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Theories crumble, but good observations never fade.
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ABSTRACT

Immediate early genes (IEGs) are rapidly and teanili induced in response to several
(extra)-cellular stimuli. Often, they encode tramstton factors, and thus represent the first
transcriptional program that precedes changes itipteucellular processes including cell
growth, differentiation, angiogenesis and inflamiorat IEGs influence the activity of
secondary mediators, that regulate the activatigralso the termination of cellular processes.
Their correctly timed regulation is therefore ofmaist importance since its impairment carries

the potential for deregulated cellular processeguding oncogenic transformation.

In a microarray-based gene expression study weiqugly identified immediate early
response gene PHR?2) in the human endothelium. We consequently stadedvestigate the
impact of this poorly described IEG with so far nolvn protein function in our model

system, primary human umbilical vein endothelidiscg¢HUVEC).

We found that endothelial cell proliferation- antjepgenesis-associated growth factors such
as vascular endothelial growth factor (VEGF) angiddibroblast growth factor (bFGF)
rapidly and transiently induck=R2 expression in HUVEC via the activation of the piot
kinase C (PKC) signaling cascade. In addition, i8eaVvered by using the phorbol ester PMA
as a strong PKC activator and RNAI approachesI#RR is mainly regulated by the PKC
delta ¢) isozyme. Moreover, we described for the firstdithat IER2 in the PKC signaling
cascade suppresses PMA-induced cell cycle inhip2at*™/“P*expression, acting at the level
of transcription. Thereby, IER2 reverses the "§24"~mediated block of E2F-dependent
transcription thus counteracting PMA-induced apsistoin HUVEC. We subsequently
provided evidence that IER2 is accumulative exg@ss some cancer models suggesting a
potential oncogenic function of IER2 with concomitdoss of tumor suppressor 24P

expression in cancer.

Together, our findings propose tH&R2 expression is regulated upon PKC activation and
posttranslational mechanisms. Moreover our datgestghat IER2 acts as a novel molecular
regulator of the cell cycle inhibitor p#AY°P by influencing the balance between B¥1°PL

driven cell death towards E2F-mediated cell sudviva



ZUSAMMENFASSUNG

Immediate early genes (IEGs) werden als Reaktidrvigle (extra)-zellulare Reize schnell
und transient induziert und sie sind oft Teil eieesten Welle transkripioneller Regulation
welche sodann Anderungen in einer Reihe von ze#inlZProzessen wie Zellwachstum,
Differenzierung, Angiogenese und Entziindung beesstl IEGs haben Auswirkung auf die
Biosynthese von Proteinen die u.a. als Transkngfaktoren ihrerseits wiederum die
Aktivierung aber auch die Beendigung zellulare Bsse steuern. Falsche Regulation dieser

Prozesse kann die Entstehung von Krankheiten wabfordern.

In einem Mikroarray-basierenden Genexpressions-fixeat wurde zuvor das immediate
early response gene EER2) in menschlichen Endothelzellen identifiziert.vieiterer Folge
untersuchten wir in unserem Modellsystem, primdramanen Nabelschnur Endothelzellen
(HUVEC), dieses bis dato schlecht charakterisigt® auf dessen Funktion.

Wir konnten zeigen, dass Endothelzellproliferatiaamd Angiogenese auslésende
Wachstumsfaktoren wie der vascular endothelial gndactor (VEGF) oder basic fibroblast
growth factor (bFGF) zu einer schnellen und tramsie Induktion detER2 Expression in
HUVEC Uber die Aktivierung der Protein Kinase C PKSignalkaskade fuihren. In weiterer
Folge fanden wir in Zellkulturversuchen mittels Riaester (PMA) Stimulierung und RNAI
Experimenten, dasdkER2 hauptséchlich durch das Isoenzym PKC dalaréguliert wird.
Darlber hinaus konnten wir erstmals eine speziéid&tR2 Protein Funktion zeigen: In der
PKC Signalkaskade unterdriickt IER2 eine PMA-inddeietranskriptionell gesteuerte
Expression des Zellzyklusinhibitors p2T“PL Ferner bemerkten wir, dass die IER2
vermittelte Inhibierung vorp21*@™/°P* zu einer veranderten E2F-abhangigen Transkription
fuhrt und dabei in HUVEC der PMA-induzierten Apogto entgegenwirkt. IER2 war
dartiberhinaus in einigen Krebsmodellen Uberexpmemieas auf eine moégliche onkogene

Funktion von IER2 bei gleichzeitigem Verlust desriursuppressors p23+P* hinweist.

Zusammenfassend kdénnen wir sagen, dasslER2 Expression durch PKC Aktivierung
reguliert, und durch posttranslationale Mechanisnieeinflusst wird. IER2 als neuer

molekularer Regulator des Zellzyklusinhibitors B¥1°P* kénnte die Balance zwischen
p2

1vafeiPlyermittelten Zelltod in Richtung E2F-angetriebengefiwachstum verschieben.
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Introduction

1. INTRODUCTION

1.1. Inflammation

Throughout evolution, the immune system of humasswall as other vertebrates has
developed two distinguished responses to proteetdiganism against diseases, mainly
described as innate immunity and adaptive immuiiibe innate immune system, also known
as natural immunity or non-specific immune systegognizes pathogens based on conserved
molecular structures and counteracts infectione atlaptive immune system, acquired or

antigen-specific immunity, develops in time aftathpgen contact. [1]

Inflammation represents the first response to exsawell as intra-cellular harmful stimuli

such as pathogen invasion or cellular damage atidissa fundamental protective process in
innate immunity. Classical signs of inflammatior aedness, swelling, heat, and pain of the
injured tissue and altered blood flow in its surrded vascular system. This first step of
protection and its subsequently following repairchnisms is termed acute inflammation.
Importantly, this beneficial system requires propetivation as well as termination signals
otherwise leading to chronic inflammatory condisoffhey are considered as a hallmark of
several diseases, including inflammation-mediatedi acardiovascular diseases (e.qg.,
psoriasis, rheumatoid arthritis, and arteriosclisjoas well as tumor development, tumor

expansion, migration, and metastasis. [2-6]

1.1.1. Endothelial cells act as key players during inflamration and angiogenesis
Endothelial cells are central players in the inftaatory reaction, as they form a barrier
between the circulating blood stream transportmmune cells and the surrounded tissue. It
has become common knowledge that the endotheliuactisated by e.g., an infection. At
sites of inflammation leukocytes migrate from thiedd into affected tissues across the
endothelial cell layer. Given that endothelial selle typically one of the most quiescent cell
types, during inflammatory activation they dynartlicaeact to the messengers released by
infiltrating leukocytes. Thus, endothelial cellseaable to amplify and re-direct the
inflammatory response through three main mechanigimadhesion molecule expression,
leading to further recruitment of leukocytes to thee of inflammation, ii) cytokine
production, acting in an autocrine and paracrin@meatowards the surrounding tissue, and
iii) reactivation of the cell cycle, leading to telroliferation and to the formation of new

blood vessels, also known as angiogenesis. [293, 6
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1.2. Cellular signaling during inflammation and angiogeresis
Endothelial cells utilize diverse signaling pathwag a distinct and overlapping/interacting
fashion to fulfill the above mentioned biologicalsponses. In Figure 1, the main signaling
pathways are schematically summarized: i) actimaby first messengers such as cytokines
and growth factors leads to ii) propagation of secmessengers and its downstream targets.
Specific signaling cascades then lead to iii) atton of a distinct transcriptional response

resulting in iv) its respective biological outcorugictions.

cytokines growth factors
(e.g. TNFa, IL-1) (e.g. VEGF, FGF) | Fig.1: Schematic representation of endothelial cell
signaling. TNF: tumor necrosis factos; IL-1:
\ interleukin-1, VEGF: vascular endothelial cell
second messengers growth factor; FGF: fibroblast growth factor;
(e.g. DAG, PIP,,PLC,IP.) DAG: diacylglycerol; PIR: phosphatidylinositol-

(4,5)-bisphosphate; PLC: phospholipase C; IP3:

/ l \ inositol-(1,4,5)-trisphosphate; IKK:xB kinase;

MAPK: mitogen-activated protein kinase; PKC:

IKK <+ MAPK <+ PKC protein kinase C; NkB: nuclear factoB; tp53:
tumor protein 53; p2l1: cell cycle inhibitor
l l i l i l l i p21"ePL  nRb: retinoblastoma protein; E2F:

NF-kB tp53/p21 ORb/E2F E2F family of transcription factors.

survival death cell cycle

1.2.1. First messengers
1.2.1.1. Inflammatory cytokines

One of the key regulators that are activated upanirdlammatory molecules which are
released from immune cells, including cytokineshswas interleukin-1 (IL-1) or tumor
necrosis facton (TNFa), is the dimeric transcription factor nuclear taetB (NF-«B). This
transcription factor family comprises RelA (p65kIB and c-Rel, and the precursor proteins
NF-«xB1 (p105) and NReB2 (p100), which are processed into p50 and pShedtively. [10]
The exact regulation of the NEB response is of importance because sustainedatiotivcan

lead to a switch from acute to chronic inflammation

Basically, acute inflammation is a beneficial rasgm Nevertheless, a prolonged or not
correctly terminated reaction results in diseasené&genes that are expressed at early stages
of NF«B activation can act as negative feedback reguatdnus terminating the
inflammatory process. Drug-mediated inhibition, nuking these feedback loops, is a novel

approach leading to the resolution of an inflammagmocess. Thereby, turning off prolonged
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inflammatory gene expression can prevent chrorfiarmmation and further can lead to great

benefit for patients suffering inflammation-relaideases. [11, 12]

In addition to regulation of innate and adaptiveniome responses and inflammation k8-
mediates divergent transcriptional programs inclgdgenes controlling programmed cell
death (apoptosis), cell adhesion, proliferatiomlutar-stress response and tissue remodeling.
Furthermore, activated N&B is intimately linked via various cross-regulatanechanisms

that allow crosstalks throughout different signglpathways. [13-15]

1.2.1.2. Growth factors
A large variety of molecules exhibits angiogenitivaty. These include growth factors and
chemokines, among others, such as vascular engtloell growth factor (VEGF) or
fibroblast growth factors (FGF1 and FGF2). Theydbito their specific receptors and
downstream signaling results in gene activation @dimdrse biological mechanisms including
cell differentiation, proliferation, and matrix dution. They all are critical for the growth of
endothelial cells, fibroblasts, and smooth museléscFGF1 stimulates the proliferation and
differentiation of all cell types necessary for Iding an arterial vessel, VEGF primarily
drives the formation of new capillari®®esides FGF1, one of the most important functidns o
b(asic)FGF (FGF2) is the promotion of endotheliall groliferation and the physical
organization of endothelial cells into tube-likeustures, thus promoting angiogenesis. [16-
20]

e . T . endothelial cell
blood vessel — - - Rt o

subendothelial matrix ' 3 smooth muscle call

Fig.2: Schematic representation of a blood vesggblging oxygen and nutrients, and transporting imencells
(colored dots) and encompassing endothelial cplsivascular cells, and subendothelial matrix caoirg
collagen and von Willebrand factor. Figure adagtecth Verheul and Pined§21]

Endothelial cell proliferation and angiogenesis#n by both VEGF and bFGF are known to
require activation of protein kinase C (PKC). Téignaling cascade and its well characterized
regulation of the cell cycle will be discussed @ttsons below.
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1.2.2. Second messengers
1.2.2.1. Protein kinase C — isozymes and signaling
In several cell types stimuli such as serum, grdatiors, phorbol esters, cytokines, calcium,
and others regulate diverse cellular events as throwell death, differentiation, and
angiogenesis through activation of protein kinagscades. One of the most complex and
important of these enzyme families is the protemage C (PKC), an ubiquitous enzyme with
outstanding heterogeneity in its related signalddaiction pathways and associated biological

functions. [22]

The PKC family of signal transduction molecules asdisozymes differ in their structure,
biochemical properties, tissue distribution, sulutat localization, and substrate specificity.
The serine/threonine kinases are classified aserdgional €1, 31, 32,y), novel §, €, n, 6, W),

and atypical {, A) isozymes. Conventional PKC (cPKC) isoforms ardcigm-,
diacylglycerol (DAG)-, and phospholipid-dependemthile novel (nPKC) and atypical
(aPKC) isozymes do not require calcium for thetivation and the latter are not controlled
by DAG either. PKC isoforms share certain basiacitiral features. These kinases contain a
highly conserved catalytic domain consisting of ifisotequired for adenosine triphosphate
(ATP) and substrate-binding and catalysis, and gulagory domain that maintains the

enzyme in an inactive conformation. [22-25]

Its involvement in signaling cascades was estaddidty the demonstration that DAG, which
is generated by agonist-induced hydrolysis of eposphoinositides, resulting in the
activation of this enzyme family. Stimuli that bind a variety of cell surface receptors (G
protein-coupled receptors, receptor tyrosine kispsan transiently produce DAG leading to
PKC activation. Sustained enzyme activity, which rsquired for proliferation and
differentiation, involves additional pathways suel the production of DAG through
phosphatidylcholine metabolism. Additionally, a#tdr PKC activity has been linked to
various types of malignancies. These findings togietsuggest that DAG and/or related
analogs can activate PKi@ vitro andin vivo, indicating that PKC is a downstream target for
a plethora of induced pathways. [26, 27]

1.2.2.2. Phorbol esters in PKC signaling
Since the discovery that PKC is the main recemntidmor-promoting phorbol esters, natural
products and pharmalogical analogs which can dubstior DAG in activating the enzyme,
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PKC has been immediately linked to mitogenesis ai as to cancer development and
progression. Unlike DAG, phorbol esters are moablst thus, treatment of cells with these
agents leads to a prolonged activation of the eeziamily. However, it should be noted that
long-time phorbol ester stimulation (more than tyefiour hours) can potently decrease the
enzyme activity following activation. Phorbol esteare tumor promoters, they are not
carcinogenic by themselves, but increase the pbgsilif malignant cell transformation after
the initiation event has been triggered by carcgmig agents. The most common phorbol
ester is TPA (12-O-tetradecanoylphorbol-13-acetaso termed PMA (phorbol-12-
myristate-13-acetate). [26, 28]

Concerning the complexities of PKC signaling arsdnitultifaceted isozyme family covering
distinct roles dependent on cellular backgroundi@$ as in a stimulus-dependent fashion the
focus is mainly set on the nPKC isozyme RK@&nd their signaling in endothelial cells and
the control of the cell cycle.

