmazt al, 2014 Zernecke and Preissner, 2Q01BNasels one ofeightsecretable
members of thenammalianribonucleasé@ (RNaseA)superfamilythat possegsribonuclease
activity (Koczeraet al, 2016 Sorrentino, 201D The biological relevance of the RNaseA
superfamily varies from hosfefenseto angiogenesis and digestioHowever,the precise
physiological functions of R&kes need to be further investigat€dczeraet al, 2019. RNasel
alsoknown asRNaseA or pancreatitype RNasegis produced in various tissues.g.pancreas,
testis, ovary or braifFutamiet al, 1997 Koczeraet al, 2016 Landreet al, 2002 Moenneret
al., 1997, ard was shown to bpredominantlyexpressedy vascular ECs here it isstoredand
released fromWBPs (Fischeret al, 2011 Futamiet al, 1997 Landreet al, 2002 Lu et al,

1



Introduction

2018. Additionally, previous studiegndicatedthat especially human umbilical vein endothelial
cells (HUVEC) express and secrbigh amounts of active RNas€Eischeret al, 2011 Landre

et al, 2002, offeringanideal nmodel system to study RNasel function and regulaboe. tothe
high secretory levels of RNased nondigestive finction of this enzyme was suggested
humansandits endothelial origirpointed towards a regulatory role in maintenanceasicular
homeostasifFischeret al, 2007 Kannemeieet al, 2007 Landreet al, 2002 Sorrentinoet al,
2003.

RNaselfunction in acuteand longterm EC inflammation

The predicted role of RNasel in regulation and maintenance of valsoualapstasisas further
confirmed by Ganslestal. who firstly described a regulatory mechani@mRNasel in inflamed
endothelial cellsthereby revealing itdmportance as regulatory factor for maintenance and
integrity of vascular homeostagiSansleret al, 2014. In acute inflammatiorfFigurelA)!, ECs
releasdeukocyte interactive proteins and chemokiassvell asa subset oflamageassociated
molecular patternssuch asextracellular RNA (eRNA) Thereby, the dang@&ssociated signal
eRNAIis releasedo the extacellular spacto induce the immune respoRgEischeret al, 2013
Fischeret al, 2012 Gansleret al, 2014 Zernecke and Preissner, 201énd further mediate
degranulation of WPBdrom ECsresulting inreleaseof proinflammatory agentandRNaset.
Once releasedRNasel actasa natural counterpart to eRNA via degradatitmprotect the EC
layer from eRNA-mediakd overwhelming inflammatory resporséCabreraFuenteset al,
2015h CabreraFuenteset al, 2014 Gansler et al, 2014. However, upon longerm
inflammation, the balance of the RNassRNA system gets disturbdfigurelB). Prolonged
inflammationof ECsresultsin accumulation of eRAN in the extracellular spacehich promotes
recruitment of inflammatory cells, such as monocytes, to the site of inflamméfabrera
Fuentestal., 2015aFischeret al, 2013 Gansleret al, 2019. Theseanflammatory cells release
high amounts of proinflammatory cytokindike TNF-U  a n-Hd B whichfurthercontribute to
a disturbedEC barrier function by increasg vascular permeabilitthrough redistribution of
adhesion moleculésas well asmassive downregulation of RNadelGansleret al, 2014.
ConsequentlyRNasel protein translatiofits storageand release fromtVPBS as well as its
function in eRNA degradation is impairegsulting insubsequent eRNA accumulatiand EC
dysfunctiort (Gansleret al, 2014.
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Figure I: RNasel function in acute and longerm endothelial cellinflammation. Schematidllustration

of RNasel function imflamedendothelial cef (ECs). A) eRNA release upoacuteinflammationof ECs
mediateslegranulation of WeibdPaladeBodiesto releaseRNasel and proinflammatory agetdgrotect

vascular homeostasis. B)pon bngterm inflammationeRNA accumulatiopromotes proinflammatory

cytokine secretion of recruited monocytiat furtheraffect EC function by redistributn of adhesion

molecules and downregulation of RNaseblockeRNAdegradationAbbreviationseRNA, extracellular

RNA; IL-1 b, i nt er RMaseld,iRibondcleasesltTAE, t umor necrosis factor a

1.3 Chromatin structure and dynamics

Compaction of ta human genome isreecessityin orderto pack the largamountof DNA into

a single nucleus ard ensurehe precise function of all regulatory processes in the satth as

DNA replication, repaior transcription(Lugeret al, 2012. Thereby,the DNA passeshrough

different stages of compactiostarting withthe DNA double helix, through chromatand
chromatin fibers of packed nucleosomes, to sections of extended and condensed chrgmosomes
ending up with the entire mitotic chr@somestructure(Figure Il1A) (Fyodorovet al, 201§. A
particularlyimportantpackaging levels the socalled b eads on a ofdchmomatingd str uc
where theDNA is coiled on beadso form the nucleosomesthe basic repeat usiof the
chromatin. Each nucleosome core particle consisapfoximatelyl46 base pairgbp) of DNA,

which arewrappedaround an octameric core of histdh proteins(Lugeret al, 2012 Lugeret

al., 1997. There exisfive histone proteins, H1, H2A, H2B, H3 and H4, that built up the octameric
nucleosomeore by two H2AH2B dimers and one HBI4 tetramer, whilghe linker histonéd1

together with the linker DNAonnectgheindividual nucleosomes to form higher organizational

units of DNA (Jenuwein and Allis, 2001 uger et al, 2012 Lugeret al, 1997%. Thesesmall,

highly conserved, basic proteim®ntain positively charged Merminal tails that ardighly
subjected to podtanslational modifications (PTMsjuch agphosphorylation of serine residues,
methylation of arginine residues or acetylationysine residuegKkouzarides, 2007 Thereby,

PTMs ofthecore histones are decisive for regulatiomhafchromatin structurand functiorand
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adjust several DNAelated processesuch astranscription or replicationBannister and
Kouzarides, 20L1Fyodorovet al, 2018 Grewal and Elgin, 20QPortela ad Esteller, 201

HATs and HDACs asmodulators of histone acetylation

One of the first idetified histone modificationsdiscovered byAllfrey et al.in 1964, waghe
acetylation(ac)of lysineresiduegAllfrey et al, 1964 Gersheyet al, 1968, whichacsascritical
regulator ofgene expression(Durrin et al, 1991 Megeeet d., 1990 Roh et al, 2005.
Acetylatiors thus function asspecific markes for active and transcribed chromatsuch as
histone 4 acetylation (H4aenhdhistone 3ysine 27 acetylation (H3K27a¢Kouzarides, 2007
Wanget al, 200§. The enzymeshat modulatethe pattern of histone acetylation drstone
acetyl transferase{HATs) and histore deacetylasesHDACSs) (Figure IIB). Due to their
enzymatic function, HATs and HDAscilitate the addition or removal of acetyl groups on
lysine residues of Nerminal histone tailso modulate the intensity of histofENA interactions
(Bannister and Kouzarides, 2QFyodorovet al, 2018 Grewal and Elgin, 20Q07HATSs transfer
acetyl groups to lysineesiduego decreasghepositive histoneltargeandweakerthe interaction

of histones with the negatively charged DNFaereby, providing access for the transcriptional
machinery to the DNA by openinlgd densely packed chromatin structitentner and Henikoff,
2013. Vice versadeacetylation of lysine residues is catalygadughHDACSs to anplify the
histoneDNA interaction by enhancingthe positive hikone charge. This provokestrong
histoneDNA interactions and tightly packed, inactive chromatin structure, which ultimately

leads to transcriptional repressigBrewal and Elgin, 20Q75eto and Yoshida, 2014

A) DNA compaction B) Chromatin remodeling by histone acetylation

"beads on a string" acetylated chromatin
structure of chromatin open and transcriptionally active

chromatin fibre of
packed nucleosomes Tt

entire mitotic
chromosome

i » iy
'I'I/I/I"I/, )‘,’lzgyj GENE @

CPELR,

0 deacetylated chromatin
extended and condensed chromosome section condensed and transcriptionally repressed

Figure Il : Chromatin structure and dynamics. Schematic illustration of ADNA packaging and B)
chromatin remodeling by histone acetylation. A) Different stages of DNA compaction to mediate packaging
of alargeamountof DNA into the nucleus of a cell. Bjistone acetylation on lysine residues ofed¥minal
histone tailds mediatedby HATsto promote an open chromatin structure and gene expreggienersa
histone deacetylation is mediated BDACs to promote a condensed chromatin structure and
transcriptional repressiorAbbreviations:Ac, acetylation;DNA, deoxyribonucleic acidHAT, histone

acetyl transferase; HDAC, histone deacetylase
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Histone deacetylases asa&sers of histone acetylation

HDAC enzymes were firstly described in 19G@oue and Fujimoto, 19§9however, it took
several decadesntil the firstenzyme HDACL1, was isolatedy Tauntonand colleaguesand
identified as orthologue of yeast Rpd3 proté€limuntonet al, 1999. The family of histone
deacetylases consists g far 18 members, divided intodistinct classes of enzymésat are
distinguished based on their sequence similddey Ruijteret al, 2003 Micelli and Rastelli,
2015: Class lenzymesHDAC1, HDAC2, HDAC3 and HDACS8share sequence hotagy with
the yeast Rpd3 proteimvhile class Il enzymedncludingclass la HDAC4, HDAC5, HDAC7
andHDAC9) and class IIlb (HDAC6 anHDAC10), share sequence similarity with yeast Hdal
protein Compared to that, the clads HDAC proteinsSIRT1-7 belongto theconserved family
of sirtuins(Sir2 deacetylases), sharing homology with yeast Sir2, wlabslV consists of only
oneenzyme HDAC11, with limited overall sequence identity to other HDAC clas@égelli
and Rastelli 2015 Seto and Yoshida, 201&ang and Seto, 2008Besides their important
function in histone podtanslational modification, HDACs can also pasinslationally
modulate a variety of nehistone proteig, such as transigtion factors to regulate a multitude
of cellular processefSeto and YoshHa, 2014. Especially class | HDACs were described to
conduct a critical role in regulation of diverse inflammatory processes by influencing for example
regulation of ToHlike receptor (TLR) signaling, interferon (IFMediated signaling to modulate
immune cell proliferation(Kong et al, 2009 Yamaguchiet al, 2010, expression of
inflammatory mediator¢Elsharkawyet al, 201Q Nusinzon and Horvath, 20pPakalaet al,
2010 or immune responses against pathoddhsinzon and Horvath, 2006hakespeagt al,
2011J). Additionally, several studies also indicated important di&3AC functions in vascular
pathologies, like myocardial infarction or atheroscler¢¥i@on and Eom, 201&ampetakiet
al., 20109 and are therefore of special interest in inflammatim@diated regulation of gene
expression in endothelial cell€lass | HDACs HDAC1, HDAC2, HDAC3 and HDAC&re
ubiquitously expressed enzymethat are mainly located in theaucleus and consist of
approximately 40@mino acidgde Ruijteret al, 2003 Micelli and Rastelli, 2016 All these
enzymes shargigh sequence homology each othemwhile HDAC1 and HDAC?2 are described
to be almost identicalThe N-terminal catalytic domaimf class | HDACs is conserved and
requires a zinc ion for catalytactivity (de Ruijteret al, 2003 Yang and Seto, 20Q8although
thedetailed catalyticnechanism istill unclearand needs to be investigai@ddicelli and Rastelli,
2015.
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1.4 Aim of this study

Gansleret al. found massive downregulation dhe protective vascular fact&®Naselupon
proinflammatory stimulation diumanECsand provided firsinsightson RNasel regulatioin

this context They observed the recovery of RNasel mRNA expression by pretreatment of
HUVEC with the universal HDAC inhibitor, Trichostatin A, even upon proinflaatony
stimulation.Based on these finding$e authors postulated an HDAI@pendent mechanism for
RNasel regulation in inflamed E@&ansleret al, 2014. HDACs are known as important
regulators of gene expression by modifying the chromatin structure due to histone deacetylation.
In this regard Hisstudyaimedto clarify theunderlying mechanism of RNasel suppression during
vascular inflammatioron chromatin levelnd the impact of HDACs in this procegpecific
objectives were tadentify and localize the RNASE1promoter regionanalyzeits acetylation
status andfurther investigate the regulatory impact of responsible HDACs for histone

deacetylation in this region.