1.2.3. Third messengers
1.2.3.1. Immediate early genes

Immediate early genes (IEGs) are rapidly and tearli induced in response to a plethora of
extra- as well as intra-cellular stimuli. IEGs #wtreby as third messengers (Fig.3), which are
directly responding on upstream activation, indeleen ofde novoprotein synthesis. In many
cases, they encode transcription factors (e-gUN, c-FOS or other regulatory factors. They
act on different levels of signal transduction.as itranscriptional co-factors or DNA-binding
proteins containing a basic helix-loop-helix lewmpper (bHLH-Zip) region important for
protein dimerization. Once activated, they repredba first cellular program that lead to
secondary changes in a variety of cellular respoagain including transcription factors and
signaling molecules. Immediate early genes areetber important early regulators of
different pathophysiological aspects of a cell,,eggowth, differentiation, and in the case of

endothelial cells, angiogenesis and inflammatiaf:-31]

IEGs are described to act cell type specific andemmportantly, their specific function is
mainly regulated by the duration of their expressirolonged activation of IEGs is linked to
altered cell cycle regulation during proliferatiand differentiation. Furthermore, IEGs often
act as early feedback regulators that contributeéh# termination of the (inflammatory)
reaction (e.g.,dBa, the inhibitor of NF«B). [12]
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Most prominent and best characterized IEGs ares¢rgition factors, containing e.g., FOS
[FBJ (Finkel, Biskis, and Jinkins) murine osteosamna viral oncogene homolog] and JUN
(jun proto-oncogene) protein family members formitige activator protein 1 (AP-1)
transcription factor complexc-MYC (v-myc myelocytomatosis viral oncogene homolog) as
well as early growth response protein 1 (EGR-1) alassified as IEGs sharing the
characteristic of influencing cell cycle regulation the level of transcription which fits in
line with the fact that most prominent IEGs;FOS c-JUN, and c-MYC are well

characterized oncogenes. [30-32]

first messenger

0
)
cytoplasm
0,0

/ /O second messenger
-®.

nucleus

third messenger
.~ IEG target genes
TF | [ 7 TF

Fig.3: First, second, and third messengers actiffereht cellular levels. P: phosphorylation; TFarscription
factor; IEG: immediate early gene. Figure based onedaet al [33]

1.2.3.2. Immediate early response gene 2
In the late 1980ies and beginning 1990ies immedéaidy response gene 2 (IER2), also
termed ETR101 (early TPA responsive) and its molosmologue proline-rich induced
protein 92 (pip92) was first reported as an immeedi@arly gene rapidly induced by the
phorbol ester TPA/PMA. Further experiments revedled IER2 is induced by a variety of
different stimuli concluding serum, growth factoesyd cytokines in various human, mouse

and rat cell types. [34-37]
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The IER2 gene is located on chromosome 19p13.2 and ismgissiy intron. Furthermore,
IER2 comprises a unique GUUUG sequence in its 3’ mRIdAKing region that is associated
to be a mRNA degradation signal. The transcribewgesults in a 223 amino acid transiently
expressed protein which is found in the nucleuaetas in the cytoplasm. [34, 37-39] IER2
protein sequence analysis (Fig.4) predicts oneeanatxport signal (NES) and two nuclear
localization signals (NLS), additionally a PEST dom(a peptide motif rich in proline (P),
glutamate (E), serine (S), and threonine (T)) ika#issociated with short protein half-life.
Hence, it is hypothesized that the PEST sequente a& a signal peptide for protein
degradation. [40] Using bioinformatics tools, a sregular secondary structure (NORS)
region that is involved in protein-protein inteiaas is predicted. In addition, the IER2
sequence contains posttranslational modificatieesdior sumoylation and ubiquitination as
well as a number of serines predicted as phosphtooyl sites mediated by protein kinase A
(PKA) and protein kinase C (PKC). ControversiallER2 sequence analysis reveals no
potential DNA binding site ([34, 37], and bioinfoatical analysis, see results).

MES 2 MLS

PflpA| P
IER2 1 0@ | PEST | 090 223

Fig.4: IER2 protein structure. NES: nuclear expighal; NLS: nuclear localization signal; PEST dam(a
peptide motif rich in proline (P), glutamate (Erise (S), and threonine (T)); S: sumoylation site;

IER2 was identified in a set of genes which are indeclly serum and growth factors e.g.,
fibroblast growth factor (FGF) in mouse fibroblad36, 41] Its mRNA is expressed during
the GO/G1 transition of quiescent to activateddiidasts [34] as well as in fibroblasts treated
with heavy metals. [42] Furthermodey?2 is inducible in the rat pheochromocytoma cell line
PC12 by addition of nerve growth factor (NGF) ordepmal growth factor (EGF) stimulation
[34, 36] suggesting that neurogenic growth factmiuced expression @ip92 is critical for
the regulation of neuronal differentiatiopip92 mMRNA also accumulates in activated B- as
well as T-cells. [35] HumatER2 mRNA is induced in human promyelocytic leukemi#l ce
line HL-60 undergoing macrophagic differentiatigpon PMA stimulation activating protein
kinase C (PKC) signaling. [37]

Sharing these characteristics with other IE@ip92 promoter analysis further reveal that
transcriptional activation by serum, growth factoasd PKC activator PMA is mediated
through a serum-response element (SRE) consistibgth, Ets (E-twenty-six specific) and

7
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CArG (CC,AT-rich,GG)-like elements similar to thogsund in other IEGs. Its activation
appear to be mediated through a ternary compleglvmg members of the Ets family of
transcription factors, especially ETS-like trangtian factor 1 (Elk-1), and the serum
response factor (SRF) binding to DNA. However, (@92 response element sequence is
distinct from others (e.gg-fog but similar to nuclear receptor subfamily 48uf77) [43]
forming not only ternary complexes but also binasynplexes directly interacting with Elk-1,
that alters the DNA binding properties of bothowaling them to bind a broader range of
sequences. This spectra is extended hend&ER2promoter sequence additionally exposes a
consensus cyclic adenosine monophosphate (CAMPpmes element (CRE) and twd
binding sites. [44, 45] The first is supporteddy92 mRNA accumulation by increased intra-
cellular cAMP levels in fibroblasts. [34, 45] Thatter are most likely used duringR2
MRNA induction by pro-inflammatory stimuli (ILfl TNFa) shown in primary human
endothelial cells [46] and a human cancer cell {HeLa). [47]IER2is also expressed during
blood coagulation in keratinocytes, a first stepwwound repair, [48] and contrary in
neutrophils upon co-stimulation with anti-inflamroat agents and inflammatory agonists.
[49]

Rat hepatoma cells shopip92 accumulation and a possible crosstalk betweenetta-
cellular signal-regulated kinase (ERK) cascade el as the p38 mitogen-activated protein
kinase pathway in insulin signaling is discusséd] [Moreover,pip92 levels are elevated
during anisomycin-induced cell death by c-Jun Nnieal kinase (JNK) and p38-dependent
activation of Elk-1 in fibroblasts and independentERK1/2 by activated rapidly growing
fiborosarcoma protein (Rafl) in rat neuronal ceBgsides, rapid activation and followed
deactivation of ler2 synthesis involves a mitogetivated protein kinase (MAPK)-dependent
pathway. MAPK-independent Elk-1 phosphorylation destrates a steady state of ler2 that
is maintained for hours, which is linked to diffeti@tion of these cells. [51, 52] Additionally,
pip92 is induced in a long-time kinetic showing pro-afmtic activity which results in cell
death in primary neurons after focal cerebral iatiae [53]

Besides, the regulation of cell cycle progressguarider the control of the transcription factor
E2F. Interestingly, E2F1 and IER2, both, have thiéta to bind to the promoter and act as
transcriptional activators for thE&SYNAL a gene that encodes human inositol 1-phosphate
synthase, playing important roles in several bimalgprocesses. [54] Furthermol&R2 is
transcriptional activated in human T-cell leukemiiaus type | (HTLV-I) infected cells and is
regulated by Tax, a viral oncogene showing tumaigeyrowth stimulating activity and
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playing a role in adult T-cell leukemia (ATL). [44h melanocytes exposed to ultraviolet
(UV)-A radiation, an important carcinogen in melare developmentlER2 is one out of
eleven overexpressed genes among 588 studied. HERZis suggested as a new candidate
gene of melanoma development. [55] Moreoyep92 accumulates in highly proliferative
cells [41] andIER2 is increased in colon cancer, breast cancer, agtdstatic melanomas.
[56] Recently it was published that IER2 promotesiar cell motility and metastasis and
predicts poor survival of colorectal cancer pager89] Interestingly, IER2 shares weak
homology to proto-oncogenes JUNB and JUND, [35]hbloicated at the same region on
chromosome 19. Translocations of this area areritbescin some cases of acute non-
lymphoblastic leukemia and acute lymphoblastic énia. [44]

Summarizing, IER2 protein function is not complgtahderstood so far, but is suggested to
influence cell proliferation, apoptosis, and diffetiation. If IER2 has oncogenic potential or
represents a novel potent tumor marker has to hbefuinvestigated. However all these

mechanisms are specific in a cell type and sigaaktuction pathway dependent manner.

1.3. The mammalian cell cycle
The cell cycle is regulated by the chronologicdivation and deactivation of protein kinases
known as cyclin-dependent kinases (cdks). Cdk atitia requires binding to cyclins, its
regulatory subunits. Distinct cyclin/cdk complexas at different cell cycle stages to control
two key checkpoints, the G1/S and G2/M transitideely G1 progression is dependent on
cdk4 and cdk6 assembly to one of the three D-typéns which are induced as a response to
mitogens. Transition through G1/S phase requirésaion of cdk2, first regulated by cyclin
E in late G1 and followed by cyclin A after S phasgry. The G2/M checkpoint is regulated
by cdc2 (cdkl) binding to cyclins A and B. [26, &7}

Antiproliferative
signals

Go
Mitogens

Fig.5: Schematic representation of cyclin/cdk proteomplexes
\ during the cell cycle. Figure from Shackelfaial [57]

Restriction point
pRB Phosphorylation
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An increasing number of studies link PKC activateith the regulation of the cell cycle in
the biodiversity of cell types. Most PKC-mediatdfitets on cell cycle progression have been
described on its inhibitory function in the majgraf assessed biological systems. However,
there are also supporting data that associate PKICpasitive control of both checkpoints,
G1/S and G2/M. In vascular endothelial cells it basn described that time-dependent PKC
activation essentially regulates G1/S phase presgresin this cellular context, PKC short-
term activation early in G1 potentates G1/S tramsitwhile activated PKC in mid-to-late G1,
or long-time stimulation throughout G1, avoids Sghentry. [58, 59] This is in line with the
expression of immediate early genes upon PKC agdplorbol esters) stimulation,
suggesting a PKC-mediated mechanism that prometégproliferation in certain cell types.
[60] Nevertheless, growth inhibitory effects of PK&gnaling in endothelial cells can

overcome the proliferative impulse.

PKC signaling is regulating the phosphorylatiorestaf pocket proteins of the retinoblastoma
family which comprises the retinoblastoma protepRl), p107, and pl130. Thus, PKC
activation in early G1 promotes phosphorylatiopotket proteins and growth factor-induced
stimulation of DNA synthesis. Instead, activatiohRKC in late G1 maintains pRb in an
unphoshorylated (hypophosphorylated) state anditsh(z1/S phase transition. In addition
PKC influences the expression and activity of ttd-Eranscription factor family. Phorbol
ester-induced activation of PKC results in bimodagulation of E2F1 levels in human
umbilical vein endothelial cells depended on thaing of PKC activation in G1. [59]
Furthermore, different PKC isozymes mediate disteftects on E2F transcriptional activity.
PKCa overexpression in fibroblasts inhibits, wherea<lBl¢r PKG: overexpression enforces
E2F activity. Noteworthy, overexpression of any ooé these isoforms resulted in
enhancement of phorbol ester-induced inhibitionE@F activity in late G1 phase. [26]
Moreover, PKC induces inhibitory effects on cychilcdk2 complex activity in vascular
endothelial cells, and overexpression of BK@ rat microvascular endothelial cells
significantly delays the induction of cyclin D1l-asgted kinase activity after serum
stimulation. Indeed, although cyclin D activity wast directly measured, phorbol ester
treatment inhibits cyclin D1 activity in human versoendothelial cells based on the presence
of increased levels of cell cycle inhibitor #2%°**in cyclin D1/cdk4 complexes (see section
below). [61, 62]
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PKCS generally executes pro-apoptotic signaling dubiMdA damage-induced apoptosis, but
it also functions as an anti-apoptotic protein dgnieceptor-initiated cell death. This bimodal
function of PKG depends on e.qg., its intra-cellular localizatib® tyrosine phosphorylation,
and on the presence of other pro- and anti-ap@ptatget proteins and involved signaling
pathways. In this regard, PKRAdn different cancer subtypes can specifically effeimor

survival or tumor suppression. [63]

1.3.2. p21"airl 55 a key target in of PKC-mediated cell cycle modation
As a member of the Cip/Kip family of cyclin/cdk iibitors (CKI), comprising p24™/cPt
p27%*1 and p5% respectively, p2£™/“P* was first described as a powerful and universal
inhibitor of cdks. [64] According to accumulatingtd, p212/®P* functions as a regulator of
the cell cycle by inhibiting cdks at, both, the 61and G2/M checkpoints. Moreover,
p21"a™/ePL hinds to cyclin/cdk complexes, thus preventing sgimrylation of the pRb and
leading to a blockade of both, the E2F pathwaytaecell cycle. [65p21*3/“P! expression
is generally controlled at the transcriptional lelvg either tumor protein tp53-dependent or -
independent pathways, [[66, 67] but §&¥°P* expression can additionally be regulated at the
post-transcriptional level. [68] However, 81! is more than a CKI. Besides the cell

cycle regulatory role it is well documented that1{f2/P%:

dependent on its subcellular
localization and involved regulatory pathways caedally regulate gene expression of pro-

and anti-apoptotic genes. [69]

In summary it can be stated that f34“** has quite controversial functions, namely it i) is
implicated in promoting as well as protecting céitsn apoptosis, ii) is associated to induce
and inhibit cell survival, iii) is linked to inhiband facilitate differentiation, and iv) shows
tumor suppressor activities and paradoxical tumrorating activitiesn cell context- and

stress-dependent manners. (Reviewed in [69, 70])

1.3.3. Influence of p21*@™"P1 on PKC3-driven cell cycle regulation
PKGCS dual regulates the cell cycle in endothelial cellmder non-stressed physiological
conditions, p242/P! s expressed at low levels and promotes cell cyobgression. Under
PKC-mediated stress conditions, short-time evergdyein G1 supports G1/S phase
progression, while activated PKC in mid-to-late @&dd concomitant increased [39%°r?

expression prevent entry of cells into S phase. [26
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Fig.6: Bimodal PKC-mediated regulation of G1/S #ition and its
inhibition by p21?™PL The upper panel (above the arrow indicating
GO0/G1-S progression) illustrates the consequences of Biti®ation in
early G1, while the lower part (below the arrow)pnesents PKC
activation in mid-to-late G1 phase. PP: pocket gingt of retinoblastoma
family. Modified from Black Review. [26]

[
]
early G1

mid-to-late G1

In particular, PK@ inhibits cell cycle progression in human vein dhétal cells by the
inhibition of cyclin D1/cdk4/6 activity, and an irease in levels of cyclin-dependent kinase
inhibitors (CKI), such as p2%™/“P* and to lower extent p&7* (see Figure 6: highlighted in
color is PKG p21"¥™*P mechanism). [62, 71]

1.3.4. tp53-independent regulation of p212/Pt

Despite that p2£™/°P! is one of the best studied tp53 downstream targetsous signals

activatep21+ait/eirt

transcription independent of the tp53 pathway] [M2ese factors induce
binding of different transcription factors to sgexicis-acting elements located within the
p21"a™ePl nromoter. Besides others, PMA and okadaic acid #tt@ced activation of its
promoter is mediated by members of the specifidgmol (Spl) family of transcription
factors, including Spl and Sp3. [73, 74] Notewortbgntrol of p212™/cP! |evels by PKC
signaling appears to be overall complex, involvin@nscriptional and post-transcriptional
mechanisms. [72, 75, 76] PKC can regulate"p2T"* at the level of mRNA transcription,
stabilization and translation, as well as by enkdnarotein stability. Moreover, the mitogen-
activated protein kinase (MAPK) cascade is involuedPKC agonist-mediated induction of
p21"af/ePl 26, 75]Chemical as well as genetically inhibition of théARK kinase 1 (MEK)
inhibits DAG analog-inducep21"2"/“P*expression. [62, 75, 77]

1.3.5. p21"a™/fPl gand PKCs in cancer development and progression
As mentioned above, both f#£/°P and PKG can exhibit pro-cancer or anti-cancer activity
in different tumor cells due to heterogeneity ieithregulation in a cell context- and stress-
dependent manner. However, these opposing mechagismbe explained based on the fact

that malignant diseases such as cancer are hetexmge cell formations and that diverse
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mechanisms affect cancer development and progreédgferentiation to metastatic cell
clusters. PKC-mediated increases in'§2£"! levels have been observed in melanoma cells,
various leukemic cell lines, breast cancer cel-transformed intestinal epithelial cells,
colon carcinoma cells as well as ovarian carcinegis. Furthermore, p23™/°P*is found to
show decreased expression in some types of metassaicers, especially in late melanoma
stages. [63, 78-80]

The complex signaling that regulates 1P

expression and its biological functions
warrants caution targeting p#i/“** in cancer therapy. The goal is to selectively hithi
solely the oncogenic potential and not the tumampsessor functions. Therefore, instead of
direct targeting, affecting upstream or downstrefattors of p242™/°P! that control its

bimodal functions is the challenge. [78]

1.4. Aim of the Study
Acute inflammation, a beneficial system, requiresper activation as well as termination
signals, since otherwise it may lead to chronitamimatory conditions. These are considered
as hallmarks of several diseases, including inflatnon-mediated and cardiovascular
diseases (e.g., psoriasis, rheumatoid arthritigj anteriosclerosis) as well as tumor
development, tumor progression, and metastassoftoutstanding importance to understand
the complex mechanism behind the tight regulatioacate inflammation and malfunctioning
signaling events that lead to a prolonged inflanomastage. To find early regulators of this
process might lead to new concepts of drug deveboprand thereby to great benefit for

patients suffering inflammation-related diseases.

Based on the observation that immediate early respgene 2 has been classified as an IEG
and moreover found to be early induced in varioel$ types including human endothelial
cells, [46] we define the overall aim of this prdjés to describe and clarify a functional role
of IER2 in the human endothelium. We intend to eatd if this protein with unknown
function acts as a central player in the first $@iptional response upon pro-inflammatory
stimuli. Furthermore, we address the question R2Es solely linked to inflammation or to

other molecular mechanisms that are regulateddotbelial cells.
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To provide a clear layout of our research progragrdefine four specific aims:

)] Identification of promising first and second meggs that activatdER?2
expression
i) Characterization of the IER2 protein and its regofa by posttranslational

modifications that influence its expression
i) Delineation of the impact of IER2 on downstreangéas as well as influenced
signaling cascades

1Y) Elucidation of the biological role of IER2 and itspact on cellular mechanisms
Moreover, our findings will provide new informati@m the early gene regulation in the

endothelium and we will gain more insight into thportance of proper regulation in the

early steps of cellular signaling.
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2. MATERIAL AND METHODS
2.1. Plasmids and cloning
2.1.1. IER2 plasmids

The coding sequence of humHER2 was amplified by V. Kurtev from reverse transcdbe
cDNA of one hour IL-p stimulated HUVEC mRNA by using the Expand Highdfig"™"°
PCR System (Roche). The PCR product was digestddBeioR/ISall, purified with GFX
PCR columns (GE Healthcare illustfa and ligated intcEcoRISall digested pCMV-myc
vector (Clontech). Full length myc-IER2 (Map.l) amdl further used plasmids were

sequenced by Eurofins MWG Operon.

Map.1l: pCMV-myc-IER2

EcoRI ~0,7 kb Sall
XhoI
ATG I TGA
IER2-ORF
1 672
pCMV-myc 1 11 1
mvc ! BgIII NotI

Xhol

N- and C-terminal deletionalN, AC) are described below in Map.2 and Map.3, respelgti
Amino acids 57-223 of the human IER2 coding seqeemere amplified by Expand High
Fidelity""" PCR from the vector pCMV-myc-IER2 (Map.1). The 86p PCR product was
ligated intoEcoRISall digested pCMV-myc vector. Constructs were sequinaoel tested for
expression of the correct protein by Western Bigttfter transient transfection into HEK293

cells.

Map.2: pCMV-myc-dNIER?2

EcoRI ~0,54 kb Sall
dNIER2
169 672
pCMV-myc 1 1 1 1
mvc ! BglII NotI

Xhol

pCMV-myc-IER2 was cut withXhol, purified with GFX PCR columns and re-ligated to
achieve amino acids 1-56 of the human IER2 codéugience. In frame clones with 12 amino

acids exceeded stop codon were sequenced and eshalyxVestern Blotting.

15



Material and Methods

Map.3: pCMV-myc-dCIER?2

EcoRI ~0,16 kb Xhol
dCIER2
1 164
pCMV-myc 1 11 1
mvc v BgIII NotI

Xhol

IER2 plasmid cloning primers:

IER2 ORF fwd.: CGGAATTCCCATGGAAGTGCAGAAAGAG

IER2 ORF rev.: CGGTCGACTCAGAAGGCCACCAC

IER2dN aa57-223: CGGAATTCAGCCCGAGGTGTCGTTG

myc fwd.: GATCACCATGGCATCAATGCAGAAGCTGATCTCAGAGGAGBCCTGGG
myc rev.: AATTCCCAGGTCCTCCTCTGAGATCAGCTTCTGCATTGATERCATGGTG

2.1.2. Expression and reporter plasmids

The reporter plasmid p23™*/cPL

F. Perutz Laboratories, Medical University of Viepnthe E2F1 [82] and 3xE2F-luciferase

luciferase [81] was kindly provided by H. Rotheae@Max

[83] plasmids were kind gifts from the former labEd Wintersberger (University of Vienna).
pCMV-Rgal and tp53 expression plasmictre obtained from Clontech. p#EPLflag
(pcDNAS.1-Flag, Invitrogen) was cloned by U. Regthiversity of Cologne). Lentiviral
overexpression plasmid (pWPT-GFP, Map.10) as vaekreockdown plasmids (pLKOpuro.1,
Map.4), packaging (psPAX2) and envelope plasmid4Dp.G) were kindly provided by H.
Stockinger (Medical University of Vienna). [84, 85]

2.1.3. RNA interference
shRNA PKG and scrambled shRNA (scr), nontargeting any knbwman or mouse gene
were obtained from Sigma (SHCLNG MISSION®shRNA 0B2G6MN).

shRNA sequences silencing specific to differentileg) of IER2 (shlIER2a and shIER2b)
were selected by using the free available softigiMéxs webservehttp://rna.tbi.univie.ac.at
/cqi-bin/RNAxs Two target sequences, shlER2a at position 171-&B@GEACTGATCTAC
TTTCACA-3") and shlIER2b at position 769 (5-CCGTQISAGAAAAGGAA-3’), were

then used to design short hairpin constructs Wikl restriction site on the sense strand and

EcoRlsite on the complementary strand (see scheme Mdpligps were annealed by using
5ul sense (20uM) and 5ul antisense (20uM), 5ul EBMuffer2 (New England Biolabs),
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and 35ul ddBHO. Annealing was performed for five minutes at 956{wed by two hours at
room temperature (RT). pLKOpuro.1 (Map.4) was digedyAgel/EcoRland ligated with
annealed oligos. pLKOpuro.1-shlER2a and -b (Mawéje sequenced by Eurofins MWG
Operon.

Map.4: pLKOpuro.1

Agel Mlul EcoRI Sal

pLKOpuro.1 1 1 1 ; 1 1

1
ciar xhot ndet UGB polylinker Pur Pvull Bgil

Map.5: scheme shRNA oligo design and sequence

5 — CEGIGT —senses strand — loop — anti-sense strand — TTTTTG — 3’
ge

3" — A —sense strand compl. — loop — anti-sense compl. — AAAAAC'IE'T,?:IA -5
CO

shlER2a
5 -CCGGTGGACTGATCTACTTTCA®AagagaTGTGAAAGTAGATCAGTCCTTTTTG-3
5 -AATTCAAAAAGGACTGATCTACTTTCACATCTCTTGAATGTGAABSITRAGTCCA-3”
shlER2b
5 -CCGGTCCGTCTGGAAGAAAAGGBAsagagaTTCCTTTTCTTCCAGACGGTTTTTG-3
5 -AATTCAAAAACCGTCTGGAAGAAAAGGAATCTCTTGAATTCCTTCRAGACGGA-3’

Map.6: pLKOpuro.1-shlIER2a/b

shIER2

Agel EcoRI

1
clal xhot Nde1 UGB polylinker Pur Pvull Bgil

pLKOpuro.1 — shIER2

2.1.4. Overexpression (pwpt-GFP, pwpt-myc-IER2)
The human IER2 coding sequence, N-terminally fused myc-Tag, was amplified by PCR
out of the vector pCMV-myc-IER2 (Map.7) using thenmpersBglll-IER2fwd. (5"-CGAGAT
CTACCATGGCATCAATGCAG-3") andBglll-IER2rev. (5"-CGAGATCTCAGAAGGCC
ACCACG-3"). The ~1kb PCR product was ligated intGR®2.1-TOPO® (Invitrogen,
Map.8) creating pCR®2.1-TOPO®-myc-IER2 (Map.9).

17



Material and Methods

Map.7: pCMV-myc-IER2Bqlll

BgIII fwd primer BgIII rev primer
—»> <
ATG TGA

pCMV-myc-IER2 : : 1
myc IER Bglit

Map.8: pCR®2.1-TOPO®

pCR®2.1-TOPO® | | | |
BamHI EcoRI PCR product ecorr ecorv

Map.9: pCR®2.1-TOPO®-myc-IER2

ATG TGA
pCR®2.1-TOPO®-myc-IER2 1 1 [ ] 1 1
1 1
BamHI EcoRI MYC IER2 EcoRI EcORV

The lentiviral overexpression vector pWPT-GFP (M&p.was digested witBamHIlandSall
to cut out GFP. First, the vector was digested B, followed by creating a blunt end with
Pfu polymerase (Promega), and then digestion vBdmHI was performed. pCR®2.1-
TOPO®-myc-IER2 was cut witlBBamHI/EcoRVfollowed by ligation into digested pWPT
vector to create pWPT-myc-IER2 (Map.11). Contrajedit was performed witKhol and

positive clones were sequenced.

Map.10: pWPT-GFP

Clal BamHI ATG TGA Sall

pWPT-GFP L 11| e
EF1 GFP EcoRI Xhol

Map.11l: pWPT-myc-IER?2

ATG TGA

pWPT-myc-IER2 1 1| | 1

car EF1 muuz ' mvc-IER2 " Xhor

2.2. Invitro cell culture system
2.2.1. Cell culture
Human embryonic kidney cells (HEK293 and HEK293Tgrev obtained from ATCC and
were cultured in DMEM (Bio-Whittaker) supplementedth 10% fetal calf serum (FCS,
Sigma), 2mM L-glutamine (Sigma), penicillin (100U)mand streptomycin (100ug/ml).
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Human umbilical vein endothelial cells were isotattom umbilical cords as described
elsewhere [86] and maintained in M199 medium (Lorszgoplemented with 20% FCS, 2mM
L-glutamine (Sigma), penicillin (100U/ml), streptgain (100pug/ml), Heparin (5U/ml, and
25ug/ml endothelial cell growth supplement (ECG&niocell). Prostate cancer cell lines
(LnCap, DU145, PC3) were kindly provided by J. SchifMedical University of Vienna)

and maintained in RPMI 1640 medium (Sigma) supptesate with 10% FCS, penicillin

(100U/ml), and streptomycin (100ug/ml). Colon can{@aco2, HCT-116), breast cancer
(ZR-751, MCF7, MDA-MB-468, MDA-MB-231), and melanantells [87] were maintained
with respective culture media. They, as well astgnoextracts were kind gifts from C.
Wiesner (University of Applied Sciences, Krems)l Ased cell lines and primary HUVEC

cells were maintained in 5% G@t 37°C.

2.2.2. Cytokines, growth factors, and inhibitors

Human recombinant (hr)-TNFand hr-IL-3 were purchased from R&D systems. Both were
stored as 10pg/ml stocks according to manufactymegocols and used at a final
concentration of 10ng/ml. hr-bFGF (Roche) and hiGFe(Calbiochem) were used at final
concentrations of 10ng/ml and 10pg/ml, respectiveijtokine and growth factor stimulation
was performed after serum starvation, maintainials24 hours in media containing 2%
FCS. Phorbol ester PMA (Sigma) was stored in diglesbfoxide (DMSO) and used at a
final concentration of 50 to 250ng/ml as indicatieshomycin and the PKC inhibitor Rottlerin
were obtained from Sigma and were used at finaceoinations of 100ng/ml and 5uM,
respectively. Rottlerin was added thirty minute$obe harvesting cells for mRNA analysis
and one hour for protein analysis. The proteasarhiitor MG132 (Affinity) was used at a
final concentration of 10uM for four hours. Thernsariptional inhibitor Actinomycin D
(Sigma) was stored as 1mg/ml stock in DMSO and aseadfinal concentration of 10ug/ml

for one hour.

2.2.3. Transient transfection and reporter gene assays
HEK293 cells were transfected by the calcium phaspimethod as described elsewhere. [88]
For transient transfection cells were cultured twel plates and transfected as described
with the designated expression plasmids. Twenty-foours post transfection cells were
treated with indicated substances followed by mR&FAprotein isolation. For analyzing
protein knockdown efficiency cells were harvestedyfeight hours post transfection. For

reporter gene assays, HEK293 cells were maintamedl-well plates and transfected with
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the indicated reporter and/or expression plasnfdsty-eight hours post transfection cells
were lysed in 1xPassive Lysis buffer (Promega) doe hour at room temperature (RT)
followed by luciferase activity analysis using a nhimometer (LuminoskanAscent
Labsystems). The reaction mix for luciferase attimeasurements contained 25mM Glycin-
Glycin (pH 7.8), 0.2mM D-Luciferin (Roche), 2mM AT@PH 7.5) and 10mM MgSQ B-
galactosidase was measured by adding chloropheA®lBegalactopyranoside (CPRG,
Roche) to cell lysates followed by absorbance amalgt 570nm using an ELISA reader.
Experiments were performed in triplicates and kr@fe values were normalized fayal
expression and are depicted as mean fold inductwror bars represent the standard
deviation of the mean and are representativeslehat three independent experiments.

2.2.4. Lentivirus production and target cell infection

HEK293T cells were cultured in 6-well plates andansfected with 1ug lentiviral
overexpression plasmid (pWPT-IER2) or knockdowrspla (shPK®) in combination with
750ng packaging (psPAX2) and 250ug envelope plagpvtD2.G). [84, 85] Supernatants
were harvested and pooled after twenty-four anty{feight hours, followed by centrifugation
at 1250 rpm for five minutes to remove any HEK29&3ls. The lentiviral particles were
stored at -20°C or at -80°C for long-time storager infecting target cells, HUVEC were
seeded in 6-well plates and grown to approximatéBt confluence followed by changing to
fresh media containing 5pug/ml polybrene. Then \erati particals were mixed with medium
in a ratio of 1:1 or 1:2 approximately ending upnatltiplicity of infection (MOI) of 100.
MRNA was analyzed within three days, protein knaska or overexpression and phenotypic

assays within four days post infection.

2.3.Gene expression analysis
2.3.1. RNA isolation and cDNA synthesis

High Pure RNA Isolation Kit from Roche was usedadmng to the manufactures protocol
for extraction of total RNA. Cells were harvesteadavashed two times with phosphate
buffered saline (PBS) and then mixed with Lysisfé@ufHigh Pure filter tubes were loaded
with cell lysates by a centrifugation step (5000rfon five minutes) followed by DNAse
digestion. After two washing steps total RNA wastedl with nuclease-free water and RNA
concentration was assessed by photometry at wagthlerof 260 and 280nm. 1ug of total
RNA was reverse transcribed in a total of 20ul gdfuLV reverse transcriptase and random
hexamers as primers (GeneAmp RNA PCR Kit, Applieakigstems, Roche).
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2.3.2. gqRT-PCR analysis
For analyzing mRNA levels, quantitative real-timeverse transcription-polymerase chain
reaction (QRT-PCR) was performed using 2.5ul oDldiluted cDNA (12.5ng) as template.
The Roche LightCycler was used for PCR utilizing YBR green detection method. All
experiments were done in triplicates, the relaiveount of mMRNA was calculated by using
the Pfaffl method and normalized to housekeepingegg GAPDH orB-actin) as internal
standard. Error bars represent the standard dewiafithe mean. All oligonucleotide primers

were designed using the freely available softwaim&3 (ttp://frodo.wi.mit.edu/primer3

and sequences are listed in Table 1.