Results

2 Resul ts

2.1 Regulation of RNaseInRNA abundancein inflamed endothelial cells

To investigatethe precise regulation of RNasel mRNsdundanceén inflamed ECs, HUVEC
were stimulated with proinflammatory cytokines TNIF  a n-Id §10 nig/ml] overa time course
of 0.5 to 24h. mRNA levels of RNasel as well as the known EC marksel&ctin were
investigatedby quantitative realime polymerase chain reaction R§-PCR) Successful
stimulation was confirmed by significant increase iadiectin mMRNA expression over tirfar
both stimuli (SupplementaFig. SLA; seepage 40 (Edelsteinet al, 2005. In comparison
RNasel mRNA abundanegasdecreased aftdd h of cytokine treatmentnd furtherextended
to significant downregulation aftertfand24h TNFUandIL-1 b st i (fig.l1/A sek page
30). To investigatavhetherRNasel downregulation is generally induced upon proinflammatory
stimulationor whether this effect seems to Aemore precise inflammatory responsgJVEC
were treated witha subset of proinflammatorstimulants for 24, namely I1-:13 [50ng/ml],
IFN-0 [ r®gMnl), transforming growth factorTGF-b  figiml], polyinosinic polycytidylic
acid (Polyl:C) [10 pg/ml], lipopolysaccharidel(PS) [100 ng/ml] as well aghetrifluoroacetate
saltPam3CSK4 [20Big/ml]. Although with less extend than TNF a significant decrease in
RNasel mRNA abundance was only observed upsatment with the TLR3 ligand PolyC
(Fig. 1B; see page J0These resultsuggest, thabnly certain proinflammatory stimusieverely
repressRNasel mRNAproductionin inflamedhumanECs

2.2 Inflammation -mediated histone deacetylation of th&@ NASE1promoter

To investigate underlying regulatory mechanishRNASEIgene expression in inflamed ECs,
Gansleret al. suggested an HDA@ependent mechanis(Gansleret al, 2014, implying the
participationof alteredhistone acetylation at tiRNASElpromoter regionTherefore,in silico
analysisusing Chromatinimmunoprecipitation(ChlP)}sequencing data from HUVEC, obtained
by theUniversity of California Santa Cruz(UCSC) genome browsexgere performedo localize
the promoter region dRNASE1Here, we focused on specific marks that represémctional
promoter siteBesides a biding site forthe RNA polymerase Il (Pall) subunit2A (POLR2A),
the major subunit of thiganscription machinergCrameret al, 2008 Crameret al, 200J), the
active chromatin mark H3K27awas identifiedin close proximity to the differenRNASE1
transcript variantssuggestinga potential transcriptional start s{fESS)in this region(Fig. 2A;
see page 31 To further examinewhether the aforementioned regso@lso possespromoter
activity, our cooperation partners from the Department of Biochemistry at the Faculty of Medicine
at Justud_ iebig-University Giessen generateifferent RNASEIpromoter constructs (GC4)
andanalyzedhemfor their potential to actively induce transcript by luciferase reporter assay
(Fig. 2B; see page 31 Thereby, the obtainetesultsindicatedtranscriptional activity of the
RNASEIgeneregiors amplified by construd€2 and C3Interestinglybothregionsharbornot

only a binding site for thBol Il transcription machinergndthe active chromatin mark H3K27ac

7



Results

but alsathe potential TSS dARNASEXFig. 2A). In addition to the transcriptionally active part of
promoters (TSS)whole promoter regions are described to be very large and usually divided
three partgWanget al, 2009: the core promoter, which is known to be locapg@roximately
100bp around th@SsS, designated asgion Afor RNASEland the proximal and distal promoter
thatare located approximately 56@ and 100®p upstream of the TSS, respectively, designated
asregion Bandregion C of theRNASEJromoter region (FigA). Thereforeregion AC of the
predictedRNASEJpromoter were included in the following investigagon

Since chromatin modificationsn promoter regionshighly influence accessibility of the
transcription machinery to the DNAhe composition of histond®TMs at promoter sites is
significantly involved inthe regulation of gene expressigBannister and Kouzarides, 2011
Grewal and Elgin, 20Q7Here, we investigatethe influence of the proinflammatocytokines
TNF-U andb |l an chr omat of the prediaiedRNASE ptomaterregions To
determingheaccessibility of the transcription machinery to chromduwi|ll recruitmentas well
asthe active histone modificationdH4ac and H3K27aayere examinedn regionA-C of the
RNASE Jpromoterby ChIP. HUVEC were treatedor 30 min with TNF-U o min &ith IL-1 b
andsuccessfuexperimental settingsere validated byecruitment ofPol Il as well as H4ac and
H3K27ac at the promoter region oE-SELECTIN (Presecectiy. E-SELECTINexpression is
known to be upregulated upon proinflammatory stimulation in HUVEC, accompanied by
increasedPol Il recruitment and histone acetylati(iedelsteiret al, 2005. Consisting with these
datg our resultsreveakd an increase in Pdl recruitment as well as H4ac and H3K27aic
Presetectnupon TNFU  a ndb | tLr €Supplereental FigS1B C; seepage 40. In case of
RNASEL1 increasedPolll recruitment and significantly elevated H4ac and H3K27ac were
determined in control cell@Fig. 3; see page 32 predominantly at the TSSegion A, while
impairedaccessibilityof Polll recruitmentto region Agoesalong with significant reduction in
H4Ac and H3K27awpon proinflammatory stimulatiofig. 3A). Similar effects were obtained
by analysis ofegion B(Fig. 3B) andregion C(Fig. 3C), althoughto alesserextent Here, Pol Il
recruitment wasilmostabsenin control as well as stimulated cells, while only slight redustion
of H4ac and H3K27awvere obtainedupon proinflammatonstimulationcompared to control
cells. In conclusion,proinflammatory stimulation of HUVEC mediate@duction ofPolll
recruitment and the active chromatin marks, H4ac and H3Kawhe core promoter &RNASE1

(region A, implicatingtheir potential role inriflammationmediateddownregulatiorof RNasel

2.3 Class IHDACsare responsible for TNFU-mediated RNasel repression

Our data nicely demonstrated the importance of H4ac and H3K2 /RN ABE lexpression and

is consistent with previous results, suggesting participation of HDACs in RNasel regulation
(Gansleret al, 2014. To further identify, which distinct HDACs are reponsible for RNasel
regulation inECs the endothelial cell line EA.hy926 ahtUVEC were treated with different
HDAC inhibitors prior to24 h cytokine stimulation Therefore the HDAGS specific inhibitor
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Tubacin(Haggartyet al, 2003g Haggartyet al, 20030 and theclassl HDAC inhibitor MS275
which specifically targets HDAG3 (Kalin et al, 2018 Leuset al, 2017 were testedwhile
DMSO servedas solvent controln Tubacin treated EA.hy926, almost no regulation of RNasel
mRNA was observed in control as well as FNF t r e a,icenoared te thd sslvent control
(Fig. 4A, left panel see page 33By contrastMS275 treatment slightly increases RNasel mRNA
abundance in EA.hy926nd HUVEC under physiological condition#nterestingly cytokine
stimulation significantly decreasedqRNaselmRNA in DMSO treated cellswhile MS275
treatmentcompletelyrescued RNasel mRNA expressidiig. 4A, right panels)These results
indicateda prominent role of thelass | HDACs HDAC13 in regulation ofRNasel.

To further validate thémpactof HDAC1-3 on RNASEIpromoter acetylatiolHUVEC treated
with MS275 prior toTNF-U stimulationwere usedfor ChIP analyses (FigiB-C; see page 33
Successfustimulation was validated bgvestigationof PreseLectin(Supplemental FigS1D; see
page 40. Here, gtokine stimulation increaseBolll recruitment to Ptsecectin and histone
acetylation of H4 and H3K27 was significantly elevatechpared to controls, both DMSO as
well as MS275 treated cellsy comparison, analyses of tRINASEIcorepromoterregion Ain
DMSO treatedcells revealed a significant decreaseHnl Il recruitment, H4ac, and H3K27ac
uponTNF-Ustimulation These effects wembolishedy MS275 treatmenesulting inrecovery
of Polll recruitment H4 and H3K27 acetylationof region Aeven ypon TNFU tr eat ment
(Fig. 4B). Although no significant changes were detected forlPmhdingin the more upstream
regions of the TSSiegion Bandregion G comparableresults were obtainefbr H4ac and
H3K27ac Hence,TNF-U st i mu | a tsignidficant deacetyiatoa df H4 and H3K2n
DMSO treated cellsbut the acetylation wasestored by MS275 treatmefiig. 4C, D; see page
33). Altogether,inhibition of HDAC1-3 function by MS275estoredhistone acetylation (H4,
H3K27) at theRNASEl1promder region AC predicting an essential regulatomyppact of
HDAC1-3 onRNASEIn inflamedECs

24 TNF-U t r e promosesHDAC2 recruitment to the RNASE1promoter

To examine which class | HDAC$HDAC1-3) occupy a predominant role iRNASEJpromoter
deacetylation, recruitment diDAC1-3 to the RNASElpromoter was investigated by ChIP
kinetics. Therefore, HUVEC were treated for3@min with TNFU  aaccumulationof
HDAC1-3 to RNASEL1 region A was investigatedn comparisonto control cells Initially,
significantly ncreased Pdl recruitment tdPre.seLectivover timevalidated successfatimulation
(Supplemental FigS2A; see page 42 In respect toRNASE] a slight increase irPolll
recruitmentwas detectedfter 10 min of stimulationatregion A that wassubsequently decreased
over time, whilealmostno Polll was recruited taupstreamregiors B and C (Supplemental
Fig. S2B; see page 42Interestingly HDAC2 (green line) significantly accumulated afterrtii

of cytokine stimulatiorat the RNASEIcore promoteregion A while almost no HDACL1 (blue

line) and HDAC3 (red line) recruitmemtas detected in control antNF-U t r HWEE d
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Although HDAC2 accumulationdecreased over time, it stdéixceededHDAC1 and HDAC3
levels (Fig.5A: left pane] qualitative analysisright pane] quantitative analysjssee page 34
Comparable HDAC accumulation was obtainedrémionBupon TNFU t r e (&it). BBesed
page 34, while no distinct HDACrecruitmentcould beobservedat region C(Supplenental
Fig. S2D; see page 42 To exclude thathe detectedHDAC accumulationat the RNASE1
promoterwasreliant ondifferentialabundance in the cells, mMRNA expressiotiBAC1-3 was
analyzedby gQRT-PCRin TNFFU a s  w € IfstimulatesdHUVEC over time(Supplemental
Fig. S3 see page 42Since o significant changes in mRNéxpressiorof all three HDACs were
detectedupon stimulation, HDAC recruitment to tHRNASE1promoterwas suggested to be
independent of HDAGNRNA abundance in the cellg concluson, these results demonstrdte
a significant impact of HDAC2 imnflammationmediatedRNASE1regulationin humanECs
through itsaccumulatiorto theRNASEJpromoter