Table 1: gRT-PCR primer sequences (5"~ 3" diregtion

Primer/gene Forward Reverse

IER2 CCAAAGTCAGCCGCAAACGA TTTCTTCCAGACGGGCTTTCTTGC
ELAM-1 CCTGTGAAGCTCCCACTGA GGCTTTTGGTAGCTTCCATCT
EGR-1 TGACCGCAGAGTCTTTTCCT TGGGTTGGTCATGCTCACTA
PKCS GCCTCAACAAGCAAGGCTAC AGGTGGGGCTCATGTAGTTG
IxBa CACTTGCAGAGGGACAGGAT CTGGCTGGGGATTTCTCTG
MEKK1 AGAGATGTCAAAGGTGCCAAT ACCTCAGGTGCCATAAATGC
c-MYC CGGGTAGTGGAAAACCAGCA CAGCAGCTCGAATTTCTTCC
JUNB AACAGCCCTTCTACCACGAC GCTCGGTTTCAGGAGTTTGT
MDM?2 CAATCAGCAGGAATCATCGGA GATCAAAAGGACCTTGTACAAG
E2F1 AGATGGTTATGGTGATCAAAGCC GGACTCTTCGGAGAACTTTCAGT
Rb1l CTTGCATGGCTCTCAGATTCAC CACCTTGAATCTGCTTGTCCTCT
tp53 GTG GAA GGA AAT TTG CGT GT CCAGTGTGATGATGGTGAG

p27 ACC CCT AGA GGG CAA GTA CG GCG TGT CCT CAG AGRG CC
cyclin D1 GCCTCAACAAGCAAGGCTAC AGGTGGGGCTCATGTAGTTG
cyclin E1 CTCCAGGAAGAGGAAGGCAA TGAAGAAATGGCCAAAATCAR
p21 GAGCGATGGAACTTCGAC TT CAGGTCCACATGGTCTTCCT
BCL-2 GAGGATTGTGGCCTTCTTTG TTCAGAGACAGCCAGGAGAAA
GADDA45b TGATGAATGTGGACCCAGAC GGTTCGTGACCAGGAGACAA
ICAM-1 CCATACAGGACACGAAGCTC CCATACAGGACACGAAGCTC
VCAM-1 CCGGCTGGAGATTGAATTAC TGTATCTCTGGGGGCAACAT
GAPDH AGAAGGCTGGGGCTCATTT CTAAGCAGTTGGTGGTGCAG
B-actin TTTGAATGATGAGCCTTCGTCCCC | GGTCTCAAGTCAGTGTAGBGTAAGC

2.4. Protein extraction and Immunoblotting
2.4.1. Whole cell extract purification
For Western Blotting of transient transfected HEB2®Ills and HUVEC, cell lysates were
prepared using Laemmli sample buffer. Cells wensead twice with PBS, the pellet was
resuspended in PBS and 2xLaemmli loading buffer. HFBK293 protein extracts from a 6-
well 80ul 2xLaemmli were used and for HUVEC protartracts from a 6-well 50ul
2xLaemmli were added to end up in 1pg/ul per sampiées was followed by three freeze-
thaw cycles (liquid nitrogen, 95°C) before perfongi sodium dodecyl sulphate

polyacrylamide gel electrophoresis (SDS-PAGE).
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For Western Blotting of reporter gene assay sampleBs were washed with PBS and
resuspended in 1xPassive Lysis buffer (Promegaprer hour at RT. Cells from technical
triplicate were pooled and 5xLaemmli loading buffexs added and followed by three freeze-

thaw cycles before loading on SDS-polyacrylamids.ge

5xLaemmli loading buffer 2xLaemmli loading buffer
50% (v/v) Glycerin 20% (v/v) Glycerin

10% (w/v) SDS 4% (w/v) SDS

0.4M Tris-HCI pH 6.8 0.125M Tris-HCI pH 6.8
5mg Bromphenol blue 5mg Bromphenol blue

10% (v/v)B-mercaptoenthanol 10% (v/gymercaptoenthanol

2.4.2. Nuclear and cytoplasmic fractionation
For endogenous IER2 and #9%/°P* localization HUVEC were seeded in 10cdishes and
maintained for forty-eight hours followed by PMAimsulation. For ectopic protein
localization HEK293 cells were transfected in 64welates and forty-eight hours post
transfection cells were stimulated with PMA for thedicated time points. Cells were
harvested, washed twice with PBS and nuclear andplasmic extracts were prepared.
Pellets were lysed in hypotonic lysis buffer (LowltSbuffer) complemented with protease
inhibitors (Pl, Roche) for ten minutes on ice. Sadqwgently, 0.25% nonyl phenoxypoly-
ethoxylethanol (NP40) was added for another fifteenutes on ice to break the cytoplasmic
membrane. After centrifugation at 3000rpm for fivenutes supernatant (cytosolic protein
fraction) was collected and mixed with 5xLaemmliading buffer. Cell pellets were
resuspended in hypotonic lysis buffer (complementéd Pl and 0.25% NP40) for another
fifteen minutes on ice to lyse remaining intaci<aind to purify the nuclear protein fraction.
After centrifugation supernatant was discarded peliet (representing the nuclei fraction)
was rinsed with ice cold PBS. Subsequently, cellefse were lysed in High Salt buffer
(>350mM NaCl) for fifteen minutes on ice. After ¢efugation at 13200rpm for ten minutes

supernatant (nuclear protein fraction) was colkécte

Low Salt buffer High Salt buffer

10mM Tris-HCl pH 7.5 20mM Tris-HCI pH 7.5
10mM KCI 400 mM NacCl

0.25% (v/v) NP40 0.5% (v/v) NP40
protease inhibitors (PI) 0.3% (v/v) TritonX 100
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2.4.3. Western Blotting
Protein extracts were analyzed by sodium dodecylphstie polyacrylamide gel
electrophoresis (SDS-PAGE, Table 2) using the BaolRVestern Blotting System. Size
separated proteins were transferred to nitrocailmembranes (Hybond-C, Amersham) by
semi-dry blotting (Peqglab Semidry Blotter). Tramsédficiency was evaluated by PonceauS
(Serva) staining and subsequently membranes werekdd in 5% non fat dry milk in
PBS/Tween-20 (0.1%, Amersham) for 1h at RT. Indobatvith the first antibody (Table 3)
was performed over night at 4°C and horseradistoxidsise (HRP)-labelled secondary
antibodies (see Table 4) were incubated in 2% mordfy milk in PBS/Tween-20 for one
hour at RT after three washing steps in PBS/TweerJging chemiluminescence (WestPico,

Pierce & ECL detection reagents, Amersham) and ¥X-fms (SuperRX films, Fuijifilm)

respective proteins were visualized.

Table 2:

Separating gel 10%| 12.5% 159 Stacking gel 4%
H.O 4.1ml| 3.3ml| 2.45ml KO 3.1ml
Sol.A 2.5ml | 2.5ml 2.5ml Sol.B 1.25m|
Acrylamide 3.4ml| 4.2ml 5.0ml Acrylamide 0.65ml
APS (10%) 50l 50l 50l APS (10%) 50l
TEMED 10ul 10ul 10ul TEMED 10ul
Sol.A Sol.B Acrylamide

1.5M Tris-HCl pH 8.8 0.5M Tris-HCI pH 6.8 AcrylamedBis-Acrylamide
0.4% SDS 0.4% SDS 37.5:1; Serva
APS TEMED

10% (w/v) Ammoniumperoxydisulphate

10xRunning buffer

0.25M Tris-Base

10xTowbin buffer

0.25M Tris-Base

2M Glycine 1.92M Gilycine
1% SDS 1% SDS
pH 8.3

N,N,N",N"-Tetrathylen-ethylendiamine

Densitometric analysis of cyclin D1 and p27 waselosing the background-corrected

integrated densities of the cyclin D1 and p27 barasalized to th@-actin bands assessed

by the ImageJ software freely availabldn#p://rsb.info.nih.gov/ijy/
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2.4.4. Antibody list
Table 3: first antibodies

Specifictiy Provider Cat. Number Source Dilution
IER2 Santa Cruz sc-101980 (E-19) rabbit 1:500-1010
p21 Santa Cruz sc-397 (C-19) mouse 1:1000
p27 Santa Cruz sc-1641 (F-8) mouse 1:1000
p27 Santa Cruz sc-776 (M-197) rabbit 1:1000
cyclin D1 Santa Cruz sc-56302 (CD1.1 mouse 1:1000
cyclin E Santa Cruz sc-56310 (13A3) mouse 1:500
PCNA Santa Cruz sc-56 (PC10) mouse 1:1000
PKCS Santa Cruz sc-937 (C-20) rabbit 1:1000
p-PKGS Thr507| Santa Cruz sc-11770 goat 1:500
PKCe Santa Cruz sc-214 (C-15) rabbit 1:1000
p53 Santa Cruz sc-6243 (FL-393) rabbit 1:1000
c-MYC Santa Cruz sc-40 (9E10) mouse 1:1000
SP1 Santa Cruz sc-59 (PEP2) rabbit 1:1000
NF-kB p65 Santa Cruz sc-109 (A) rabbit 1:1000
IkB-a Santa Cruz sc-371 (C-21) rabbit 1:1000
EGR-1 Santa Cruz sc-189X (C-19X) rabbit 1:1000
PARP Biomol SA-250 (116/85kDa mouse 1:1000
PARP cell signaling 9542P rabbit 1:1000
cleaved PARP cell signaling 9541P (D214) rabbit oo
anti-flag® Sigma F3165-1MG mouse 1:2000
B-actin Santa Cruz sc-1616 (1-19) goat 1:1000
GAPDH chemicon MAB374 mouse 1:100000
Table 4: secondary antibodies

Specifictiy Provider Cat. Number  Sourge Dilution
a-rabbit IgG-HRP GE Healthcare NA934V donkey  1:5000
a-mouse IgG-HRP | GE Healthcarne NA931V sheep 1:5000
a-goat IgG-HRP Santa Cruz sc-2020 donkey  1:5000

2.5. Proliferation and apoptosis

0

HUVEC were left uninfected or were infected wittml or IER2 expressing virus. Forty-

eight hours post infection cells were stimulatedhw?MA (100ng/ml) for indicated time

points and subsequently trypsinized for furtherysia

2.5.1. Cell count and alamarBlue® assay

To determine an effect on cell proliferation we lgprad the total cell number using a

Neubauer counting camber. Experiments were peridimé&iplicates and repeated twice.

AlamarBlue® (Invitrogen) was used as a cell viapilndicator. Viable, metabolically active

cells continuously convert resazurin to resorufirereby generating a quantitative measure of
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viability and cytotoxicity. The amount of fluoresw® produced is proportional to the number
of living cells, using 560EX nm/ 590EM nm filterteags. Alternatively, the absorbance of
alamarBlue® can be read on a UV-Vis spectrophotenatt570 nmHarvested cells (viable
cells) were re-seeded with old media (to includaddeells) in 96-well plates in triplicates at a
10* cell density. After cells adhered/ sedimentedlags, 10u! alamarBlue® reagent per well
was added. Within three to four hours resazurin eedalyzed to resorufin and the absorbance
was recorded using an ELISA plate reader at 570@ll viability was calculated,
normalized to uninfected untreated control and ectedias viable cell in per cent compared to

control.

2.5.2. Annexin V/7-AAD staining
Apoptosis is characterized by certain morphologatdres including e.g., loss of plasma
membrane asymmetry and attachment which in turdslega the externalization of the
membrane phospholipid phosphatidylserine (PS). [@lnexin V is a 35-36 kDa
phospholipids binding protein that has a high #ffifor PS and binds to apoptotic cells that
expose PS to the external cellular environment.eXimV is conjugated to fluorochromes
including Phycoerythrin (PE), used in combinationthwvital dyes such as 7-Amino-
Actinomycin (7-AAD), and analyzed by flow cytometrf@0, 91] Viable cells with intact
membranes exclude Annexin V and 7-AAD (double negat early apoptotic cells are
Annexin V positive and 7-AAD negative whereas tleenpeable membrane of late apoptotic

or already dead cells are both, Annexin V and 7-A@Buble) positive.

For the assessment of apoptosis by Annexin V/7-AAdning 10 cells were harvested into
FACS tubes. Cells were washed two times with caldrnhexin Binding buffer. Supernatant
was discarded leaving approximately 100ul of redidiwid in the tube to avoid disturbing
the pellet. Then 10uL Annexin V-PE (BD BiosciencBarmingen, 1:10 diluted in
1xAnnexin Binding buffer) and 5ul 7-AAD viabilitytaining solution (eBioscience) were
added, shortly mixed and incubated for fifteen nesun the dark at RT. Double stained cells
were measured by flow cytometry (BD FACSCalibur™y alata were analyzed using the
BD CellQuest™ Pro software.

10xAnnexin Binding buffer:
0.1 M Hepes

140mM NacCl

25mM CaC}

pH 7.4
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2.5.3. PARP cleavage
As an established apoptosis indicator downstrearmmaepase activation we determined the
cleavage of poly ADP-ribose polymerase (PARP) nuwad by the detection of the 86 kDa
cleaved product of PARP by Western blotting usingti-BARP specific antibodies
recognizing both full length PARP and its cleavexyment. [92, 93]
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3. RESULTS
The basis of this study has been laid by a micayaanalysis mimicking inflammatory

activation in the endothelium, i.e. stimulation pfmary human umbilical vein endothelial
cells (HUVEC) with IL-18. [46] Numerous genes that are linked to inflamprathave been
identified, some of them with immediate early kiogt Besides, a number of functionally
unexplored genes, which are assigned to variolislaeprocesses, are also shown to be early
induced in endothelial cells upon pro-inflammatatymulation. One of the genes with
unknown function was the immediate early respormge? (IER2). Herein, we aimed to
investigate and characterize its function in thdoghelium, as well as its role as a potential

regulator influencing inflammatory signaling.

The rationale for choosing IER2 was that immediedely genes (IEGs) are rapidly and
transiently induced in response to a plethora tfexas well as intra-cellular stimuli. Thereby
they encode in many cases transcription factorgler regulatory factors of high importance
that act on different levels of signal transducti@nce activated, they represent the first
cellular program that leads to secondary changesviariety of cellular responses. IEGs are
therefore important early regulators of differerthpphysiological aspects of a cell, i.e.,
growth, differentiation, and in the case of endb#theells, angiogenesis and inflammation.
[31] It is of note that at the onset of inflammatisome IEGs have been described to function,
already at this early stage, as feedback mecharttisamsontribute to the termination of the
(inflammatory) reaction (e.g., NEB inhibitor [kBa, Tristetraprolin TTP). [12, 94, 95]

3.1.The IEG IER?2 is regulated by a variety of inducersn HUVEC
3.1.1. Regulation of IER2 by pro-inflammatory cytokines

Based on the context above, HUVEC were treated with classical pro-inflammatory
cytokines TNl and IL-13, and analyzed folER2 expression using quantitative real-time
PCR (gRT-PCR). Surprisingly, the experiments dertrated that neither TNEnor IL-18 led

to a reproducible upregulation ofER2 mRNA expression (Fig.7A/B, left panels,
respectively). We used endothelial-leukocyte adiresnolecule 1 (ELAM-1) as positive
control and we showed its typical expression pattarthis experimental setup (Fig.7A/B,
right panels).
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Fig.7: Pro-inflammatory cytokines induce ELAM-1 bobt IER2 mRNA expression in HUVEC. Cells were
stimulated with TNE (A) or IL-1B (B) for indicated periods of time. gRT-PCR anadysf IER2 (left panels)
and ELAM-1 (right panels) expression was performed and ndzedito GAPDH The results represent one of
three independent experiments, done in triplicesr bars represent the standard deviation ofrtean.

3.1.2. Potent activators of IER2 expression
Besides its role in inflammatory signaling, enddiiieells maintain the ability to re-enter the
cell cycle and start to proliferate, an essentegh $or angiogenesis. As the expressiotE2
has been shown to be activated by numerous graaetiors in several cell types, we tested
whether its expression was also regulated by tfeeters in HUVEC. Treatment with human
recombinant (hr-)FGF or hr-VEGF indeed resultecaifast and transient accumulation of
IER2 mRNA (Fig.8A). Expectedly, early growth responsetgin 1 (EGR-1), one of the best
described IEGs upon growth factor stimulation, wasnitored as internal experimental
control and its expression peaked within thirty mtés of growth factor treatment in HUVEC
(Fig.8B).
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Fig.8: Growth factors potently induce IER2 and EGRiIRNA expression in HUVEC. Cells were stimulated
with bFGF (gray bars) or VEGF (black bars) for tated times and gRT-PCR analysidEiR2 (A) andEGR-1
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(B) expression was performed. Values were normadlteéSAPDH and the results shown are representatives of
three independent experiments, done in triplicder bars represent the standard deviation ofrteéan.

It has been demonstrated that endothelial celifpration as well as angiogenesis driven by
bFGF and VEGF, both require activation of the grotenase C (PKC). [96, 97] A potent
activator of PKC signaling is the phorbol ester PMvhich activates the IER2 mouse
homologuepip92 [34] Therefore, we analyzedER2 expression after PMA treatment and
found thatIER2 was rapidly induced in HUVEC (Fig.9A). Thus, asllwas through
comparison with the immediate early expressionepatof ELAM-1 (Fig.9B), IER2 could be
clearly identified as a PMA-induced IEG in HUVEC.

Interestingly, when we evaluated the effect of @asing amounts of PMA ofER2

expression (Fig.9C), we found that the latter viaxe tbut not concentration-dependdiR?2

MRNA expression peaked within sixty minutes of tmeent (Fig.9C), whereas the protein
accumulated within up to four hours, before itselgvstarted to decrease slowly (Fig.9D).
Based on these initial results we state that IERIRGtion occurs in a typical IEG-dependent
manner upon PMA treatment in HUVEC. Therefore, wenwon to further address the
question of how the activation of the PKC signalicgscade might be involved in the

regulation of IER2 expression in this context.
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Fig.9: Phorbol ester PMA rapidly induces IER2 mRN#d protein expression in HUVEC. Cells were
stimulated with increasing amounts of PMA for iratied time points. gRT-PCR analysisI&BR2 (A,C) and
ELAM-1 (B) expression was performed and normalizedGAPDH The results represent one of three
independent experiments, done in triplicates. Boeos represent the standard deviation of the n{&n«Vhole

29



Results

cell extracts of PMA-induced HUVEC were analyzedWegstern Blot analysis for the presence of endoggno
IER2 protein B-actin served as loading control.

3.2. PMA-induced IER2 expression depends on the PKC sigifing pathway
Phorbol esters are tumor promoters which can dubsstior DAG and activate cPKC as well
as nPKC isozymes. We then raised the question whétibition of the PKC signaling

cascade leads to suppressed IER2 expression.

3.2.1. PKCa inhibition effectively blocks IER2 expression
Consequently we treated HUVEC with Rottlerin, a@lydused inhibitor of PK&, and found
that PMA-inducedER2 mRNA expression was strongly inhibited (Fig.10&{ panel). Since
Rottlerin has also been shown to inhibit other A&&zymes dependent on the concentration,
we repressed PKZusing a specific targeting short hairpin RNA (sl@3Kand compared to
non silencing control shRNA (scr). We observed tbath, IER2 and PKCs mRNA
expression were clearly reduced in shBKRpressing cells (Fig.10B). Additionally, HUVEC
were stimulated with PMA in combination with lonoany to increase intra-cellular calcium
levels thereby activating €adependent PKC isozymes on the one hand. On thes bend
this co-treatment is used to stimulate cytokinedpobion in vitro. We found that this
combined stimulation resulted in weaker induction IBR2 expression (Fig.10C) when
compared to PMA only treatment. This accumulatimgadindicate for a specific nPKC-
dependent regulation ER2 MRNA expression.

A . IER2 B
| -
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.‘c_' [J Rottlerin = ® |[ER2
Z: E

ctrl 60 120 min scr shPKCS

C IER2

mean fold induction

ctrl. 60 120 240 min PMASlono

Fig.10: PMA-induced IER2 expression depends on ®K&ivity in HUVEC. A) Cells were treated with PMA
(black bars), Rottlerin (white bars), or a combioatof PMA and Rottlerin (gray bars). gRT-PCR asa@yof
IER2 mRNA expression levels was performed. B) HUVEC evieansduced with either a scrambled shRNA
(scr) or a shRNA specific for silencing PBRGshPKG) lentivirus. 48 hours post infection cells wereatied
with PMA for 30 minutes an@KGCs (gray bars) andER2 (black bars) mRNA expression levels were assessed

30




Results

by gRT-PCR. C) Cells were stimulated with PMA antidmycin for indicated time points anHER2 mRNA
expression levels were analyzed by gRT-PCR. Reldévels of expression were normalizedX4PDH. Error
bars represent the standard deviation of the mean.

3.2.2. IER2 is a PKCs-dependent cytosolic protein, degraded by the prossome
IER2 was so far described as a protein which iatextin the nucleus as well as in the cytosol
in a stimulus-dependent and cell type specific nreankVe therefore aimed to define the
cellular compartment expressing the IER2 proteionupPKG activation. Using Western
Blotting techniques after cell fractionation we fauthat endogenous IER2 was located in the
cytosolic fraction of HUVEC upon PMA stimulationi¢fF11A).

Bioinformatical analysis indicated that a certaiotin(PEST domain, see Introduction and
text below) is putatively responsible for instafyilisuggesting a degradation mechanism for
this protein. IEGs are often unstable key cell fagus with a fast turnover driven by poly-
ubiquitination and subsequently followed degradabg the proteasome. Contrary it has been
reported that e.g., c-Fos is degraded independentiny prior ubiquitination. [98] In this
regard, we treated HUVEC with an inhibitor of pmdemal degradation (MG132).
Interestingly, we found that IER2 protein was rdhusccumulated in MG132 treated
compared to untreated cells (Fig.11B) clearly iatliy that the ubiquitin-proteasome system
is involved in the regulation of IER2 protein dedg#ion. In the next consequence, we wanted
to investigate in which way this degradation predssnfluenced by activated PKC signaling.
Therefore, we stimulated HUVEC with PMA or in a damation with MG132 (Fig.11C, left
and right panel, respectively) and found a timeethglent stabilization of IER2 expression
after four hours of treatment. In both cases, aptibn of the proteasome inhibitor increased
the amount of IER2 protein. Subsequently, we olexbthat IER2 protein expression was
also reduced after four hours upon cotreatment Rdttlerin (Fig.11D), demonstrating IER2
protein degradation as a result of PKC signalirggade inhibition.
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Fig.11: IER2 expression in the cytosol is Fikependent and degraded by the proteasome. A) HUWEE@
stimulated with PMA for indicated time points folled by fractionation into nuclear and cytosolid esttracts.
They were analyzed by Western Blotting for the pneg of endogenous IER2. SP1 and GAPDH served as
nuclear or cytosolic loading controls, respectiv@y Cells were left untreated (-) or were treategfor 4 hours

with the proteasome inhibitor MG132. C) Cells wst@nulated for indicated periods of time with PMHKef{
panel) or in a combination with MG132 (right pand) Cells were stimulated for indicated times WRNMA

(left panel) or in a combination with Rottlerindhit panel). Whole cell extracts were analyzed ffier presence

of IER2, B-actin served as loading control.

These results indicate that IER2 is induced as vasll showing prolonged/stabilized
expression by activated PKC signaling. Furthermtire proteasomal degradation pathway is
involved in the regulation of IER2 protein levelhis poses the question of the multiplicity
of stabilization and degradation pathways that yppl proteins depending on their intra-

cellular localization.

3.2.3. Posttranslational modifications influence PMA-indued IER2 protein
stability

As mentioned in the Introduction, we performed biormatical analysis of the IER2 protein
sequence. As schematically depicted in Figure g&2ntature full length IER2 protein of 223
amino acids contains one nuclear export signal (N&#l two nuclear localization signal
(NLS) domains. Furthermore, we predicted a PESTalorta peptide motif rich in proline
(P), glutamate (E), serine (S), and threonine (@3} is associated with short intra-cellular
protein half-life and a non-regular secondary stmee (NORS) region (not depicted in
scheme) that is involved in protein-protein intéi@ts. Into special focus came the sequence
domains for posttranslational modifications. Wedcted a single sumoylation site in the
IER2 sequence at position 51 using SumoSP 2.0 1Eigdepicted as S) as well as

ubiquitination sites (not shown). NetPhosK 1.0 $eranalyses revealed several serines
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predicted as phosphorylation sites (Fig.12, degids P) mediated by protein kinase A
(PKA) and protein kinase C (PKC), respectively.

NES ZNLS

full length IER2 1 0@ EPOP’U Fo 223

NES

deitaCIER2 1 0@ 54
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delta N IER2 54 [TPESI 0"’0 Fon 223

Fig.12: Schematic representation of IER2 proteithwits bioinformatically predicted regulatory domsi
(abbreviations see text) as well as IER2 deletmmstructs (delta N and delta C). All three exp@sgilasmids
are myc-tagged and IER2 levels can be detectedawitlyc by Western Blotting.

Sumoylation is a posttranslational modification ttltavalently attaches small ubiquitin-
related modifer (Sumo) proteins to respective re=sd of other proteins, so called
sumoylation sites. This process leads to alteretivilge stability or nuclear-cytosolic
transport of proteins. [99] Since interaction of ®@kKignaling driven phosphorylation events
and sumoylation influence protein stability [100,1]1 we achieved further information on the
regulation of IER2. We therefore performed pro&ability assays using three different IER2
expression plasmids (Fig.12 and Material and Methathd Western Blotting analyzing
methods. HEK293 cells were transfected with respedER2 plasmids, PMA stimulation
activated IER2 by phosphorylation and IER2 degiadatvas achieved by addition of
Rottlerin. We found that PMA application had noeeff on ectopic full length myc-IER2
expression (Fig.13A, left panel). Additional PKMdtkade led to reduced myc-IER2 levels
(Fig.13A, right panel). Moreover, the delta £Q) IER2 protein lacking its C-terminus after
amino acid position 54 led to enhanced reductiormgt-IER2 expression (Fig.13B). In
contrast, the expression of a truncated IER2 coastmissing its N-terminus\(\) including
the sumoylation site, was not affected at all byCRKhibition (Fig.13C). Furthermore, when
cells were transfected with the respective plasrfodlswed by inhibition of the proteasomal
degradation pathway we found that dCIER2 expressias not affected by MG132. In
contrast, full length to low and dNIER2 to high exds showed the typical pattern of
ubiquitination (Fig.13D), indicating that the N+t@nus of IER2 appears to be the domain
responsible for IER2 stability. In cooperation with Resch (University of Cologne), we
additionally found by immunoprecipitaion that IERRectly interacts with a member of the
sumoylation complex, namely Sumol. Upon PMA treaiin®&imol levels were reduced after
four to six hours (data not shown). We concludde EC activates and stabilizes IER2
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expression. This is followed by sumoylation ands&guent ubiquitination of IER2 leading to
its proteasomal degradation.

A B

full length IER2 delta C IER2

- + Rottlerin N + Rottlerin

0 1 2 46 01 2 4 6 hPMA 01 2 46 01 2 4 6 hPMA
B et — — — e oy Camemam - == g
W o > > e e 0-2CHN i e e e S " q-3tin
C

delta N IER2 - MG132 +MG132

+ Rottlerin IERZ  dN IERZ dN  dC

dc
_ 36 ]
0 1 2 46 01 2 4 6 hPMA .‘. @'
a-myc .

- - - — - - qactin
‘ }

- asctn

Fig.13: Phosphorylation and sumoylation eventaugrice PMA-induced IER2 protein stability. HEK293Ixe
were transfected with 1ug of either full length EERA) or deletion constructaC (B) andAN (C), all myc-

tagged. 24 hours post transfection cells were $tited with PMA in the absence (-) or presence {+PKC

inhibitor Rottlerin. D) Full length IER2AN, andAC transfected cells were left untreated (-) ortadd+) with

proteasome inhibitor MG132. Whole cell extracts avanalyzed for the presence of myc-IER2n{yc) by

Western Blottingp-actin served as loading control.

a-myc

Taken together, we provide evidence that PMA-indutieR2 expression in HUVEC is
dependent on activated PBGignaling and that the cytosolic IER2 protein egsion is
affected by posttranslational modifications.

3.3.Role of IER2 in the PKC signaling cascade
To evaluate the impact of IER2 on P&Gignaling we designed, created, and established

lentiviral-mediated overexpression and knockdowsisdsee Material and Methods).

3.3.1. Generation and testing of tools
As shown in Figure 14A infection of HUVEC with myagged IER2 expressing virus led to
strong expression of IER2 on the mRNA (upper paagljvell as on the protein level (lower
panel). Knockdown of IER2 was not detectable in HR@/because its expression under un-
stimulated conditions was already at the bordeingetection (data not shown). Stimulating
HUVEC with PMA after knocking down IER2 (shlIER2)s ImRNA expression was clearly
reduced compared to control virus infected cebsted with PMA (Fig.14B). Using shIER2
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plasmids for transient transfection in HEK293 ge#istopic co-transfected myc-IER2 protein
levels were strongly reduced as well (Fig.14C).
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Fig.14: Lentiviral overexpression and knockdownl$o@) For lentiviral overexpression of myc-taggetR2,
HUVEC were infected with either control virus (ctrbr IER2 virus (IER2). 48 hours after infectioells were
harvested and IER2 mRNA (upper panel) and proteingf panel) expression levels were analyzed. BYHO
were left uninfected (uninf.), or were infectedheit with scrambled shRNA (scr) or shRNA targeting t
different regions of IER2 (shlIER2a and shIER2b)}teA#8 hours cells were treated with PMA for 30 mtés
followed by qRT-PCR analysis dER2 C) HEK293 cells were transfected with myc-tagdieg2 (1ug) and
either scrambled shRNA (scr, 1ug) or specific ShRSWER2, 0 to 1 ug). IERZi1{myc) protein levels were
analyzed 48 hours post transfection.

Consequently, HUVEC were infected with control otopic expressing IER2 virus, followed

by a PMA stimulation time course. In control cdBER2 showed its typical expression pattern
upon PMA treatment peaking within sixty minutes.dontrast, overexpressing IER2 cells
hardly reacted to the stimulus but showed at |l@a80-fold increase of IER2 expression

(Fig.15).

o IERz2
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Fig.15: Lentiviral overexpression of IER2. For qutoexpression of IER2, HUVEC were infected witther
control virus (ctrl., gray bars) or IER2 virus (bkabars). 48 hours after infection cells were stated with
PMA for indicated periods of timdER2 expression levels were analyzed by qRT-PCR andhaliwed to
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GAPDH Comparable results were obtained in at leastetlegeriments performed in triplicates. Error bars
represent the standard deviation of the mean.

3.3.2. IER2 suppresses PMA-induced p2£™/“P* expression
To gain more insight into the biological functiod ER2, we then screened for IER2
regulated genes using mMRNAs from control or ectogipressing IER2 virus infected
HUVEC that were stimulated with PMA. In line witlng fact that we found no IER2
activation upon cytokine stimulation, none of tlestéd pro-inflammatory genes showed
alterations in their expression levels (e.g., ELAWascular cell adhesion protein 1 VCAM-
1, intercellular adhesion molecule 1 ICAM-XBh, data not shown). Surprisingly and most
importantly, we found that in HUVEC ectopic IERZpegssion in combination with PMA led
to suppressed mRNA (Fig.16A) as well as proteig.@&B) induction levels of the cell cycle
inhibitor p21+a/ciP,
A B

P

u ctrl. virus

u |[ER2 virus uninf. ctrl. IER2

T T RE® -

mean fold induction

S e ———— O -aclin
120 minPMA 0 246 0 2460 246 hPMA

ctrl. 30

Fig.16: IER2 depletes PMA-induced p%%°P* expression. A) HUVEC were either infected with tohvirus
(ctrl., gray bars) or IER2 virus (black bars) arl Hburs after infection cells were stimulated WRMA for
indicated periods of timg@21 mRNA expression levels were analyzed by qRT-PCiRreormalized taGAPDH
B) p21 protein expression was analyzed by WestdattiBg from whole cell extracts, of either uninfed
(uninf.), control- (ctrl.), or IER2-infected HUVE&fter PMA treatmenf3-actin served as loading control.