2,5 HDAC2 and HDAC1 redundantly act on RNaselexpressionin inflamed

endothelial cells
To further verify the specific impact of HDAC2 in RNasel regulati@mall interfering RNA
(siRNA) knockdown (KD)wasperformed in théwybrid endothelial cell line EA.hy92@esides
HDAC2 single KD, HDAC1 single KD as well as double KD of HDAC1 and HDACasv
conducted allocableto the known functional redundancy 6fDAC1 and HDAC2 and their
operationin the same coepressor complexéSengupta and Seto, 2Q04ang and Seto, 2008
KD efficiency was validated bguantitativemRNA analysis of HDAC1 and HDACIH control
and TNF-Utreatedcells, resulting in significant downregulation of the respective mRNAs upon
siRNA treatnent (Fig.6A; see page 35To clearly point out the impact of HDAC1 and HDAC2
siRNA KD on RNasel mRNA abundance, results were depicted ascHalthe values
normalized to siRNA contrdh unstimulated cellgFig. 6B, left panel see page 3%as well as
relative percentages of mMRNA abundance in TWF t r eat ed cel | s, nor mal i z e
KD in untreated cells (FidB, right panel)Thus, gtokine stimulation of EA.hy92é& siRNA
control as well as single siRNRD cellsresulted in significant reduon of RNasel mRNA to
65-70% of therespective control cells. This effect was only prevebtedouble KD of HDAC1
and HDAC2(Fig. 6B, left panel) In addition, relative RNasel mRNA expression upon TNF
stimulation was significantlylecreasedn control and single transfected cellglowever,this
effect could be significantlyestored in HDAC1/2 double KD cells compared to siRNA control,
HDAC2 siRNA and almost significantly to HDAC1 siRNA singd® cells (Fig.6B, right panel).

Altogether HDAC2 was suggested to ltke most prominentlassl HDAC involved inRNasel
regulation byits accumulation(Fig. 5) and subsequentieacetylion of the RNASE1promoter
(Fig.4). However only double KD ofHDAC1 and HDAC2 successfully restored RNasel
abundancen inflamed ECs (Fig6), indicating that losef HDAC2 presumably enablddDAC1

to regulate RNasel expression redundantly
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2.6 Indication of work shares in the publication considered for dissertation

The publication considered for dissertation was publisisefbllows:

Bedenbender, K, Scheller, N., Fischer, S., Leiting, S., Preissner, K. T., Schmeck, B. T., and
Vollmeister, E. (2019) Inflammatiemediated deacetylation of the ribonuclease 1 promoter via
histone deacetylase 2 in endothelial c#IBSEB jourml: official publication of the Federation

of American Societies for Experimental Biol&B/ 90179029

My personal contributiorto the aforementioned publicatidqsee5. Supplementssection5.1,
page 2742) considered for dissertation encompasses tfieation of primary material (human
umbilical cord$ and isolation oprimary cells HUVEC) usedfor indicated experiment8esides
that | conductedresearch desigrexperiments and data analysifor Figurel, Figure2A,
Figure3, Figured (exceptof FiguredA, left panel, Tubacin treatment), Figle Figureb,
Supplemental Figur81, Supplemental Figu®2 and Supplemental Figus8. Additionally, |

wrote the manuscript and created all illustrations presented here.
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3 Disgsi on

Cardiovascular pathologies cause nearly 18 million deaths per year worldwide representing
approximately 31% of all global deatf@/HO, 2017. The cevelopment and progressionsafch
diseases,e.g. thrombosis, atherosclerosis or myocardial infarctimaused by vascular
inflammation, infection or injuryaretightly associated to the loss of EC barrier function which
usually occupies arucial role in maintenance and integrity of vascular homeost@&isedos,
2002 Sitia et al., 201Q Zernecke and Preissner, 201®herefore, investigation of underlying
mechanisms of EC inflammation and dysfunction is of global intdiese, weinvestigded the
inflammatiornmediated regulation of RNaséd human ECsa critical regulator of vascular
integrity andprotectivefactor in cardiovascular pathologié€Sansleret al, 2014 Zernecke and
Preissner,2016. We identified the transcriptionally activeRNASElpromoter region via
luciferase reporter assays and further investigttecchromatin statef the RNASEIlpromoter
with focus on deacetylatioandthe responsiblenediatingenzymes, classHDACS, by ChlIP,
inhibitor treatment and siRNA KD. Finallye confirmedan HDAC2-dependent mechanisof
RNASEIdeacetylation upomflammation of humaiCs

RNasel has been discovered as a potent regulator of EC function and protective factor in
maintenance of vascular homeostasis. In this regard, RNasel counteracts the function of eRNA
for balancing thdRNase1eRNA systenprotectingtherebythe vascular homeostasis prevent
eRNA-associated progression of vascular patholodiggure 1). By doing so, RNasel
administrationwas shown tamprove the outcome of different vascular pathologies, such as
reduction ofthrombus or edema formation by elirating proinflammatory cytokine expression

as well asplaque developmerdand supporting beneficiatlisease outcomef ischemic heart
disease(CabreraFuenteset al, 2015k CabreraFuenteset al, 2014 Fischeret al, 2007
Kannemeieret al, 2007 Walbereret al, 2009. However, Gansleet al demonstratedhat
prolonged inflammation of vascular ECs resultsnipaired RNasel expression and function.
Thereby,long-term inflammation inducessignificant downregulation of RNasel mRNaxd
increasing eRNA levels in the extracellular spdeslowed by a loss of vascular integrityar
instanceby redistribution of the vascular adhesion molecule vascular endotteiberinand
subsequent increase in vascular permeabMbreover it wasdemonstrated thamflammation
mediateddownregulation of RNasel can be blocked by addition of the universal HDAC inhibitor
trichostatin A, suggesting an HDAdependentegulatory mechanisms of RNasel on chromatin
level (Gansleret al, 2014. Consequentlythe development of new therapeutic strategies to fight
cardiovasculadiseases presupposes the identificatiomraferlying molecular mechanisms of

RNasel regulation in inflamdeCs

Here we demonstratethat thesignificant downregulation of RNasel mRNé¥undance upon
TNF-U a nXfstimdlation increasesvera time course of 24 in primary human vascular ECs

(Fig. 1A), confirming previous results by Ganstdral (Gansleret al, 2014. Interestinglyother
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general proinflammatory agents failed to block RNasel expression with exceptienTdfR3

ligand Polyl:C, a synthetic doubistranded RNA analog that induced comparable
downregulation of RNasel after B4stimulation(Fig. 1B). Hence,RNasel downregulation in

ECs might not be a general proinflammatory reaction but rather a specific inflammatory response
to only a small subset atimuli. Based on thedindings, a common signaling pathway, activated
upon TNFU, -11bL ®alyttC treatmentis suggested to be required for RNasel regulation.

All three stimulicanmediatetheregulation of gene expressibgitwo distinct signaling cascades

via nuclear faadr kappaB (NF-aB) or mitogen activated protein kinases (MARR)enneret al,

2015 Kawai and Akira, 2006Weberet al, 2010. Here, Gansleretal. already confirmed an

NF-a Bindependent mechanisior RNasel regulatigrsincethe NFe B i n hi blil-7082r BAY
did not prevent TNFJ or IL-1 Bmediated RNasel downregulati@@ansleet al, 2014. Besides

that, TNF-U, -1IbL a n ¢C daroindyce MAPK signaling through activation of p38 MAPK

or ¢-Jun Nterminal kinase (JNKJBrenneret al, 2015 Kawai andAkira, 2006 Weberet al,

2010. Consequentlyit is proposed thasignalirg via MAPK is responsible for regulation of
RNaselin ECs Thereforejdentification ofspecificsignaling pathways will be of future interest

to offer a boad spectrum of novel potential targéds treatment oRNaselassociated vascular
dysfunction. Interestingly, although not significant our data suggestedh tendency of
IFN-o-mediatedRNasel upregulatioffrig. 1B). ThelFN-0 i mmune response i s
to hostdefenseand clearance of viral as well as bacterial infectig8ftrichman and Samuel,
2001, which isconsistenwith already described functions of RNasel. Besides its function as
vessel protective factoRNaselis also associated twstdefensefor example by itantiviral

activity against humanimmunodeficiency virus 1 or its antbacterial activity against
pneumococcal infectiond.ee-Huanget al, 1999 Zakrzewiczet al, 2016. Therefore, itwould

be interesting to furtheelucidatethe role of IFNo as an RNaselromoting factor in

IFN-o-mediated antimicrobial immune resposas well as vascular inflammation

To investigate the influence of proinflammatstimulation on the chromatin stateRNASEIn

ECs identificationof theRNASEJpromoter region was necessdrythis regardcore promotes
usuallycomprises several specific marks for open and therewith actively transcribed chromatin,
like H3K27ac markgCreyghtoret al, 201Q Karlic et al, 201Q Wanget al, 2009 Wanget al,

2008, while the proximalnddistal promoter regions also contain additional regulatory elements
(Wang et al, 2009. One major factor to identify activelfranscribedpromoter sites is the
chromatin accessibility of the Polll transcription complexa crucial factor for successful
transcription Thereby the largest subunit of this complex, POLR2Ag&sential foromplex
binding andits catalytic activity(Crameret al, 2008 Crameret al, 2001 Wanget al, 2009.

Based on higlthroughput screenings, provided by the UCSC Genome Browser, a binding site for
POLR2A waspredicteddirectly upstream of thdifferent RNasel transcript varian{gig. 2A).

In addition, further marks for active promoter regions, namely a DNase hypersensitivity site, a
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CTCF (CCCTChbhinding factoj andc-fos (fos protooncogendranscription factor binding site as
well as the H3K27ac histone mafkig. 2A), were identified in ase proximity to this area.
Additionally, the precise location of the core promoterRMASE1was further confirmed by
significant transcriptional activity of construct C2 and C3 of RIMASE1lgene in luciferase
reporter assay(Fig. 2B). Altogether theseresults supporthe localizationof the potential core
promoter and TSS iregion Aof the RNASElgene The suggestedranscriptional activity of
region A was further confirmetty ChiP that revealeithcreasedPol Il recruitmento this region
underphysiological conditioathatwassubsequeiy vanishedupon proinflammatory stimulation
(Fig. 3). This loss of Poll recruitment to the TSS &NASEXurther corresponds to the decrease
in RNasel mRNA expression in inflamed EQ&g.1). BesidesPolll binding, chromatin
modificationsdisplay a crucial role in regulation of gene expressidrereby, especially the
acetylation status of promoter regions is of great importardistinguish betweetranscriptional
activity andrepressior(Figure 1B) (Karlic et al, 2010 Wanget al, 2009 Wanget al, 2009.
Here, ot only the core promoteegion A but also the more upstream regions of the proximal and
distal promoter, depicted asgionB andregion G respectively, were investigated in terms of
active histone marksSimilar to Polll, H4 andH3K27 acetylation waincreased at thRNASE1
promoterunder physiological conditions arsignificantly deacetylatedpon proinflammatory
stimulationof HUVEC (Fig. 3). These findingare consistent witthe literature, whicldescribed
tight relations of chromatin acetylation and active transcripti@hahbazian and Grunstein,
2007). Thereby, H3K27 as well as H4 acetylation were associated with gene expression and
especially acetylation of H3K27 located in close proximity to TSS of transcribed genes was
proposedo prevent repressive effects of trimethylation at the same lysine rasfidhistone 3
(Karlic et al, 201Q Wanget al, 2008. Moreover, Rolet al. demonstrated in activatedcElls,

a tight correlation of chromatiaccessibilityand geneexpression with increased acetylatiain
promoter region®y using highresolution genome wide mappisgrategie§Roh et al, 2005.
Specifically in ECs, higkthroughput analysis of TNFD t r eat ed HUVEC i dent i f |
H3K27ac levels as active marker for upregulated gene expressimrrelategene transcription
and histone modificationfLi et al, 2012. Vice versa transcriptional repression was tightly
asseiated to histone deacetylatian HUVEC, the transcription factoBACH1 (BTB domain

and CNC homolog iImediatel HDAC1 recruitment to thé_-8 promoter resulting in repressed
gene expression due to H3 and H4 deacetyléfianget al, 2015, while HDAC1alsofacilitated

H3 and H4 deacetylation &drget gene promoters inFNs Bmediated angiogenesis of vascular
ECs (Aurora et al, 201Q. Accordingly, RNASE1promoter deacetylation of H4 and H3K27
augmented histoRBNA interactiors to promote a tightly packed chromatin structussulting

in diminished Poll binding to theTSS ofRNASEJand subsequent gene represgkeig. 3).

Due to significant deacetylatiorof the RNASE1promoter in inflamedhumanECs, HDAC

enzymesthat mediatehistone deacetylationvere of great importancedor the underlying

14



Discussion

investigations Our results demonstrated the particular impact of class | HDACs, HDAC1,
HDAC2, and HDAC3 in RNASEL1 regulation In this respegt treatment with the
HDAC1-3-specific inhibitorMS275successfully restored RNasel mRNA abundance in-ONF
treated HUVEC (Fig4A) by recovering not only H4 and H3K27ac in tR&JASE1promoter
region AC, but also restoring Pdl recruitment to the(RNASEITSSin regionA (Fig. 4B-D).
These results are in line with already described experiments MB&r5 administration
successfullyenhaned H4 and H3 acetylation in pediatric tumor cell lines or LPS/-N
stimulated macrophage@aboinet al, 2002 Leus et al, 2017, as well ascounteracted
hypo-acetylation in the immature hippocampus in a rat model sy&keksimovicet al, 2019.
Therefore HDAC1-3 are suggested to be crucial regulatorsnflammatiormediatedRNasel
repression in human ECs and validation of specific HD&€uitmentto theRNASEJpromoter

in inflamed ECswas of major interest Here we demonstrated th&DAC1 and HDAC3 were
almost not recruited to thBRNASElpromoter, while HDAC2significanty accumulagd to
regionA and B of RNASE1 upon proinflammatory stimulationFig.5). Accordingly,
proinflammatory stimulation of human ECs mediates HDAC2 recruitnenhe RNASE1
promoterto enabldocal histone deacetylation and transcriptional represSioereby, indicating

asignificantimpact of HDAC2 in RNasel regulatiéminflamed ECs

Interestingly, he literature describes the possibility fofnctional redundancy between HDAC2
and HDAC] so we included HDACL1 inthe functional characteriation of HDAC-mediated
RNaselregulationby siRNA KD. Our results revealed that only double KD of HDAC1 and
HDAC?2 significantly prevented RNasel downregulation upon-tNFs t i mu | &.Thesen ( Fi g.
findings indicatefunctional redundancy of HDAC1 and HDAC2 in RNasel regulation, where
HDACL1 is able to partially takeover the RNasel regulatory function in absence of HDAE?2.
functional redundancy of HDAC1 and HDAC?2 implicates thaih enzymesanduct by similar
molecular mechanisnand is promoted byhe high sequence similarity of HDAC1 and HDAC2
of ~75% and even more identity on protein level. Thus, both enzgreksown toassociat and
function either as homaoor heterodimersn the same nitiprotein corepressor complexes
mediate transcriptional repressjoamelySin3 complex, REST etepressor complex (CoOREST)
and theNucleosome Remodelirgnd DeacetylaséNuRD) complex(Sengupta and Seto, 2004
Tonget al, 1998 Yang and Seto, 200& ou et al, 2001 Zhanget al, 1997. Moreover, he
functional redundancy of HDAC1 and HDAC2 has bakwodescribedn literature for instance

in the context of cardiac morphogenesis or oocyte development in mice as weltedls B
developmen{Ma et al, 2012 Montgomeryet al, 2007 Yamaguchiet al, 2010Q. Nevertheless,
even double KD of HDAC1 and HDAC2 was not able to obtagompleteecovery of RNasel
MRNA expression (Fig5). Since,HDAC proteins are essential tdgtors of gene transcription,

it is hardly surprising thatey conduct high protein stabilityrhus these enzymes mighitill

existeven after 4& of siRNA treatment ogene inactivatioiiJamaladdiret al, 2014 Kallsenet
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al., 2012 Leeet al, 2014 Mercadoet al, 2011, which might explain the still partially regulated

RNasel expression

Although there isindication for functional redundancy between HDAC1 and HDAC2 in
inflammationmediatedRNasel regulation, HDACget persistasthe majorregulator due to its
significant accumulation at thBRNASEl1promoter. The crucial impact ofclassl HDACs,
particularly HDACZ2,in inflammation suppost our current findings Zhang andcolleagues
describedthat LPS induced inflammatiorof myeloid cells resultedin HDAC2-mediated
deacetylation of H4 and H3 tfie IL-6 promoterand subsequermgene repressiofZhanget al,
2015. Comparable results for HDAC2 function were observed in context of chronic
inflammatory diseases, such as rheumatnithritis or multiple sclerosis. Here, HDAC?2 is
recruited to théL-17 promoter to mediate its downregulation due to dysregulation dR@i o
(RAR-r el at ed o r prAmsaiptionéact&Jnghetral, 201§. Moreover, HDAC2 also
acs specifically in the context of vascular inflammatiomhere it influences progression of
atherogenesis bgleacetylatiormediatedrepression of the transcription factGtiTA (class Il
transactivatorin macrophages and smooth muscle c@dlsng et al, 2009. All these studies
emphasizehe important function of HDAC2n inflammatory processes, demonstrating the
requirement to attend inflammatory and vascular disordermafgeting HDAC2 with novel

therapeutic strategies.

In thisregard HDAC inhibitors specifically target HDAC function and have already loetimed
as upcomingmedical treatmentdor inflammatory disordersThereby cell survival and
proliferationin seveal cancer typebas been described toinfluencedby highly elevatedtlassl
HDAC expressione.g.HDAC?2 in cervical or gastric cancéHuanget al, 2005 Songet al,
2005. In this contextclinical treatmentvith universal HDAC inhibitorss alreadyappliedfor
diverse cancersuch a®varian cancer or cutaneous@ll lymphomaThereby, obust induction
of cancer cell differentiatiomlue tohistone acetylationvas mediated byHDAC inhibition to
increasesusceptibility othese cells tahemotherapeutiq€asliniet al, 2006 Mannet al, 2007
Yoon and Eom, 20)6Universal HDAC inhibitors were als@lidatedto improveprogression of
cardiovascular diseasesich asnhibition of fibrosis and card@hypertrophy preserving cardiac
function after myocardial infarction andchemiareperfusion injury, as well as preventing
progression of atherosclerogisomet al, 2011 Findeiseret al, 2011 Grangeret al, 2008 Kee
et al, 2011 Kee et al, 2006 Kong et al, 2006 Okamotoet al, 2006. Additionally, new
promisingtherapiego treat HDAGrelated disorderssing more specific HDAC inhibitorare
already under approval in clinical trial®r exampleMS275that functionsas antiepileptic or
breast/lung cancer treatmemtowever,a persistent problemccurred:Even specific HDAC
inhibitorsnot only target ondistinct HDAC for instanceHDAC2, but rathettargeting adistinct
group of closely related HDACssuch as HDACS in terms of MS275This issue is further

attenuated due to the close relation of HDAC enzymes andltlierse functions and interaction
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partners in different cellular contexisiaking development and generation ldDAC specific
inhibitors even morechallenging(Bantscheffet al, 2011 Falkenberg and Johnstone, 2014
Roche and Bertrand, 20L6n addition functional redundancies between different enzymes, as
demonstrated for HDAC1 and HDAC2, amplifiyeseproblematics(Haberlandet al, 2009
Jurkinet al, 2011, butthere is already ongoing progress in the developmesnzafmespecific
HDAC inhibitors orspecificallyinterferingwith HDAC functions at different celluldevels for

exampleby inhibition of interaction partner@Vagneret al, 2015 Yamakaweet al, 2017.

Irrespective of the described issuéis studyrevealeda protective function of MS275 in
recovery of the essential vasculafactar RNaselduring inflammation of human ECs. In
combination with the vesselrotective role of RNasel in vascular pathologies, like reduction of
myocardial infarction size in a rat model system or protecting the heart against
ischemiareperfusion injuryCabreraFuenteset al, 2015h Lu et al, 2018 Simsekyilmazt al,

2014, the observed function of MS2'difers new therapeutic strategies to fight cardiesalar
disorders

Concerning the transfer of these results to a clinical setting, certain limitations have to be
considered: Me presentedtudyis based olin vitro experimentsCultured EC monolayers are
widely used to investigate diverse scientific objectives of EC function and dysfuridtasmver,
selection ofan accurate EC model systésnessentialsince ECs from differertrigins might
behave differentlyKvietys and Granger, 1997In this regardwe usedHUVEC asprimary
humanEC model HUVEC express and secrete high amounts of RNésietheret al, 2011
Landreet al, 2002 and are the most often usedEC modelfor investigation of inflammatory
issuesin humans(Bouis et al, 2001 Kvietys and Granger, 1997Additionally, compared to
other primary tissuehuman umbilical corslare more easily accessibleand HUVEC can be
isolatedwith a relatively high yield of cell number and purijaffeet al, 1973 Kvietys and
Granger, 199y However, HUVEC can be used only in low passages to preserve their primary
EC charactercompise a high donor variangouiset al, 2003 andHDAC siRNA transfection
turned out tdnduce unintended side effedtsthis study.In this regard, alternative methods to
obtain HDAGspecific depletionin HUVEC could be suggestee.g. lentiviral transduction
which was already successfulpgrformedin these cell{Margariti et al, 2010. Due tothese
limitations, additionallythe humanhybrid EC cell lineEA.hy926 wasncludedin our studiesas
they enablesiRNA transfectiongndexpress and secralecisiveamounts of RNase{lLandreet

al., 20029. Despit their hybrid origin (a fusion ofHUVEC and the cancerogenic epithelial cell
line A549, EA.hy926 aregenerally usedas human vascular EC line model due to its
well-characterizedendothelial phenotype (Bouis et al, 200). Nevertheless in vitro EC
monolayes differ from an intactendotheliumand validation ofthe presented datan in vivo
studieswill be of futureinterest Here thedemonstrategrotective function of MS276n RNasel

has tobe investigated in context @lardiovascular pathologiegdditionally, SIRNA KD of
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HDACSs appeared to be difficult due to their global function and high protein stability. fhleus,
impact of HDAC2 on RNasel in a cardiovascular disease modelspE€ific HDAC2 knockout
micecan be suggested, since HDAGAIl mice appeared to be letlipdontgomeryet al, 2007.