Since in our initial analysis IER2 was located he tytoplasm we addressed the question in

which cellular compartment p#A/cP?

protein is affected by IER2 in our experimentdlpe
Traditionally, p21@™/©P1 has been shown as a nuclear protein leading ¢d aycle arrest [69,
102] but other studies also have demonstrated pa#t*™’®P* is localized in the cytosol
influencing cell proliferation, apoptosis, and ddifferentiation. [69, 102] We found that upon
PMA stimulation of HUVEC endogenous g2%/°P*is located in the cytoplasm (Fig.17A). In
addition, ectopic IER2 revealed its negative inflce on cytosolic p2£™/“P* expression in

HEK293 cells (Fig.17B).
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Fig.17: IER2 affects PMA-induced p%#4““"* in the cytosol. A) HUVEC were stimulated with PMfar
indicated times, followed by fractionation into hesr and cytosolic cell extracts. They were analyby
Western Blotting for the presence of p21. SP1 a®dPBOH served as nuclear or cytosolic loading costrol
respectively. B) HEK293 cells were transfected withg of myc-tagged IER2 and 24 hours post transiect
cells were stimulated with PMA for indicated timeifts, followed by cell fractionation as in (A). ©plasmic
extracts were analyzed for the presence of IER2Yc) and p21. GAPDH served as loading control.

3.3.3. Full length IER2 is needed to attenuate p2£™/“P* expression at the level
of transcription

1waf1/cip1

It has been reported that PMA-induce@ via activation of the PKC signaling

cascade, mainly the PKGsoform binds to the SP1 sites on p21“**"“** promoter in a tp53-
independent manner. Therefore, we addressed trstiguevhether IER2 affectg21"™/ciPt
expression at the level of transcription or if ufpports posttranslational modifications that

lead to p24ercrt

degradation. In fact, we found that in HEK293 €dlansfected with a
p21"af/ePL|yciferase expression plasmid and increasing amsoaf IER2 inhibited PMA-
induced p2¥3™/°PL|yciferase activity (Fig.18A, left panel). WesteBiot analysis of the
corresponding protein extracts confirmed that gngwamounts of IER2 reduced p2/c
protein levels (Fig.18A, right panel). Next we tséacted HEK293 cells with control or IER2
expression plasmid and increasing amounts of'PYF* followed by treatment with the
proteasome inhibitor MG132 (Fig.18B). Control trimased cells treated with MG132 showed
an enormous accumulation of §2%4/°P* compared to untreated cells. In line with previous
results (Fig.13D) even myc-IER2 was stabilized upddition of the proteasome inhibitor.

Interestingly, but corresponding to luciferase agtiresults, p2¥2/crt

expression in IER2
transfected cells was abolished independent of N2Ga@dition, concluding that IER2

influencesp21*3™/©P expression on the level of transcription.
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Fig.18: IER2 suppresses PMA-induced {#24°P* expression at the transcriptional level. A, 1¢fK293 cells
were transfected with luciferase reporter geneetlriy thep21 promoter, in the presence of increasing amounts
of (myc-) IER2 expression plasmid (0-1pg). Cellgevieft unstimulated (gray bars) or were inducethwiMA
(black bars) for 8 hours. Luciferase activities evamnalyzed, normalized to the activity of co-tracstd -
Galactosidasepfgal) and mean fold induction was calculated iratieh to basal promoter activity (Opg, gray
bar). Error bars represent the standard deviatfoth® mean. A, right) Western Blot of analyzed fase
reporter assay samples for IER2riyc) and p21 protein levels. B) HEK293 cells wecetransfected with 1g
of either control (ctrl.) or IER2 expression pladnm combination with increasing amounts of p211(0y). 24
hours post transfection cells were left untreatefl panel, - MG132)) or treated with MG132 for duns (right
panel, + MG132). Whole cell extracts were analylagdVestern Blotting for the presence of myc-IER21{yc)
and p21-actin served as loading control.

Moreover, we found that p#3™*®PX|uciferase activity was also inducible by co-tri@usion

of a p212™/eP expression plasmid (Fig.19A, control (ctrl.)), ioming auto-regulation of
p21vaitieibl 178 103, 104] As shown above, co-transfectionlER2 reduced p2f™/crL
luciferase activity (Fig.19A, compare ctrl. to IER®¥Vhen testing truncated IER2 expression
constructs (scheme Fig.12) missing its N- or C-teus, we observed the phenomenon that
the AN construct increased both, the basal as well asp2t®™/P! induced p24a™/cPL
luciferase activity (Fig.19A, dN) whereas th€ construct showed no effect on luciferase
levels compared to control expression plasmid (B4, AC). Thereby, we conclude that only
full length IER2 has the ability to inhibit p#IY“PL|uciferase activity (Fig.19A, upper panel)
as well as p2f™°P! protein expression (Fig.19A, lower panafyd that the deletion of its N-

terminus results in a dominant negative protein.
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p21"a/ePlis regulated by a variety of different mechanisma &anscription factors. [69, 70,
103, 104] Consequently, we investigated whether2IBfluences p2£™°P in a tp53-
dependent or -independent manner, the latter iptbferred mechanism of PKé@nduced
p2
expression plasmid and increasing amounts of IERBe absence (EV) or presence (p53) of

1af/ePl gctivation. Therefore, we co-transfected HEK29Bsagith a p21/“PL|uciferase

a tp53 expression plasmid. We observed that'$#F*luciferase activity was induced by
tp53, the most prominerpﬁlwafllcip]_
(Fig.18A and Fig19.A), increasing amounts of IER@ dot lead to changes in p&/crL

luciferase activity (Fig.19B). Thereby, we showédtt|IER2-dependent loss pp1'a™/cpl

regulator. Interestingly and in contrast to earisults

expression is counteracted by tp53. We confirmelfthding by transfecting HEK293 cells
with empty vector control (EV), IER2, p¥YPl tp53 expression plasmid and its
combinations, respectively. We found once more tiR2 reduced p2fY°P levels
(Fig.19C, compare lanes 2, 3, 5), however, thisbitdry mechanism was reversed by co-
transfection of tp53 (Fig.19C, lanes 5, 7, 8) shmnthat p21*2™/“P! expression is rather
controlled by tp53 signaling than affected by thCPsignaling cascade.

A p21-luc B p21-luc
2§ , 8 :
83 23
02‘5 - = EV ot | u EV
83 wp2l 23 up53
g
= = T = c
3 £ s ) || E o
ctrl. IER2 dN dc 0 0,1 0,5 1,0 pg IER2
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Fig.19: Full length IER2 affects p#1Y“P* expression which is counteracted by tp53. HEK28Bscwere
transfected with a p21-luciferase reporter genthénabsence (EV, empty vector, gray bars) or poeseh (A)
p21 (1pg) or (B) tp53 (0,5u0) (black bars) exprsgilasmids. A) Cells were co-transfected with bfigither
control expression plasmid (ctrl.), full length mfeR2 or the deletion constructsN and AC (see scheme
Fig.12). Luciferase activities (upper panels) wanalyzed, normalized to co-transfecfedal and mean fold
induction was calculated in relation to basal prtenactivity (EV, ctrl.). Error bars represent tsendard
deviation of the mean. Protein levels (lower panékhe luciferase reporter assay samples werg/zatifor the
expression of IER2 and deletion construatsnfyc) and p21p-actin served as loading control. B) Cells were co-
transfected with either ctrl. (1ug) or with incrises amounts of myc-IER2 expression plasmid (0-1ug).
Luciferase activities were analyzed as describev@bmean fold induction was calculated in relatiorbasal
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promoter activity (Opg IER2). C) HEK293 cells weransfected with EV, IER2, p21, tp53 expressiorsipias,
or their combinations. Myc-IER21{myc), p21 as well as Flag-tp53-Flag) were detected by Western Blotting.
B-actin served as loading control.

In a complementary approach to substantiate oufirfys that the reduction qf21"a"/cPt
expression is based on IER2, we examined whetheckklown of IER2 could increase
p21waf1/cip1
luciferase expression plasmid and added either |GR2"™VPL or |IER2 and p2f/cr
combined with either scrambled shRNA (scr) or specshRNA (shlER2) plasmids.
Subsequently, we analyzed luciferase activity aralen levels observing that IER2 alone

expression. Consequently, we co-transfected HEK@SB with a p242/crL

had no influence on p?3™/“PLluciferase activity (Fig.20A, compare lane 1 amdd 4).
Furthermore, co-expression of a §Z¥P plasmid led to an increase of reporter activity
independent of co-transfection of a non silencimgtiol shRNA or a shRNA specific
silencing IER2 (Fig.20A, compare lane 2 and lane IB) line with earlier results, co-
expression of IER2 and p#{“P* plasmids led to a severe inhibition of §Z¥PX|uciferase
activity (Fig.20A, lane 3), whereas additional carisfection of shIER2 partially reversed the
inhibitory effect (Fig.20A, lane 6). Respective f@ia extracts confirmed the high efficiency
of the knockdown, however, p#IY®P! protein expression was only slightly restored
(Fig.20B).
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p21-luc

ser sh IER2

IER2 IER2
IERZ p21  p21  IER2 p21  p2i

B -:-_, ~ a-myc
. Il m
p21 IER2

IER2 p21 IER2 IER2
p21 p21
scr shlER2

Luciferase activity
(mean fold induction)

Fig.20: Blockade of IER2 expression restores "f#%iP* transcriptional activity. A) HEK293 cells were
transfected with a luciferase reporter gene drivgthep21 promoter. Luciferase activities were analyzed after
coexpression of IER2, p21, or IER2 and p21 combinél either scrambled shRNA (scr) or specific SfIRN
(shlER2). Values were normalized to co-transfe@terhl and mean fold induction was calculated intietato
basal promoter activity. Error bars represent taadard deviation of the mean. B) Respective pnoteiracts

of the luciferase assay were analyzed for myc-IEd&Rehyc) and p21 expression by Western blottipgactin
served as loading control.
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3.4.1IER2 and its influence on cell survival and apoptas
Altered p21*3™/°P1 expression has been shown to affect downstreamt®weich as E2F-
dependent transcription resulting in changes dfaalle progression which in turn can lead
to a switch between cell survival and death. Tleeetve aimed to analyze the effect of IER2

sfafl/cipl

on well-known p2 signaling complex key players, interacting parsnespstream

regulators and downstream targets.

3.4.1. IER2 is not directly affecting p21"®*®PLrelated gene expression but alters
cell cycle-associated proteins

First, we performed screenings of J2¥°P! signaling-associated gene expression using
MRNASs from control or ectopic expressing IER2 vimfected HUVEC that were stimulated
with PMA. As estimated, we found that the expressid the most prominent p¥Y/cPt
regulatortp53 was not influenced by IER2 (Fig.21A) which is ind with earlier results
(Fig.19C). Besides p21™/“P* the Cip/Kip family member cell cycle inhibitor p%* is also
PKC-dependently regulated, [105] however, we fouodinduction upon PMA stimulation
within tested time points and as a consequencenfieence of IER2 orp27* (Fig.21B).
Both cyclin-dependent kinase inhibitors (CKI) signlarough the same pathway and are
sufficient to promote assembly of the cyclin andlicydependent kinase (cdk) complexes.
A B

1p33 p27

thh
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m ctrl. virus
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Fig.21: p212™®PLrelated gene expression is unaffected by IER2. HOMvere infected with either control
(ctrl.) virus (gray bars) or IER2 virus (black bpesid 48 hours after infection cells were stimudaréth PMA.
tp53 (A), the cell cycle inhibitor p21B), cyclin D1 (C), andc-MYC (D) expression levels were analyzed by
gRT-PCR and normalized to GAPDH. Error bars repreie standard deviation of the mean.
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As expected, we detected no alterations in theemgmwn levels of tested cyclins such as
cyclin D1 or cyclin E nor werecdk 2/4/6affected by IER2-dependent loss of B¥1°P*
(Fig.21C, data not shown). In addition, the prot@agene c-MYC is described as a negative
regulator of cell cycle inhibitor p23™/®P% [106] Importantly,c-MYCmRNA expression was
not altered by IER2 (Fig.21D) demonstrating a sjedER2 influence onp21'af/crl
expression and excluding a myc-tag side effect.

Finding no further transcriptional target of IER2 the p21?™"/°P! signaling complex we
assumed that IER2 contributes to altered cell exalited protein synthesis as a consequence
of suppresseg21"2™/°P1 expression. Therefore, we analyzed the expressiomell-known
p21"af/ePL interaction partners. We transiently transfecteBlKR93 cells with myc-IER2
plasmid, p242™/“P expression plasmid or with the combination of batidl could show that
ectopic IER2 abolished p#¥“P* protein expression (Fig.22A). Furthermore, we fbtinat
the protein levels of DNA synthesis and repair ggmeliferating cell nuclear antigen
(PCNA), interacting with p2f™°** ypon DNA damage, [107, 108] was not changed
(Fig.22A). PKG expression transcriptionally regulatésRk2 as shown above (Fig.22B) and
p2 through activation of its Spl binding site. [73]eVghowed that PK& protein
levels are not changed in our experimental setup thereby we excluded a feedback

lwafllci pl

regulatory mechanism. Moreover, P&Gnhibits cell cycle progression in HUVEC by
inhibition of cyclin D1/cdk4/6 activity, and the @Kip proteins interact with a variety of
cyclin/cdk complexes through a conserved N-termalmathain. [105]
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Fig.22: IER2-dependent loss of 24P leads to increased cyclin D1 and reduced p27 jprebepression: A)
HEK293 cells were transfected with either contrgpression plasmid (ctrl.), myc-IER2 or p21 expressi
plasmid or with the combination of IER2 and p21.hirs post transfection cells were harvested amuleacell
extracts were analyzed by Western blotting forghesence of myc-IER2Zi{myc), p21, PCNA, cyclin D1, p27,
and PK@. p-actin served as loading control. Results represeatof two experiments. B) Densiometric analysis
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of of cyclin D1 and p27 protein levels normalized lbading controlf-actin. Shown are mean intensities
relatively expressed to control (ctrl.) levels wbtexperiments. Error bars represent the standariibn of the
mean.

We observed that ectopic expression of $24"*, similar to PMA-induced p2£™"! levels
(data not shown), led to a slight induction of batixclin D1 and cell cycle inhibitor p2#*
protein levels, when compared to IER2 expressintls ogig.22A/B). This is due to
accumulation of p2f™°P! in cyclin D1/cdk4/6 complexes thereby inhibitingctin D1-
associated kinase activity. [62] Of interest andtary to obtained mRNA data in HUVEC
(Fig.21B/C) was the observation that in HEK293 dlER2 and concomitant loss of
p21"af/ePl expression resulted in a decrease of cell cydhbitor p27* protein levels.
Furthermore, cyclin D1 protein levels remained ated in these cells compared to {{°"*

transfected cells even though §Z¥P* expression was abolished.

We concluded from our two approaches that IER2 as directly affecting p2f™/cP!
signaling-associated genes and demonstrating aifisp¢€R2 influence on p21*a/cirt
expression. Moreover, we found that IER2 alterswﬁfﬂfﬂpl downstream protein expression
that is linked to cell cycle regulation, namely atwlation of cyclin D1 and reduction of

p27%* protein levels.