Summary and Outlook

Altogether the data presentedere proposesthe following mechanisticmodel of RNasel
regulation inhuman ECgFigure Ill): Under physiological conditian the RNASElpromoter
region ¢(egionA-C) is acetylatedat H4 and H3K27, resulting in a relaxed and open chromatin
structure This structureprovides accesof the Polll transcription machinery to the DNA and
promotesRNASElexpression(Figure IlIA). In comparison, minflammatory stimulationfor
instanceby TNF-U, -11bLPoly!:C, inducesHDAC?2 recruitmentto theRNASE Ipromoterby

a so far unidentified coepressor complex. Hence, HDAC2 mediadeacetylation of H4 and
H3K27 at the RNASEl1promoter to support tightly packed inactive chromatin structure
Consequentlybinding of thePol Il transcription machinerjo theRNASEITSSand subsequent
RNASE Iexpressiorns suppresseFigure 11IB).

A) physiological conditions

region C region B region A
~1000 bp up. ~500 bp up. TSS

transcription machinery

B) proinflammatory conditions

region C region B region A
~1000 bp up. ~500 bp up. TSS
N—f- N

co-repressor complex

lq;”) VO] (> RNASE1

0179 ,, #

Pol Il
transcription machinery

Figure Ill : HDAC2-mediated deacetylation of theRNASE1 promoter. Model of RNASE1promoter
acetylation statén human endothelial cells undey physiological and Bproinflammatory conditions. A)
Under physiological conditionRNASE promoter acetylation at histone 4 and hist8ihgsine 27 irregion

A-C supportsaanopen chromatin sticture, RNA Polymerase Il (P8) transcription machinery binding and
RNASElexpression. BProinflammatory stimulation induces deacetylatiorROFASE Ipromoterregion

A-C through cerepressor complermediated HDAC?2 recruitment, resulting sncondensedchromatin
structure, loss of Pdl binding andRNASEIrepression. Abbreviations: Ac, acetylation; bp, base pairs;
HDAC2, histonedeacetylas@; Polll, RNA polymerase II;RNASE] Ribonuclease 1 gene; TSS,
transcriptional start site; up., upstream
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Discussion

This study partiallydescribs theunderlyingmoleculamechanism oHDAC2-mediatedRNasel
regulationin inflamed human ECs Neverthelessmany aspect®f this mechanisnremain
unknown and need to be investigated in future studiigst, he involved signaling pathways
from EC stimulationto RNASEJpromoter deacetylatioare stillobscureand should be of future
interest Our datasuggested common signaling mechanism for RNasel regulati@MAPK
p38 and JNK(Brenneret al, 2015 Kawai and Akira, 2006Weberet al, 201Q. Thereforeijt
would be interesting teelucidatethe participation of thesesignaling pathwaysn RNasel
regulation Besides thathe analysis ofFN-o-mediated signalingnd its functioras apotential
novel RNaselprotectivefactor should befurther investigatedSecond, part from signaling
pathways, it is still unclear how HDAC?2 is activated and recruited t&RM&SElpromoter in
our model.In this respectno changsin mRNA abundancepon proinflammatory stimulation
were dete@d for HDAC2 over HDAC1 and HDAC3I his indicateghatspecificaccumulation
of HDAC2 to the RNASElpromotermight dependon changes ints protein abundance or
function.Accordingto literature activity and complex formatioof HDAC2 is regulatedhrough
PTMs, especiallyphosphorylatiorf serine residugbataremediated byheprotein kinase cein
kinase2 (CK2) (Brandlet al, 2009 Tsai and Seto, 2002Therefore, it would be interesting to
investigate, whether CK2 igsponsibldor RNasel regulatiothroughmodulation of HDAC2
phosphorylationin EC inflammaion. Thirdly, the recruitment of HDAC2 to the RNASE1
promoter regiomeeds to be investigatddDACs thanselves do not comprise any DN#Anding
ability and requirethe function of coerepressor complexe® successfully mediate histone
deacetylation(Sengupta and Seto, 2Q04rhus, it would be necessaryto investigate which
co-repressor complexin3, CoREST or NuRDronget al, 1998 You et al, 2001 Zhanget al,
1997, associates with HDACZpon EC inflammation to promotis recruitment to thRNASE1
promoterfor subsequent gene repressiduditionally, identification of a specific eepressor
compkx can further provide information aboutiDAC2-associated proteins, such as
DNA-binding proteins, transcription factoe other complex components essential for RNasel

regulation.

Altogether further investigationgre requiredo unravel the underlying molecular mechanisms
of proinflammatory regulation of the vesgebtective factoRNaselin ECs. Therebyleadingto

the identification of new potential targets, such as signaling pathway components or HDAC2
interaction partnersp develop novel therapeutic strategies to fight cardiovascular pathologies by

protecting RNasefo preservehe vascular integrity
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ABSTRACT: Ribonuclease 1 (RNasel) is a circulating extracellular endonuclease thatregulates the vascular homeostasis
of extracellular RNA and acts as a vessel- and tissue-protective enzyme. Upon long-term inflammation, high amounts
of proinflammatory cytokines affect endothelial cell (EC) function by down-regulation of RNasel. Here, we in-
vestigated the transcriptional regulation of RNasel upon inflammation in HUVECs. TNF-a or IL-1B stimulation
reduced the expression of RNasel relative to the acetylation state of histone 3 at lysine 27 and histone 4 of the RNASE1
promoter. Inhibition of histone deacetylase (HDAC) 1, 2, and 3 by the specific class I HDAC inhibitor MS275
abolished the TNF-a— or IL-1B-mediated effect on the mRNA and chromatin levels of RNasel. Moreover, chromatin
immunoprecipitation kinetics revealed that HDAC2 accumulates at the RNASE1 promoter upon TNF-« stimulation,
indicating an essential role for HDAC2 in regulating RNase1 expression. Thus, proinflammatory stimulation induced
recruitment of HDAC2 to attenuate histone acetylation at the RNASE1 promoter site. Consequently, treatment with
HDAC inhibitors may provide a new therapeutic strategy to stabilize vascular homeostasis in the context of in-
flammation by preventing RNasel down-regulation in ECs.—Bedenbender, K., Scheller, N., Fischer, S., Leiting, S.,
Preissner, K. T., Schmeck, B. T., Vollmeister, E. Inflammation-mediated deacetylation of the ribonuclease 1 promoter
via histone deacetylase 2 in endothelial cells. FASEB J. 33, 9017-9029 (2019). www.fasebj.org
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Multiple endothelial cell (EC) functions contribute to
maintain vascular homeostasis under physiologic as well
as inflammatory conditions. Upon inflammation, ECs get
activated and rapidly attract leukocytes, which leave the
vessel, infiltrate the tissue, and secrete further proin-
flammatory agents (1). In this process, the integrity and

ABBREVIATIONS: ChIP, chromatin immunoprecipitation; CTRL, either
unstimulated or untreated control; EC, endothelial cell; eRNA, extracel-
lular RNA; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H3,
histone 3; H3K27ac, histone 3 lysine 27 acetylation; H4, histone 4; H4ac,
histone 4 acetylation; HDAC, histone deacetylase; HUVEC, human um-
bilical vein endothelial cell; ICAM-2, intercellular adhesion molecule 2;
KD, knockdown; Pol IT, RNA polymerase II; POLR2A, Pol II subunit 2A
binding site; Poly I:C, polyinosinic polycytidylic acid; gPCR, quantitative
PCR; qRT-PCR, quantitative reverse transcription PCR; RNasel, ribonu-
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homeostatic functions of the EC layer may be impaired,
promoting vascular diseases, such as atherosclerosis,
thrombosis, and myocardial infarction (2, 3). Upon acute
inflammation due to infection or injury, ECs release ex-
tracellular RNA (eRNA) as danger signals to induce the
immune response (4-6). However, increasing amounts of
eRNA can resultin EC damage and dysfunction (7, 8). An
important counteracting enzyme that helps to maintain
vascular homeostasis is ribonuclease 1 (RNasel) (6, 9).
RNasel is a secreted protein that belongs to the extracel-
lular RNase A superfamily (9-11). It is mainly expressed
and released by vascular ECs (10, 12) to act as a natural
counterpart of eRNA via degradation to protect the EC
layer (6, 13, 14). However, upon long-term inflammation
of ECs, eRNA accumulates in the extracellular space,
recruiting inflammatory cells, such as monocytes, to the
site of inflammation (5, 6). These monocytes release
proinflammatory cytokines, such as TNF-a or IL-1B,
which induce a massive down-regulation of RNasel
mRNA expression in ECs that can be blocked by inhibitors
of histone deacetylases (HDACs) (6). RNasel suppression
results in impaired degradation of eRNA that contributes
to disturbed EC-barrier function (6). However, the detailed
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mechanism of TNF-a—induced down-regulation of RN-
asel has not been elucidated.

Histone modifications, such as acetylation, are post-
translational modifications at the N-terminal tails of
histone proteins. These modifications are critical for the
regulation of chromatin structure and function (15, 16)
and highly affect DN A-related processes such as tran-
scription, replication, or chromosomal organization
(17). One of the first reported histone modifications was
acetylation of lysine residues (18, 19) that play a cru-
cial role in regulating gene activation and repression
(20-22). Besides others, histone 4 acetylation (H4ac)
and histone 3 lysine 27 acetylation (H3K27ac) function
as specific markers for active, transcribed chromatin,
whereas the deacetylation of these residues results in
transcriptional repression (23, 24). HDACs conduct
important functions in modifying chromatin structure
and accessibility by removing acetyl groups from lysine
residues on histone tails (15, 25, 26). As a consequence,
the positive charge of the histones increases, augment-
ing their interaction with DNA and resulting in a con-
densed chromatin structure and transcriptional repression
(15). HDAC:s consist of 4 distinct classes of enzymes, which
can be distinguished because of their specific sequence
similarity (26). In particular, the class | HDACs HDAC1-3
play an important role in regulation of inflammatory
processes and vascular diseases by influencing, for in-
stance, TLR-dependent signaling or atherosclerosis, re-
spectively (27-31).

RNasel regulation upon proinflammatory stimulation
in ECs is proposed to be regulated by HDACs (6). In this
study, we aimed to investigate the underlying mechanism
of reduced RNasel expression during vascular inflam-
mation, addressing the acetylation status and the regula-
tory potential of HDACs for histone deacetylation in the
promotor region of the RNASEI gene, using luciferase
reporter assay, chromatin immunoprecipitation (ChIP),
HDACH-inhibitor treatment, and HDAC small interfering
RNA (siRNA) knockdown (KD) in human ECs. Our
findings provide new insights into the mechanism of
proinflammatory down-regulation of RNasel by HDACs
and may help to counteract RNase1 silencing under long-
term inflammatory conditions and potentially improve
vascular homeostasis.

MATERIALS AND METHODS
Ethical statement

All umbilical cords were donated from healthy individuals
whowere fully informed and consented to donation. Donated

tissue was handled in accordance with local ethics regulations
(Philipps-University Marburg; AZ 20/16).

Cell isolation, culture, and treatment

All cells used in this study were cultivated at 37°C with 5%
CO,. HUVECs were isolated and cultured as previously de-
scribed by Jaffe ef al. (32) with the following modifications:
umbilical veins were flushed with 1X HBSS with magnesium
and calcium (HyClone, GE Healthcare, Waukesha, WI, USA)
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and 1X PBS with magnesium chloride and calcium chloride
(Merck, Darmstadt, Germany). HUVECs were isolated by
administration of 0.1% collagenase D solution (from Clos-
tridium histolyticum; Merck) into the vein for 20 min at 37°C,
cultured in EC growth medium purchased from PromoCell
(Heidelberg, Germany) supplemented with 1% penicillin and
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA),
and used up to passage 4 for all indicated experiments.

For stimulation experiments, 3.8 X 10* cells/cm?® were
seeded overnight. Cells were stimulated with 10 ng/ml hu-
man recombinant TNF-a, IL-1B (R&D Systems, Minneapolis,
MN, USA), IL-13 (50 ng /ml), IFN-y (250 ng/ml) (PromoCell),
or TGF-B (1 pg/ml) (PeproTech, Rocky Hill, NJ, USA) as well
as LPS from Salmonella minnesita R595 (100 ng /ml) (Enzo Life
Sciences, Farmingdale, NY, USA), polyinosinic polycytidylic
acid (Poly L:C) (10 pg/ml), or trifluoroacetate salt Pam3CSK4
(200 ng /ml) (InvivoGen, San Diego, CA, USA) as indicated. For
HDAC inhibitor tests, HUVECs were treated with indicated
concentrations of MS275 (2, 4 M) for 4 h prior to cytokine
stimulation. For ChIP assays, HUVECs were stimulated with
TNF-« or IL-18 (10 ng/ml) as indicated. For MS275-ChlIP as-
says, cells were prestimulated with the HDAC inhibitor MS275
(4 pM; Merck) or DMSO (Carl Roth, Karlsruhe, Germany) as
solvent control for 2 h prior to TNF-« treatment.

The hybrid EC line EA hy926 [American Type Culture Col-
lection (ATCC), Manassas, VA, USA] was cultured in DMEM
with high glucose (Merck) supplemented with 10% fetal calf se-
rum (Merck). Cells were used up to passage 20 for all indicated
experiments. For stimulation experiments, 3.8 X 10" cells/cm®
were seeded overnight and stimulated with 10 ng/ml human
recombinant TNF-« (R&D Systems) as indicated. For HDAC
inhibitor tests, EA.hy926 cells were treated with indicated con-
centrations of tubacin (0.5, 1 p.M; Merck) or MS275 (0.3, 1,2 pM;
Merck) 4 h prior to cytokine stimulation.

HDAC siRNA KD

EA.hy926 cells (3.8 X 10* cells/cm?®) were seeded overnight
and transfected for 24 h with 60 pmol Silencer Select siRNAs
(Ambion; Thermo Fisher Scientific) against HDAC1 (AssayID
s73), HDAC2 (AssayID s6493), a combination of both (each
30 pmol), or scrambled transfected (siC) control siRNA
(AssayID 4390843) using Lipofectamine RNAiMax (Thermo
Fisher Scientific) in Opti Minimum Essential Media I reduced
serum medium (Thermo Fisher Scientific) and DMEM with
10% fetal calf serum. After 24 h, fresh medium was added, and
cells were stimulated foranadditional 24 hwith 10 ng/ mI TNF-«
or left untreated as control.

RNA isolation and quantitative reverse
transcription PCR

Total RNA was isolated from HUVECs or EA.hy926 cells using a
phenol-chloroform based method with Tri Reagent (Merck) as
described by the manufacturer’s protocol. Afterwards, cDNA
was generated from RNA using the High-Capacity cDNA Re-
verse Transcription Kit (Thermo Fisher Scientific) according to
themanufacturer’s protocol. Transcript expression of RNasel, E-
selectin, HDAC1, HDAC2, HDAC3, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or ribosomal protein S18
(RPS18) as internal control was quantified by quantitative re-
verse transcription PCR (qRT-PCR) with respective primer pairs
(Table 1, Metabion International, Planegg/Steinkirchen, Ger-
many) using the Fast Sybr Green Master Mix (Thermo Fisher
Scientific) and the QuantStudio System and QuantStudio Design
& Analysis Software v.1.3.1 (Thermo Fisher Scientific) according
to the manufacturer’s instructions. The fold induction was
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calculated using the 2~**“ method, and qRT-PCR results were
normalized to the corresponding control cells (33).

ChipP

Chemicals used for ChIP were purchased from Carl Roth
unless otherwise stated. Confluent cells were stimulated as
indicated and fixed with 1% formaldehyde (methanol-free;
Polysciences, Warrington, PA, USA) for 5 min at room tem-
perature and stopped by the addition of 0.125 M glycine for
5 min at room temperature. Cells were washed and scraped
with ice-cold PBS (1X, without magnesium and calcium,
HyClone; GE Healthcare) and centrifuged twice at 300 g for
10 min at 4°C. Cells were lysed chemically with lysis buffer I
and II [I: 5 mM PIPES pH 8, 85 mM KCl, 0.5% Nonidet P40
(AppliChem, Darmstadt, Germany); II: 10 mM Tris hydro-
chloride pH 7.5, 150 mM NaCl, 1% sodium deoxycholate,
0.1% SDS, 1% Nonidet P40], and chromatin was sheared via
sonication (Biorupter Plus; Diagenode, Seraing, Belgium). As
a control, a portion of the sonicated chromatin was used for
Proteinase K (AppliChem) digestion followed by DNA puri-
fication using the QiaQuick PCR Purification Kit (Qiagen,
Hilden, Germany), and the fragment size was analyzed on a
1.5% agarose gel. Sepharose A (GE Healthcare) beads were
blocked with 1 mg/ml bovine serum albumin (Carl Roth) and
400 p.gsonicated salmon sperm DNA (AppliChem) overnight
at 4°C. Sonicated chromatin was precleared by incubation
with blocked beads, and 10-20 pg of precleared chroma-
tin was used for immunoprecipitation with protein-specific
antibodies: anti-RNA polymerase II (Pol II) (ab26721),
anti-H3K27ac (ab4729), anti-HDAC1 (ab7028), anti-HDAC2
(ab7029), anti-HDAC3 (ab7030), anti-rabbit IgG (ab46540;
Abcam, Cambridge, MA, USA), or anti-H4ac (06-598; Merck)
overnight at 4°C. Beads were added for 2 h, washed with 1X
PBS without magnesium and calcium (HyClone; GE Health-
care), and chromatin-antibody complexes were chemically
eluted (1% SDS, 0.1 M sodium hydrogen carbonate). Reversal
of crosslinking was conducted by Proteinase K digestion
overnight with immunoprecipitation samples prior to DNA
purification using the QiaQuick PCR Purification Kit according
to the manufacturer’s instructions. Purified chromatin was
eluted in H,O and analyzed by quantitative PCR (qPCR) as
previously described using specific primers (Table 1, Metabion
International) for human RNASEI promoter regions region A,
region B, region Cand human E-SELECTIN promoter [Pre s ecriv
(34)]. Results of ChIP experiments werenormalized to theinput
control, whereas results of ChIP kinetics were normalized to
the input controland the IgG control. All values are depicted as
a percentage of input. For qualitative analyses of ChIP experi-
ments, qPCR samples of one representative replicate were run
onal5%agarosegel for2hat100V and visualized by UV light
with the gel documentation system Gel iX imager (Intas Science
Imaging Instruments, Gottingen, Germany).

Reporter plasmids and luciferase reporter assay

For generation of luciferase reporter plasmids, parts of the
RNASET1 gene region (C1-C4) as well as the positive control
intercellular adhesion molecule (ICAM)-2 promoter (Pricaps2)
were amplified by PCR from genomic DNA of the EC line
EA.hy926 using respective primer pairs (Table 1, Microsynth
Seqlab, Gottingen, Germany). Amplified sequences were cloned
into the luciferase vector backbone pGL4.10[luc2] (Promega,
Madison, WI, USA) to generate C1-C4-specific RNASE1 and
ICAM-2 positive control reporter vectors.

For luciferase reporter assay, 2.1 X 10* cells/cm? EA hy926
cells were seeded overnight. Cells were transfected in Opti
Minimum Essential Medium I with 0.5 p.g of the aforementioned
luciferase reporter plasmids and the vehicle control pGL4.10
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[luc2] together with the Renillaluciferase control plasmid pRL-TK
(Promega) using Lipofectamine 2000 (Thermo Fisher Scientific)
according to the manufacturer’s instructions. After 24 h, medium
was changed to DMEM (Merck) with 1% penicillin streptomycin
and incubated for another 24 h. Firefly and Renilla luciferase ac-
tivity of cell lysates was measured with Tecan Infinite 200 (Tecan
Trading, Mannedorf, Switzerland) or TriStar2S (Berthold
Technologies, Bad Wildbad, Germany) as previously de-
scribed by Dyer et al. (35). Results were normalized to Renilla
control plasmid as transfection control and depicted as rela-
tive luminescence units.

Statistical analysis

Results are expressed as means * sp of linear data (ChIP, lu-
ciferase reporter assay) or log2-transformed data (QRT-PCR).
One- or 2-way ANOVA and subsequent multiple comparison
Holm-Sidak posttest were conducted on linear data (ChIP, lu-
ciferase reporter assay) or log2-transformed data (QRT-PCR).
Results were considered significant at a value of P < 0.05.
Statistical analyses were performed using GraphPad Prism
v.6.05 (GraphPad Software, La Jolla, CA, USA).

>
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Figure 1. Regulation of RNasel mRNA expression in HUVECs.
A) RNasel mRNA expression kinetics upon 10 ng/ml TNF-«
or IL-1B stimulation for 0.5, 1, 3, 6, 9, or 24 h in HUVECs.
Expression of RNasel mRNA was analyzed by qRT-PCR.
Results were normalized to GAPDH and the respective CTRL
samples; n = 4-5. Means * sp were calculated using log2-
transformed data. Two-way ANOVA using Holm-Sidak posttest.
Significance for TNF-a: *P < 0.05, **pP < (0.0001; signifi-
cance for IL-1f: P < 0.05, " P < 0.0001. B) RNasel mRNA
expression upon 24 h of stimulation with TNF-a (10 ng/ml),
IL-13 (50 ng/ml), IFN-y (250 ng/ml), TGF-B (1 pg/ml), Poly
I:C (10 pg/ml), LPS (100 ng/ml), or PAm3CSK4 (200 ng/ml)
in HUVECs. Expression of RNasel mRNA was analyzed by
qRT-PCR. Results were normalized to RPSI8 and the re-
spective CTRL samples; n = 3-5. Means * sp were calculated
using log2-transformed data; 1-way ANOVA using Holm-Sidak
posttest. ¥*P << 0.05, ##%4P < 0.0001.
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RESULTS

RNase1 mRNA expression is severely reduced
in inflamed ECs

We first examined RNasel mRNA expression over time in
HUVECs stimulated with TNF-a or IL-1B. E-selectin
mRNA, which is known to be up-regulated upon TNF-a
or IL-1B treatment, was tested by qRT-PCR as a hallmark
for successful stimulation (34). Expression of E-selectin
mRNA was significantly up-regulated already 30 min
after stimulation (Supplemental Fig. S1A). A decrease
in RNasel mRNA abundance was detected 6 h post-
stimulation (Fig. 1A). This effect reached significance
after 9 h and increased until 24 h post stimulation. To
identify whether regulation of RNasel is also medi-
ated by other proinflammatory agents, HUVECs were
stimulated with IL-13 (50 ng/ml), IFN-y (250 ng/ml),
TGE- (1 pg/ml), Poly I:C (10 pg/ml), LPS (100 ng/ml),
or Pam3CSK4 (200 ng/ml) for 24 h, and RNasel mRNA
expression was analyzed. Only stimulation with the
TLR-3 ligand Poly I:C down-regulated RNasel mRNA
abundance significantly (Fig. 1B) compared with TNF-a.

Identification of the RNASE1 promoter region

To define the active RNASE1 promoter region, in silico
analyses were performed based on the University of
California-Santa Cruz (UCSC) Genome Browser (Fig. 2A).
We focused on respective marks thatindicate a functional
promoter site obtained by ChIP-sequencing analysis in
HUVECs (UCSC Genome Browser): a Pol II subunit 2A
binding site (POLR2A) and active chromatin marks such
as H3K27ac. These 2 prominent marks suggested a tran-
scriptional start site (TSS) in close proximity (36), upstream
of the different transcript variants of RNASEI.