3.4.2. IER2 reverses the p24**“P>mediated block of E2F-dependent
transcription

In addition, we supported the idea that downregudabf p21"2™/“P* expression driven by
IER2 should result in aberrant cell cycle-assodiat@nscription factor regulation, since
p21"a™/ePl phinds to cyclin/cdk complexes, thus preventing gptmrylation of the
retinoblastoma protein and leading to a blockadeotii, the E2F pathway and the cell cycle.
[69, 70] Therefore, we analyzed the effect of IE&&ression on E2F activity. We used
luciferase reporter genes driven by #B2F promoter and showed that IER2 (and thereby
diminished p21¥@™/¢P! expression) activates E2F-luciferase activity raf#mulation with
PMA (Fig.23A) or by co-transfected p#i/“P* (Fig.23B), suggesting that IER2 reverses the
p21"aPLmediated block of E2F-dependent transcription. ddeer, we tested whether
IER2 is a target of E2F and therefore transfect&K®D3 cells with E2F1 plasmid, an
activator of E2F-dependent transcription. We themfggmed gRT-PCR and found that
p21"a/ePl expression (Fig.23C, gray bars) is strongly induegon E2F1 transfection
compared to empty vector control as well as contperdranscription inhibitor Actinomycin
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D treated cells (data not shown). In contrSR2 expression was not at all induced by E2F1
(Fig.23C, black bars) concluding tH&R2is not regulated by the transcription factor E2F1.
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Fig.23: IER2 promotes PMA-induced E2F-activity aoderrules the p2£™“P* block. HEK293 cells were
transfected with luciferase reporter gene driventiy E2F promoter, in the absence or presence of IER2
expression plasmid (1ug). A) Cells were left unstated (gray bars) or were treated with PMA (blheks) for

8 hours. B) Cells were co-transfected with EV (gkayrs) or p21 (1ug) (black bars) expression plasmid
Luciferase activities were analyzed, normalizeadetransfecte@-gal and mean fold induction was calculated
in relation to basal promoter activity (Oug, grar)b Error bars represent the standard deviatidghe@mmean. C)
HEK?293 cells were either transfected with emptyteecontrol (EV) or E2F1 expression plasmid. 24 dsquost
transfection cells were harvested guil (gray bars) andER2 (black bars) mRNA expression levels were
analyzed by gRT-PCR and normalizedX8PDH Error bars represent the standard deviationefitban.

3.4.3. IER2 counteracts PMA-induced apoptosis in HUVEC
Long-time addition of PMA to culture medium inhbihuman endothelial cell growth by
increasing the levels of p#AY“PL [62] Therefore, we evaluated the impact of IER2
expression on HUVEC cell growth. In accordance velfered E2F transcriptional activity,
we confirmed by using phase contrast light micrpgcon the one hand that the cell density
was reduced upon PMA treatment. On the other haadpund that ectopic IER2 expression
in addition to PMA stimulation resulted in an “emldelial cell-specific” proliferative
morphology of these cells, showing less cobbleshuielongated cell shape, and they almost
reached the same cell density when compared to HWEhout treatment (Fig.24).
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panel) or IER2 (right panel) virus. 24 hours padection cells were treated with PMA for another tigurs
followed by phase contrast microscopy.

We found by measuring total cell number that uratéd (uninf.) and control (ctrl.) virus
infected HUVEC were reduced by approximately 50%hini twenty-four hours of PMA
stimulation. In contrast to control cells, IER2 eagsing cells almost doubled within the same
time (Fig.25A). In addition, by measuring the oglbility using the alamarBlue® assay, we
showed a drastic decrease of viable cells after RMAtment within six to twelve hours of
PMA application. In line with previous results, IERxpressing cells remained viable upon
PMA stimulation (Fig.25B). In order to measure ajoss we used the Annexin V labeling
assay in combination with 7-AAD staining followedy llow cytometry analysis. We
observed that IER2 counteracts PMA-induced apapiosHUVEC (Fig.25C). As expected,
approximately 50% of control virus infected HUVEGens either Annexin V positive or
Annexin V/7-AAD double positive indicating early érate apoptotic stages (depicted as
apoptotic cells in Fig.25C) within twenty-four hguof PMA treatment. We measured 30%
less apoptotic cells in IER2 expressing cells camgbdo control cells. As a second approach
to determine the influence of IER2 on apoptosisdetermined the cleavage of poly ADP-
ribose polymerase (PARP), a well-established apmptmdicator downstream of caspase
activation. We monitored the expression of the B@ kleaved product of PARP by Western
Blotting using an anti-PARP specific antibody thatognizes both, full length PARP and its
cleaved fragment. Unexpectedly, PARP cleavage beaandent already within four to six

hours of PMA application. Interestingly, ectopicpeassion of IER2 completely inhibited
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cleavage of PARP in this experiment (Fig.25D), omoere demonstrating that IER2
counteracts PMA-induced apoptosis in HUVEC.
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Fig.25: IER2 protects HUVEC from PMA-induced apagiso HUVEC were left uninfected (uninfa ), or were
either infected with ctrl. ) or IER2 @) virus. 24 hours post infection cells were treatdgth PMA and cells
were collected at indicated time points. Total eelmbers were counted (A) and cell viability wasaseed
using the alamarBlue® assay (B). Apoptosis wassasseby FACS detecting Annexin V positive cells é6jl
by Western Blotting showing PARP cleavage (D).

3.5.Relevance of IER2 in tumor development
Both, p212™/“P1 and PKG can exhibit pro-cancer or anti-cancer activitydifferent tumor
cells due to heterogeneity in their regulation ioedl context- and stress-dependent manner.
PKC-mediated increases in #81°P! levels have been observed in melanoma cells, w&rio
leukemic cell lines, breast cancer cells, non-fiansed intestinal epithelial cells, colon

ilafllcipl

carcinoma cells and ovarian carcinoma cells. Funtbee, p2 shows decreased

expression in some types of metastatic cancergcedly in late melanoma stages. [63, 78-
80] We found that activated growth factor signaling the PKC signaling cascade leads to
early and transiently induced IER2 expression th&bllowed by a long lasting induction of
p21"af/ePl expression in a PK&dependent manneElevated levels of growth factor receptors
and/or their cognate ligands have been identifieda acommon component of unbalanced cellular
signaling leading to aberrant proliferation andl ggbwth and hence tumor formation. [17] We

showed that constitutive IER2 expression as a dtreas consequence of abnormal growth factor

1waf1/cip1 1waf1/cip1_

signaling repressefd?2 expressionThis reversed the2 mediated cell cycle block
and resulted in changed cellular proliferation eénvwy E2F-dependent pro-survival mechanisms. In

addition, recent publications have shown that IER2 levels @lsvated in human breast
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cancers, in colon cancers, and metastatic melanofiéf Therefore, we addressed the
question if IER2 is expressed in various canceitiestand may serve as a prognostic marker

in metastatic cancer subtypes.

3.5.1. IER2 in patient biopsies
We screenedER2 mRNA levels in tumors and in the correspondingae€eint mucosa from
patients suffering different stages of colon canCeable 5). Isolated RNA from patient
samples were kindly provided by Prof. E. Kallaystltute of Pathophysiology, Medical
University of Vienna.

Table 5: Colon cancer patient samples. Muc.: adfapaicosa, tumor free; Tu.: tumor; m:
male; f. female; G: tumor differentiation grade; primary tumor size; N: lymph node
infiltration grade; p: pathologic examination; asascending colon; desc.: descending colon;
rect.: rectum; sig.: sigmoid colon;

probe numbell sample typsex | age diagnose patient number
1. Muc.
2. Tu. M | 81 G3 pT3/pN1 ascd. 1
3. Muc.
4. Tu. M | 50 G3 pT3/pN2 desc. 2
5. Muc.
6. Tu. F | 63 G3 pT2/pNO rect. 3
7. Muc.
8. Tu. M | 47 G3 pT3/pN2 rect. 4
9. Muc.
10. Tu. F | 67 G2 pT3/pNO sig. 5
11. Muc.
12. Tu. F | 73 G3 pT3/PNO rect. 6
13. Muc.
14, Tu. F | 62 G3 pT3N2 ascd. 7
15. Muc.
16. Tu. F | 63 G3 pT4N2 desc. 8
17. Muc.
18. Tu. M | 69 G3 pT3N2 sig. 9
19. Muc.
20. Tu. M [ 73 G3 pT3N1 sig. 10

We performed quantitative real-time PCR analysid suwprisingly found thatER2 mRNA

expression was reduced in eight out of ten tummpéas compared to their related tumor free
mucosa (Fig.26). These results were in contrasutoexpectations, however, due to limited
access to patient material we were hindered to léést stage tumors or metastatic colon

cancer samples. Patient material collection antthéuranalyses are ongoing and we expect in
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these entities increased IER2 levels because it reesntly shown that IER2 expression
correlates with poor metastasis-free and overalivigal in patients with colorectal

adenocarcinomas. [39]
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Fig.26: IER2 mRNA expression is suppressed in T2gfighary colon cancerdER2 mRNA expression was
monitored in healthy adjacent mucosa and relatesbtutissues of 10 patients with different sex, aaed
diagnosis. Relative levels of expression were nbtmeg to GAPDH and-actin (data not shown). ct value of
healthy tissue was set as one.

3.5.2. IER2 in human cancer cell lines
Furthermore, we tested several human cancer araktagt cancer cell lines for IER2 protein
expression levels (Table 6). Obtained protein Bsatere analyzed by Western Blotting. We
detected no IER2 protein expression in two testddnccancer cell lines (Caco2, HCT-116)
which is in line with the results of the obtainedrgples from colon cancer patients. Contrary,
we identified that IER2 is strongly expressed ia #ndrogen sensitive prostate LnCap cell
line. Furthermore, we found weak IER2 expressionthe androgen resistant DU145
compared to PC3 prostate cell line (Fig.27A). Altgb we tested only two cell lines, these
findings reveal first evidence that IER2 could bealved in promoting metastasis as DU145
cells expose moderate metastatic potential in ashtto high metastatic PC3 cells. In
addition, we tested three metastatic melanomdinel Mel-7, Mel-15, and Mel-17 [87] and
found that IER2 is expressed in two (Mel-7, Mel-Ibetastatic melanoma cell lines
compared to healthy melanocytes. Controversy, IERZ also expressed in one tested
melanoma cell line (A-375). In addition, IER2 was expressed in tested breast cancer (ZR-
751, MCF7) or in metastatic breast cancer cell slif®DA-MB-468, MDA-MB-231;
Fig.27B). Screening p21™/°P! as well as tp53 protein levels we found at least cell line,
the spleen metastatic melanoma cell line Mel-7,ctvhshowed a severe reduction of

p21¥altleiPl aynression, normal/physiologic tp53 levels ancerise IER2 expression. This
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represents a IER2 specific and tp53-independeatteiifidicating a particular IER2 influence

on oncogenic transformation, which has to be furimeestigated.

A

HUVEC + FMA

HUVEC
Caco2

a-GAPDH

HCT-116
LnCap
DU145

PC3

colon

prostate

B

melanocytes

Mel-7
A-3T5

0
i
o
=

MCF7
MDA-MB-468
MDA-MB-231

¥

| GER2

. s O-p21

L

melanoma

breast

Fig.27: IER2 expression in cancer cell lines. V¢hotll extracts of human colon cancer (Caco2, HC8)1

prostate cancer (LnCap, DU145, PC3), melanocytedamoma (Mel-7, Mel-15, Mel-17, A-375), and breast
cancer (ZR-751, MCF7, MDA-MB-468, MDA-MB-231) cdlhes were probed by Western Blotting with anti-
IER2 (A,B) and p21, tp53 (B) antibodies. GAPDH smtvas loading control. Induction of IER2 in PMA
stimulated HUVEC (A, left panel) is shown as cohtro

Information on tested human cancer cell lines aidted IER2 protein expression levels is

summarized in Table 6. A broader analysis of IER@ression across human cancer biopsies

and cell lines has to be performed to further dbute to the understanding of the IER2

function in tumor development or tumor progression.

Table 6: Tested cell lines. Prostate cancer gakliwere kindly provided by Johannes Schmid. Cotorcer,
breast cancer, and melanoma samples were kindigiftsChristoph Wiesner. IER2 expression level fefje
stands for no detected IER2, ~ IER2 at the deted#ivel, + for low IER2 and ++ for high IER2 expsem.

cell line origin primary tumor / metastasis addibinfo | IER2 level
Caco2 colon cance -
HCT-116 colon cancer -
LnCap prostate cancer low metastatic potential | androgen sensitive ++
DU145 prostate cancémoderate metastatic potenti@ndrogen insensitive  ~
PC3 prostate cancer high metastatic potential androgen insensitive *
Mel melanocytes -
metastatic ++
Mel-7 melanoma spleen
metastatic +
Mel-15 melanoma lymph node
metastatic ~
Mel-17 melanoma skin
malignant ++
A-375 melanoma
ZR-751 breast cancef =
MCF7 breast cancel ~
metastatic ~
MDA-MB-468 | breast cancer high metastatic potential
metastatic ~
MDA-MB-231 | breast cancer low metastatic potentia|
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In summary, we confirm in this study that immediagely response gene 2 (IER2) expression
Is inducible by growth factors and by the tumor amjiogenesis promoting agent PMA
leading to the activation of the PBGignaling cascade. Importantly, we present forfitse
time a biological function for this poorly charagted protein, namely that IER2 represses
the expression of cell cycle inhibitgp21*®™P! on the level of transcription. As a
consequence, IER2 can rescue human endothelia ftelin PMA-induced apoptosis by
reversing the p2£™“Pmediated blockage of E2F-dependent transcripfitiese findings of

f/ePl mighty increase the knowledge of malignancies theatilt

a novel regulator of p2f
from differentially regulated cell cycle progressioesulting in enhanced proliferation or
malfunctioning apoptotic processes. Thus, our datatribute to a better understanding of
IER2, a putative novel player in the regulationtomor progression and metastasis and

therefore representing a potential target for posgin and therapeutic strategies in cancer.
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4. DISCUSSION
Chronic inflammatory conditions have been descrilasdhallmarks of several diseases,

including e.g., psoriasis, rheumatoid arthritis,d aarteriosclerosis as well as tumor
development, tumor progression, and metastasi§] 2xey often develop as a consequence
of inappropriately terminated acute inflammatiomefefore, it is of outstanding importance
to understand the complex mechanism behind thé tegulation of acute inflammation and
malfunctioning signaling events that propagate grgéd inflammatory conditions. [12]
While all these processes have been studied ingsiver the preceding decades, much less
is known about early regulators of this processweier, evidence has accumulated that
resolution is already determined during the acitivaphase of the initial response by so-
called immediate early genes. The understandinfef function and mode of action might
lead to new concepts of drug development and tlyetieelgreat benefit for patients suffering

inflammation related diseases. [4]

Endothelial cells are central to the inflammataegation, as they form a barrier between the
circulating blood stream transporting immune cafisl the surrounded tissue. Moreover, this
cell type is activated under inflammatory condifoand amplifies and re-directs the
inflammatory response through three main mechanigimadhesion molecule expression,
leading to further recruitment of leukocytes to thiee of inflammation, ii) cytokine
production, acting in an autocrine and paracrin@mea towards the surrounding tissue, and
lii) reactivation of the cell cycle, leading to telroliferation and to the formation of new
blood vessels, also known as angiogenesis. [293, 6

In the course of our search of immediate early gemégh potential negative regulatory
function in HUVEC we found IER2. [46] The overaihaof this project was to elucidate the
function of this hitherto poorly described protérthe human endothelium, especially due to
its immediate early kinetics of expression, whethenay act as an early regulator in the first
transcriptional response upon pro-inflammatory station. Furthermore, we addressed the
question if IERZ2 is solely linked to inflammation t other processes that are important for

the pathophysiology of endothelial cells.

Based on recently reported data [46, 47] we imjtiaypothesized that IER2 might represent a
novel early negative regulator of NdB-driven inflammatory signaling in endothelial celis

it was shown for other genes. [12] However, forxpleable reasons the reproducibility and

51



Discussion

strength of the upregulation &£R2 in response to TNFor IL-1B was poor as compared to
the array data. Increasing the concentrations el egtokines and other modifications of the
experimental setup (i.e., time of stimulation, sefiuee conditions) resulted in no significant
alterations oflER2 expression. A possible explanation for these atiifh results is the fact
that the IER2 promoter contains a serum-response element (SRE) that thelER2
expression was monitored in non-serum starved tondiin the reported arrays. In addition,
deletion analysis of thdER2 mouse homologueip92 promoter indicated thapip92
activation occurs primarily within the SRE regi¢b2] Moreover, M. St-Onge and colleagues
found thatlER2 is induced within two hours upon stimulation witiilammatory agonists in
neutrophils, also early players in the initial phasf inflammation. On the contrary, co-
treatment with anti-inflammatory agents even enbaleR2 expression in their hands. [49]
These inconsistent findings together with our rssuidicate thatER2 is an early regulated
gene that is somehow associated with inflammatongitions, but the underlying mechanism

remains unclear.