For identification of promoter activity in this specific
region, different promoter constructs (C1-C4) were
generated and tested for their potential to activate
transcription in luciferase reporter assays. Therefore,
translation of firefly luciferase in the EC line EA.hy926
under physiologic conditions was analyzed (Fig. 2B).
As a control, we used the ICAM-2 promoter that is ac-
tive for transcription (37) or an empty vehicle control,
respectively. Almost no luciferase luminescence was
detected in cells transfected with vehicle control, whereas
cells transfected with the ICAM-2 promoter construct
showed a significant increase in luciferase luminescence.
Compared with that, RNASE1 promoter constructs C1
and C4 exhibited no induction of luciferase activity
compared with vehicle control. Only constructs C2 and
C3 significantly induced luciferase luminescence, which
was even higher than ICAM-2 promoter-mediated
activity.

Proinflammatory stimulation reduces histone
acetylation at the predicted RNASE1 promoter

To further analyze the influence of proinflammatory
stimulation on chromatin level at the predicted

RIBONUCLEASE T REGULATION BY HISTONE DEACETYLASE 2
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Figure 2. Identification of the RNASEI promoter region. A)
Schematic diagram of RNASEI genomic region based on
UCSC Genome Browser [Human February 2009 (Genome
Reference Consortium human genome build 37/human
genome 19) Assembly]. Three primer pairs for promoter
analysis, named region A, region B, and region C, were selected.
Arrows indicate qRT-PCR primer binding sites. Upper part
depicts promoter constructs (Cl-4, gray bars) that were used
for luciferase assay. Lower part depicts 5 different transcript
variants of RNASEI (1-5; black bars: protein coding regions;
white bars: UTRs). Known marks for promoter regions are
shown: an H3K27ac site and a POLR2A (narrow black bars). B)
Promoter constructs (Cl1-C4) of RNASEI were used for
luciferase reporter analysis. EA.hy926 cells were transfected
for 48 h with empty firefly luciferase vehicle control, the JCAM-
2 reporter plasmid as positive control, or reporter constructs
C1-C4 as well as with Renilla luciferase control vector as
transfection control. Luciferase activity depicted in relative
luminescence units (RLU) was calculated as ratio of firefly/
Renilla luminescence; n = 3-7. Means * sp; l-way ANOVA
using Holm-Sidak posttest, compared with vehicle control. **P
< 0.01, #P < 0.001, *##kP < 0.0001.

RNASE1 promoter regions, ChIP was performed in
HUVECs. Promoter regions are divided into 3 different
parts: the core promoter, the proximal promoter, and
the distal promoter (36). Therefore, specific sets of
promoter primers were generated to screen the differ-
ent parts of the RNASET promoter region upstream of
the predicted TSS: region A, located in close proximity to
the predicted TSS; region B, located ~500 bp; orregion C,
located ~1000 bp upstream of the TSS of RNASET (Fig.
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2A). For analyses of Pol II recruitment and active
acetylated histone marks (H4ac and H3K27ac) at re-
gions A, B, and C of the RNASE] promoter, ChIP was
performed in HUVECs treated with TNF-a or IL-1p for
30 or 60 min, respectively. As a control for successful
stimulation, Pol II recruitment as well as H4ac and
H3K27ac were investigated at the promoter region of
E-SELECTIN (Pre-serecrin; Supplemental Fig. S1B, C).
Comparable to literature (34), Pol Il recruitment, H4ac,
and H3K27ac were significantly increased upon TNEF-
a and IL-B treatment in HUVECSs at Prg_gg;periv- In
region A of RNASE1, TNF-a as well as IL-1p stimula-
tion decreased Pol II recruitment nearly to the IgG
control level compared with untreated cells (Fig. 3A).
Moreover, significant results were obtained by analy-
sis of the histone marks H4ac and H3K27ac, which
were significantly reduced upon TNF-« (Fig. 3A; left
panels) and IL-1B (Fig. 3A; right panels) treatment in
region A. Analysis of the RNASEI promoter regions B
(Fig. 3B) and C (Fig. 3C) obtained similar results. Al-
most no Pol II recruitment was detected in these re-
gions in control and TNF-a- or IL-1B-treated cells.
Similar to region A, a reduction of H4ac and H3K27ac
after TNF-a or IL-1B treatment was detected in regions
B and C (Fig. 3B, C), although these results were not
significant. Accordingly, in unstimulated (CTRL) cells,
acetylation was present predominantly at the TSS.
Hence, reduction of the active chromatin marks H4ac
and H3K27ac in region A upon proinflammatory
stimulation may be involved in the down-regulation of
RNasel.

Inhibition of class | HDACs prevents the
negative effect of TNF-a on RNase1
mRNA and chromatin level

Previous results demonstrated that treatment of
HUVECs with HDAC inhibitor trichostatin A prior to
proinflammatory stimulation rescued RNasel mRNA
expression (6). To identify which specific HDACs are
involved in RNasel regulation, EA.hy926 cells and
HUVECs were pretreated with different concentrations
of specific HDAC inhibitors prior to stimulation:
HDACS6 inhibitor tubacin and class I HDAC inhibitor
MS275, which specifically inhibits HDAC1-3. DMSO-
treated cells served as solvent control. In the EC line
EA.hy926, almost no regulation of RNasel mRNA ex-
pression was detected in control cells treated with
tubacin compared with solvent control. Upon TNF-a
stimulation, RNasel mRNA expression was signifi-
cantly down-regulated in the solvent control as well as
in tubacin-treated cells (Fig. 4A). In comparison, MS5275
treatment of control cells slightly increased the basal
RNasel mRNA expression compared with the solvent
control in both EA.hy926 cells and HUVECs. Upon TNF-«
stimulation, RNasel mRNA expression was significantly
down-regulated in cells treated with the solvent control,
and MS275 treatment restored the negative effect of TNF-«
on RNasel mRNA expression (Fig. 4A).

To assess whether HDAC1-3 is important for RN-
asel regulation, the influence of MS275 on histone
acetylation at the RNASE1 promoter was investigated.
Prior to TNF-a stimulation, HUVECs were treated with
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MS275 (4 pM, 2 h) or DMSO as solvent control, re-
spectively. Successful stimulation was validated by
Pol Il recruitment to Pry_sr; perv, which was increased
after stimulation upon both treatments (Supplemental
Fig. S1D). At region A of RNASEI, treatment with
the solvent control resulted in significantly down-
regulated Pol II recruitment after TNF-« stimulation.
Interestingly, upon MS275 pretreatment, Pol II was
almost equally recruited to region A in control as well
as TNF-a-stimulated samples (Fig. 4B, left panel).
Moreover, treatment with the solvent control prior to
TNF-a stimulation did not prevent significant down-
regulation of both histone marks H4ac (Fig. 4B, middle
panel) and H3K27ac (Fig. 4B, right panel) compared
with control cells, whereas MS275 treatment recovered
histone acetylation significantly to equal or even higher
levels than in control cells. Likewise, in the RNASE1
promoter regions upstream of the putative TSS, regions
Band C (Fig.4C, D), significant deacetylation of histone

RIBONUCLEASE 1 REGULATION BY HISTONE DEACETYLASE 2

4 (H4) and H3K27 was detected in solvent control-
treated cells upon TNF-a stimulation, and this effect
was blocked by MS275 (Fig. 4C, D, middle and right
panel). Compared with region A, no significant changes
could be observed for Pol Il recruitment in regions B and
C (Fig. 4C, D, left panel). In summary, MS275 recov-
ered histone acetylation at the predicted RNASEI
promoter (regions A—C) upon proinflammatory stimu-
lation, suggesting a regulatory function of HDAC1-3
on RNASET.

TNF-« mediates HDAC2 accumulation at the
predicted RNASE1 promoter region

Toanalyze which specific class | HDACs are essential
for deacetylation of the RNASEI promoter region,

ChIP kinetic experiments were performed. Binding of
HDACI1-3to regions A and B of the predicted RNASE1
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promoter was analyzed in HUVECs stimulated for 5,
10, 20, or 30 min with TNF-a or left untreated as
control. Successful stimulation was validated by Pol
II recruitment to Prpgsgipcrin, Which was signifi-
cantly increased over time (Supplemental Fig. S2A).
Moreover, Pol Il recruitment at region A was slightly
increased after 10 min of stimulation and sub-
sequently decreased afterwards, whereas no Pol II
recruitment was detected at the upstream regions of
TSS, regions B and C (Supplemental Fig. S2B). Kinetic
ChIP measurements revealed almost no HDACI1
(blue line) and HDAC3 (red line) accumulation in
region A of RNASE1 after control or TNF-a stimula-
tion of HUVECs. Compared with that, HDAC2 sig-
nificantly accumulated at region A after 10 min of
TNF-«a treatment. This binding declined over time;
however, it still remained elevated compared with
HDAC1 and HDAC3 (Fig. 5A). Similar results
were obtained by analysis of region B for all 3 HDACs
(Fig. 5B). In region C, no specific accumulation of
HDAC1-3 was observed upon TNF-a stimulation
(Supplemental Fig. S2D). To ensure that HDAC accu-
mulation to the RNASEI promoter region was in-
dependent of their abundance in the cells, mRNA
regulation of HDAC1-3 was analyzed by qRT-PCR. No
significant regulation of HDAC1-3 mRNA was detected
in TNF-a stimulation kinetics (Supplemental Fig. S3),
indicating that recruitment of HDAC1-3 to the RNASE1
promoter region was independent of mRNA abundance.

Taken together, HDAC2 significantly accumulated in
regions A and B of the RNASE]1 promoter upon proin-
flammatory stimulation of ECs.

Figure 5. HDAC2 accumulates at the RNASE]
promoter regions A and B upon TNF-a stimu-
lation. HUVECs were stimulated with 10 ng/ml
TNF-« for 5, 10, 20, or 30 min or left untreated
as control, respectively. ChIP using specific
antibodies against HDAC1 (blue), HDAC2
(green), HDAC3 (red), or an unspecific IgG
control was performed. HDAC accumulation
to region A (A) and region B (B) was analyzed by
qPCR. For qualitative analysis, qPCR samples of
one representative replicate were loaded on an
agarose gel (left panels), and qPCR results of 3
representative replicates (right panel) were
quantitatively analyzed and depicted as per-
centage of the input control (1%) normalized
to IgG; n = 3. Means = sp; 2-way ANOVA using
Holm-Sidak posttest. P < 0.05, ¥*P < 0.01.
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HDAC1 and HDAC2 double KD restores RNase1
mRNA abundance upon TNF-a stimulation

To validate the specific impact of HDAC2 on RNasel
expression, siRNA KD of HDAC2 and the functionally
redundant enzyme HDACT, which often coexists in the
same repressor complexes as HDAC2 (38, 39), were
performed in EAhy926 cells. Successful KD of both
HDAC1 and HDAC2 mRNA as well as double KD of
HDAC1 and HDAC?2 were confirmed in CTRL cells as
well as after TNF-a treatment (Fig. 6A). To highlight the
differences in RNasel mRNA abundance upon siRNA
KD, fold-change values normalized to siC CTRL cells
(Fig. 6B, left panel) and the relative percentage of
mRNA abundance upon stimulation to the respective
KD in CTRL cells (Fig. 6B, right panel) were analyzed.
TNF-a stimulation resulted in a significant down-
regulation of RNasel mRNA, corresponding to a re-
duction to ~65-70% of respective CTRL cells. This
RNasel down-regulation was prevented by double KD
of HDAC1 and HDAC2, but not by siC as well as siR-
NAs targeting HDAC1 or HDAC2 alone (Fig. 6B). Ad-
ditionally, upon TNF-a stimulation, relative RNasel
mRNA abundance was significantly increased in the
double KD compared to cells transfected with siC,
siRNA targeting HDAC2 and almost significantly to
siRNA targeting HDACT1 (Fig. 6B, right panel).

These results suggest that HDAC2 is the most im-
portant HDAC involved in RNasel regulation by
binding to the RNASE1 promoter (Fig. 5). However, in
the absence of HDAC2 mRNA, HDAC1 might act re-
dundantly on RNasel because only double KD of
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Figure 6. HDAC siRNA KD restores RNasel mRNA from TNF-
a-mediated down-regulation. EA.hy926 cells were transfected
with 60 pmol siRNA against HDAC1 (si#1), HDAC2 (si#2), a
combination of both (si#1/2; each 30 pmol), or siC siRNA
control for 24 h followed by additional 24 h of stimulation with
10 ng/ml TNF-« or left untreated as control (CTRL). RNA was
isolated, and mRNA expression of HDACI and HDAC2 (A)
and RNasel (B) was analyzed by qRT-PCR. Results were
normalized to endogenous GAPDH and CTRL siC samples.
Statistics were performed on log2-transformed data; relative
percentage of RNasel mRNA level was calculated for each
transfection relative to the respective control in untreated
cells, set to 100% [(B), right panel]; n = 3. Means * sp; 2-way
ANOVA (A, B, left panel) or 1-way ANOVA (B, right panel)
using Holm-Sidak posttest. *P < 0.05, **P < (.01, ***P <
0.001, *#=kP < (0.0001, *P < 0.05.

HDAC1 and HDAC?2 restored RNasel mRNA abun-
dance upon proinflammatory stimulation.

DISCUSSION

EC functions play an important role in the regulation
and maintenance of vascular homeostasis and integrity.
The loss or disruption of this function is closely linked
to cardiovascular pathologies such as atherosclerosis,
thrombosis, and myocardial infarction (2, 3, 40), which
according to the World Health Organization, cause
several million deaths per year worldwide. In this
study, we identified HDAC2-associated chromatin mod-
ifications as a critical event in the regulation of RNasel, an
important regulator of endothelial homeostasis.

RNasel has been identified as a relevant factor to
protect vascular homeostasis by regulation of EC
function. RNasel acts as a counterpart to eRNA, a

RIBONUCLEASE 1 REGULATION BY HISTONE DEACETYLASE 2

known damage-associated molecular pattern that con-
tributes to cardiovascular diseases (2), to maintain
vascular integrity by balancing the RNasel-eRNA sys-
tem. For instance, administration of RNasel led to a
better disease outcome in ischemic heart disease and
thrombus or edema formation by eliminating proin-
flammatory cytokine expression and plaque develop-
ment (8, 13, 14, 41, 42). Upon prolonged inflammation,
RNasel function is disturbed, resulting in a loss of
vascular integrity, which was demonstrated, for ex-
ample, by redistribution of the cell adhesion molecule
vascular endothelial cadherin due to RNasel down-
regulation (6). Consequently, understanding RNasel
regulation in ECs under proinflammatory conditions is
important for the development of new therapeutic
strategies to fight cardiovascular diseases.

Ithas beenreported that down-regulation of RNasel
by TNF-a was successfully blocked by pretreatment
with the HDAC inhibitor trichostatin A in HUVECs.
Based on this observation, a regulatory mechanism
for RNasel via HDACs on chromatin level was pro-
posed (6). Hence, the role of HDACs in the regulation of
RNasel expression during inflammation in ECs was
investigated.

In this study, we found that down-regulation of
RNasel mRNA occurred after TNF-a or IL-1B stimu-
lation, with increasing magnitude over time, support-
ing previous findings by Gansler et al. (6). However, this
effect might not be a general proinflammatory reaction.
Only treatment with the TLR-3 ligand Poly I:C, a syn-
thetic double-stranded RNA analog, was able to mimic
the effect of TNF-a on RNasel. In that sense, a common
signaling pathway activated by TLR-3, TNF-«, and IL-
1B stimulation may be important for RNasel regula-
tion. These 3 stimuli share 2 common signaling
pathways via NF-kB or MAPK (43-45). Gansler et al. (6)
demonstrated that RNasel mRNA expression is not
dependent on NF-«B signaling, because treatment with
the NF-«B inhibitor BAY 11-7082 did not restore RN-
asel mRNA expression upon TNF-« or IL-1f stimula-
tion. Accordingly, RNasel regulation seems to depend
on MAPK signaling via p38 MAPK or JNK (43-45).

The identification of the RNASEI promoter was
necessary to gain information on the chromatin state of
RNASET upon proinflammatory stimulation. As de-
scribed in the literature, promoter regions are separated
into 3 different parts: the core promoter, the proximal
promoter, and the distal promoter. The core promoter
comprises a region of ~100 bp around the TSS and
contains specific marks for actively transcribed chro-
matin (e.g., H3K27ac histone marks) (23, 36, 46, 47). The
proximal and the distal promoter are located several
hundred and up to 1000 bp, respectively, upstream of
the core promoter and contain additional regulatory
elements (36). High-throughput screenings provided
by the UCSC Genome Browser suggested a POLR2A
binding site directly upstream of the RNase1 transcript
variants. POLR2A is the largest subunit of the Poly-
merase Il transcription complex and is essential for its
catalytic activity (48, 49). Additionally, a DNase hy-
persensitivity site, a CCCTC-binding factor and FOS
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proto oncogene transcription factor binding site, and
the active histone mark H3K27ac are located in close
proximity to this region. Together, these prominent
markers strongly point toward a potential core pro-
moter and TSS located in region A of RNASEI. These
predictions are confirmed by the significant transcrip-
tional activity in the luciferase reporter assay with
construct C2 and C3 of the RNASET gene region.

Besides the impaired Pol Il binding in region A upon
proinflammatory stimulation, the core promoter region
aswell as the proximal and distal promoter, depicted as
regions Band C, respectively, display significant H4 and
H3K27 acetylation marks, which were abrogated upon
proinflammatory stimulation. Chromatin modifica-
tions are of great importance during gene regulation,
and the acetylation state of promoter regions, in par-
ticular, is widely used to identify transcriptional activ-
ity or repression (23, 36, 47). The literature clearly
demonstrates that acetylation of chromatin is tightly
associated with actively transcribed genes (50). High-
resolution genome-wide mapping of activated T-cells
has demonstrated that chromatin accessibility and gene
expression is correlated with increased acetylation of
promoter regions (21). Moreover, acetylation of H4 and
H3K27 correlated with gene expression, and H3K27ac
was mainly located around the TSS of regulated genes
and suggested to prevent repressive trimethylation of
H3K27 in these regions (23, 47). In ECs, Li et al. (51)
analyzed high-throughput data to correlate gene ex-
pression and histone modifications in TNF-a—treated
HUVECs and also defined enriched H3K27ac as an ac-
tive chromatin mark of up-regulated genes. In addition,
deacetylation has been closely linked to transcriptional
repression. In HUVECs, the transcription factor BTB
domain and CNC homolog1 recruits HDAC1 to the IL-8
promoter to deacetylate H4 and histone 3 (H3) and
subsequently repress gene expression (52). Addition-
ally, Aurora et al. (53) demonstrated that NF-«kB regu-
lates angiogenesis in vascular ECs via recruitment of
HDACT1 to target gene promoters to deacetylate H3 and
H4. Accordingly, deacetylation of H4 and H3K27 at the
RNASE1 promoter corresponds to the impaired Pol II
binding to the RNASE1 TSS because of augmented
histone-DNA interactions in a condensed chromatin
structure.

Concerning the significant deacetylation at the
RNASE1 promoter site upon proinflammatory stimu-
lation, the HDAC enzymes that mediate deacetylation
are of particular interest (26). Treatment with inhibitor
MS275, specifically targeting class | HDACs HDAC1-3
(54, 55), successfully rescued RNasel mRNA expres-
sion after TNF-a treatment through significant recovery
of H4ac and H3K27ac, leading to increased Pol II re-
cruitment at the core promoter of RNASET (region A).
Additionally, even in the more upstream promoter re-
gions, regions B and C, MS275 restored histone acety-
lation. These results are confirmed by previous
findings, in which MS275 treatment has been observed
to successfully increase H3 and H4 acetylation in LPS/
IFN-y-treated macrophages and pediatric tumor cell
lines or reverse hypo-acetylation in the immature rat
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hippocampus (55-57). Therefore, restored RNASE1
acetylation upon MS275 treatment demonstrates an
important impact of HDAC1-3 on RNasel, which is
further supported by a significant recovery of RNasel
mRNA by MS275 treatment upon inflammation. In this
regard, the identification of specific HDACs, recruited
to the RNASET promoter upon inflammation, is of key
interest. Our results demonstrate a significant accu-
mulation of HDAC2 in region A and B of RNASEI,
whereas HDAC1 and HDAC3 were hardly regulated,
as well as suggest a role of HDAC2 in RNasel regula-
tion. Thereby, proinflammatory stimulation induced
HDAC2 recruitment to the RNASET promoter, local
histone deacetylation, and transcriptional repression in
ECs.

Interestingly, there is indication for functional re-
dundancy between HDAC2 and HDAC1. Here, we
demonstrated that only double KD of HDAC1 and
HDAC2 prevented significant down-regulation of
RNasel mRNA by TNF-a treatment. These results
suggest that HDAC1 might partially take over the
function in absence of HDAC2 to maintain RNasel
regulation. This functional redundancy of HDAC1 and
HDAC2 is supported by their high sequence homology
and their frequent coexistence and function in multi-
protein repressor complexes (39, 58). In this context,
functional redundancy of these enzymes is already
described in the literature [e.g., during cardiac mor-
phogenesis or oocyte development in mice (59, 60) and
B-cell development (61)]. However, double KD of
HDAC1 and HDAC2 did not completely restore RN-
asel mRNA abundance. Several studies indicated that
HDAC1 or HDAC2 proteins might persist even after
48 h of siRNA transfection or gene inactivation, dem-
onstrating high stability of HDAC proteins (62-65).
Thus, it might be possible that the remaining protein
can still regulate RNasel expression in part.

Despite the predicted functional redundancy of
HDAC2 and HDAC1 in RNasel regulation, HDAC2
still seems to be the most important HDAC in RNasel
regulation because of its significant binding to the
RNASE1 promoter upon proinflammatory stimulation.
These findings are supported by the essential role of
class | HDACs, especially HDAC?2, in inflammation: in
the context of LPS induced inflammation, HDAC2 has
been observed to down-regulate expression of IL-6 by
recruitment to its promoter and subsequent deacetyla-
tion of H4 and H3 in myeloid cells (66). Similar regu-
latory functions were detected in chronic inflammatory
disorders like rheumatoid arthritis or multiple sclero-
sis, in which dysregulation of the transcription factor
RAR-related orphan receptor vy has been described to
result in HDAC2 recruitment to IL-17 promoter and its
subsequent repression (67). Besides that, HDAC2 also
exerts a particular role in the context of vascular in-
flammation. For instance, down-regulation of the
transcription factor class II transactivator in a
deacetylation-dependent manner in smooth muscle
cells and macrophages has been observed, thereby
influencing the progression of atherogenesis (68). These
examples demonstrate the impact of HDAC2 in
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