The aim of further investigations was to find patectivators oflER2 in HUVEC and to
elucidate its biological functionER2 was rapidly and transiently induced by the growth
factors VEGF and bFGF and its expression patternibéed classical features of an
immediate early gene in HUVEC. Its mRNA levels analated within thirty minutes of
growth factor stimulation and decreased to basédwnels after two hours. These results are in
line with earlier findings that showed immediatalg&inetics of IER2 upon serum and
growth factor stimulation (e.g., FGF, EGF, and NGir)different mouse and human cell
types. [34, 36, 41] Sind&ER2 has been first described as a phorbol ester PMAeible gene
[34] and concerning the role of PKC in VEGF- andGbFinduced endothelial cell
proliferation [18] we analyzed the effect of a putactivator of PKC signaling, the phorbol
ester PMA onlER2 expression. In line with the growth factor studvwes found thaitER2
MRNA showed comparable kinetics peaking withintyhminutes to one hour of stimulation,
and IER2 protein levels emerged shortly after aadation of thelER2 transcript. Important
to note is that the protein did not undergo suchpad turnover as compared to its mRNA.
Conversely, the protein was stabilized and accuradlaver approximately four hours and
decreased below the level of detection after tamrdof PMA stimulation. This is in line with
earlier studies in murine and rat cell types, whemas shown thapip92 mRNA is induced
within minutes and protein levels are decreasedr afix hours of serum stimulation but
within one hour after bFGF stimulation. [34, 36]
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It seems likely that the PEST domain within the 2E§equences is important for the rapid
degradation of IER2 protein. However, posttransfel modifications evoked by PMA
stimulation seem to additionally support prolongestabilized expression of IER2.
Furthermore, after the period of stabilization, EERrotein levels dropped until the initial
undetectable state is reached. This decrease is toluebiquitin-driven proteasomal
degradation as its inhibition by MG132 effectivblipcked IER2 degradation and led to high
molecular mass ubiquitinated smear ladders (Fig)l¥Drther experiments revealed that
PMA-driven phosphorylation resulted in a time-degpam stabilization of IER2, and
additional blocking of this phosphorylation demeattd that the degradation of IER2 occurs
as a result of PKC signaling inhibition. In additjolER2 degradation is affected by
sumoylation of the N-terminus of the protein whiek demonstrated using truncated IER2
expression constructs. Taken together, the N-tarsniof IER2 is important for protein
stability and we describe for the first time a nmamubm of IER2 degradation (Fig.28).
Nevertheless, further analyses such as e.g., powatations of the sumoylation and
phosphorylation sites will be needed to completahglerstand the degradation process of
IER2.

IERZ2

70

Fig.28: Proposed model of IER2 posttranslationaldifimations. PKC regulates IER2 on the level of
transcription and by posttranslational phosphoigtat PMA activates PKC which in turn leads to
phosphorylation of distinct PKC phosphorylationidess in IER2. IER2 is thereby activated and sizdxl.
Sumoylation of the IER2 N-terminus and subsequbiguitination lead to proteasomal degradation.

Moreover, we showed that PMA-induced IER2 proteicuanulated in the cytosol which is in
line with earlier findings described by Chartgsal. but still remains elusive as IER2 contains
two nuclear localization signals. [34] MoreovdER2 expression was time- but not
concentration-dependent, at least in the rangeOofo5250ng/ml PMA, indicating that the
used PMA concentrations were already in the saturgthase. Another explanation could be
that IEGs are sensitively and time-dependently @eduby many growth factors that activate
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PKC signaling. [109] Therefore, analyses of a besambncentration range of growth factors
will be necessary to understand the inductioh&t2 expression. Nevertheless, evidence has
accumulated that growth factors and PKC signaliggnests such as PMA transcripionally
activateI[ER2 To the best of our knowledge there were no datlable that describe a

specific function of IER2 in the PKC signaling cade.

One important aspect of endothelial cells’ funcaiily is the ability to form new blood
vessels. Growth factors as VEGF and bFGF bind ¢ir ttlespective receptors and activate
PKC signaling resulting in endothelial cell profd@gion and angiogenesis. Furthermore, PMA
is known to activate protein kinase C (PKC), [11Q]1] nevertheless, a variety of PMA-
driven effects on cultured endothelial cells haeerbdescribed. These include the induction
of migration, proliferation, and vessel formatidilp, 113] whereas long-time application is
rather described as a suppressor of proliferatitwhaa activator of apoptotic endothelial cell
death. [58, 62, 114] However, different PKC isofsrmay have unique and even opposing
functions that are important in endothelial cebblgeration and angiogenesis. Recent studies
have focused on PKC isoformsands and have indicated that both of these isozymes la
role in the regulation of angiogenesis. Taydral. and others have shown that PiK&nd
PKCs are generally expressed in HUVEC. PMA stimulattesults in a decrease in PKC
phosphorylation to undetectable levels after twdaty hours, whereas PKC is
phosphorylated within fifteen minutes but returadasal levels after twelve hours. Decreases
in total PKGx and PKG@ levels have been observed after forty-eight holineses findings
might explain the variable effects of PMA-activateC-driven mechanisms. [115, 116] In
addition, overexpression of PKan rat endothelial cells inhibits endothelial éiféntiation in

a matrigel assay, [117] whereas downregulation &Cd in HUVECs by antisense
oligonucleotides also hinders vessel formation ithreae-dimensional collagen angiogenesis
assay. [118] Taken together, these data suggdsPK@ isoforms have unique and possibly
opposing functions during vessel assembly.

Important to note is that molecular targets for iaggnesis downstream of PKC remain
elusive in endothelial cells. Therefore, we hypsthed thalER2 is regulated by PK&and/
or PKG thereby influencing endothelial cell proliferatiand angiogenesis. Indeed, feend
reducedlER2 expression sing thepotent PKC inhibitorStaurosporine (data not shown),
which is explained by the fathat PMA activates cPKC asell as nPKCisozymes.[119]

Further examination revealed that PMA-induced IERPression and protein accumulation
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was completely blocked by the addition of Rottlerirhis widely-used PKC inhibitor is
selective for PK@ in the used concentration of 5uM. [120] In cortirage discovered that
co-stimulation of PMA and lonomycin resulted in aaker induction ofER2 compared to
PMA only treatment which is due to increased imeHlular calcium levels and thereby
enhanced activation of cPKC. However, to clearlyvsha specific nPKC effect we
additionally decrease®lKCs activity using RNA interference (RNAI). We showttit IER2
MRNA levels accumulated within thirty minutes of RMtimulation whereas its expression
was at the limit of detection in PKknockdown HUVEC.Together these findings indicate
that PKCS is the key driver olER2 expression in HUVEC as we showed that decreasing
PKGCs activity (pharmacological or RNAI) suppresd&dR2 expression.

Furthermore, these results might explain the cctnfly results we obtained from cytokine
stimulation as it has been shown that PKC actimaiimducesELAM-1 gene expression
synergistically with IL-B but not with TNF, while such a synergistic effect is not observed
upon the expression 6€AM-1, [121] demonstrating a link between PKC signalamgl early
regulated inflammation-associated gene expressioaddition, it has recently been shown
that PKG selectively regulates/ phosphorylates protein $enB (PKD), an activator of the
transcription factor NkeB in cells exposed to oxidative stress. [122, 1BBpckdown of
PKCS expression significantly inhibits PMA-stimulated=&B-luciferase activity suggesting
that PMA-induced NFReB-dependent transcription is driven by nPKC isofsrmparticularly
PKCs. [124] Besides, PMA selectively causes the dedmadaof IkB kinases (IKKSs)
including IKK-y and IKK{, indicating that the IKK complex is predominantiggraded by
the proteasome pathway in a PKC-dependent mant#&s] Moreover, the twaB binding
sites in thelER2 promoter led us to the assumption tHaR2 might be induced upon pro-

inflammatory cytokine stimulation which involves NB.

In reporter gene assays analyzing the transcripitiactivity of NF«B we observed that upon
cytokine stimulation IER2 rescued NIB- transduction (data not shown). Conversely, we
found nolER2 activation after cytokine-driven N&EB activation nor an influence of IER2 on
NF-kB target gene expression. This might be due ta-io#flular signaling crosstalks BsR2

Is activated upon PKC activation which in turnsoadctivatesNF-«B. Although we have
evidence that IER2 inhibits N&kB, we have so far no data on any influence on pro-
inflammatory gene expression. It seems likely thatlear translocation of p65 is not affected
by IER2 but phosphorylation of nuclear XB- might be inactivated [126, 127] in the
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presence of IER2 by competitive mechanisms of PIKA BKC. Nevertheless, we suppose
that IER2 functions as a new regulator in pro-staviPKC—NF«xB signaling which,

however, still remains elusive.

One of the paradigms that best exemplifies thetfanal versatility of PKC isozymes is the
regulation of the cell cycle machinery. PK@gulates the cell cycle in endothelial cells in a
bimodal way. Under non-stressed physiological cion, the cell cycle inhibitor p23™/cP

is expressed at low levels and promotes cell cgabgression. Under PKC-mediated stress
conditions, short-time events early in G1 suppoifSsphase progression, while activated
PKC in mid-to-late G1 and concomitant increased”ﬁf?’fﬂpl expression prevent entry of cells
into S phase. In particular, it has been shownumdn vein endothelial cells that PEC
inhibits cell cycle progression by inhibition ofaiyn D1/cdk4/6 activity, and increases levels
of cyclin-dependent kinase inhibitors (CKI), such g21"**“** and to lower extent p&%.
[62, 71] In line with that, we found that PMA-indeatp21*¥/“P! expression within one to
two hours, and protein levels also accumulated iwitivo hours. This is due to a tp53-
independent elevation qg§21"a™/crt

mediated mMRNA stabilization. [76]

expression by phorbol esters and a result of PKC-

The most prominent finding of our study was thabopc expression of IER2 suppressed

PMA-induced p21"@™/°Pl expression. More precisely, IER2 abolished PMAuiret
p21waf1/cip1

activity of p21@™/P1 128] andin vitro phosphorylation assays have further shown that

protein accumulation in the cytoplasm. Subcellustribution influences the

PKCS can directly phosphorylate p$i/°P* at Ser146, which triggers its cytosolic

accumulation and influences the stabilization of‘f2/°P*,

afl/cipl

[129] Moreover, using reporter
gene assays monitoring the activity of 21" promoter we observed that increasing
amounts of IER2 with concomitant activation of PiC signaling cascade by PMA strongly
inhibited p21*¥™*/¢P transcription. This finding is reminiscent of thenction of other IEGs,
most prominently the proto-oncogene c-MYC that h@asn shown to transcripitonally inhibit
p21"afePl expression. [106] In addition, knockdown of IERStored p24™°PL|yciferase
activity. Western analysis of respective proteitraots confirmed the high efficiency of the
IER2 knockdown although p23™/“P* protein levels were only slightly restored. Thss i
possibly due to differences in expression kineties and protein stabilities of analyzed

proteins.
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Further experiments revealed that only full lentR2 was capable to attenuate 1P
expression whereas truncated IER2 constructs disdlampposing or even no effects on
p21"af/ePL activity (Fig.19A). Previous experiments indichta regulatory role of the N-
terminus of IER2 on protein stability. Interestipglthe AN construct even enhanced
p21"af/ePL activity, suggesting that the sumoylation-dependigradation of IER2 may be
important for IER2-dependent inhibition of P21“P1 Moreover, the finding that thaC
construct missing the C-terminus with the PKC-sjpe@hosphorylation sites was without
any effect demonstrated the importance of IER2vatiin/ phosphorylation to execute its
inhibitory function. Besides, we observed (aut@yuiation of p2¥3™/“PL|yciferase activity
by co-transfection of a p23/“P* expression plasmid. Little is known about the rolar
mechanism and biological significance of the setfedation ofp21*¥™cP! byt it might be
explained by a positive feedback loop regulatiop2#*®™/®PLassociated transcription factors
and co-activators, such as CCAAT enhancer bindirgdepr o (C/EBRy), c-MYC, signal
transducer and activator of transcription 3 (STATR)F, SP1, and cAMP response element-
binding protein (CREB)-binding protein (CBP)/p3J@8, 103, 104] As stated above, we
found that IER2 regulaten1"¥™/“P*on the level of transcription. Contrary, co-trasfon of
IER2 and p2¥3™/°P! expression plasmids, both under a cytomegaloyi@hsV) promoter, in
HEK293 cells completely reduced/ inhibited 39¥°P1 This could be explained by the fact
that both, IER2 and p21™/°P* were not expressed in HEK293 cells under nonscbs

conditions; nevertheless, they were inducible WikhA (data not shown).

Moreover, we assumed that IER2 functions only indigah to PKG-triggered
phosphorylation which we confirmed with truncat&RP constructs (see above), and auto-

regulation ofp21va/cr

could promote the activation of IER2. On the othand, post-
transcriptional control of p2¥%°P! has been linked to localization, phosphorylatiom a
ubiquitination [102] and it has additionally beeported that p2£™*“* is degraded by the
proteasome in ubiquitin-dependent and -independsantners. [130-132] We showed that
inhibition of ubiquitin-driven proteasomal degradat with MG132 effectively blocked
ectopic p21?™/°P! degradation and led to high molecular mass ubittitd smear ladders,
whereas co-transfection of IER2 completely supmesg21?™/“P! protein levels. These
results indicated that IER2-dependent inhibition p#1**"/®P1 peside the transcriptional
blockade, additionally affects ubiquitin-indepentlenprotein  degradation. The

posttranslational influence of IER2 on 21" stability will be further investigated.
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As mentioned above, p#AY°P is one of the best studied tp53 downstream tarddts
induction of its expression by PMA is tp53-indepent] [73, 74] whereas DNA damage leads
to tp53-dependent induction @21"3"°P! transcription. [70] Indeed, p2AY“PL|uciferase
was activated by co-transfection of a tp53 expagspiasmid. Conversely, IER2 was unable
to inhibit tp53-mediated p2iPLjuciferase activity and co-transfection of IER2,
p21"af/ePl and tp53 additionally prevented the IER2-driveeduction of p24t2™/cPt
expression (Fig.19C). This could be due to the thaat IER2 influencep21¥@/cPlin a tp53-
independent manner, but that the tp53—-MDM2 (ondejimanouse double minute 2) pathway
can override the PK&-IER2 pathway. The complexity of p#1/“P* regulation and signaling
is complicated by the finding that MDM2 facilitate@1***"®** degradation independent of
both tp53 and ubiquitination. [133] These resudtther argue for a specific role of IER2 in
growth factor signaling than in response to DNA dgm In line with these findings, we
observed no influence of IER2 dp53 transcription. Furthermore, the proto-oncogene c-

MYC has been shown to transcripitonally inhip@1"2?/ct

p2
affected by IER2 (Fig.21D) demonstrating a spedHR2 influence orp2

expression thereby overriding a

1"efePl mediated cell cycle checkpoint. [106] ImportanttyMYC expression was not

1varlcipl ey pression
and also excluding a myc-tag side effect. Takemttugy, these observations reveal a to our
knowledge novel activity for IER2 as an additiokaly regulator of the cell cycle inhibitor
p2
MDM2- p21"@/ePl gnd PKC-IER2- p2¥™/°Pinterfering signaling cascades.

1vafleiPl that will further contribute to the understandisfghe complex regulation of tp53-

Besides p2'*™P! regulation of the Cip/Kip family member cell cgcinhibitor p2#°* is
also PKC-dependent. [105] However, we found no @tidn upon PMA stimulation within
tested time points and as a consequence no influehdER2 onp27P* expression. This
might be explained by the findings of Zezelaal. who showed that endothelial cells in GO
phase contain abundant amounts of ‘B27and low levels of p2¥™°P! whereas after
mitogenic stimulation (bFGF or phorbol ester phdthd3-dibutyrate) levels of p23™cP
are elevated and the levels of f%7remain unaltered. [62] Furthermore, it has beerwsho
that p2¥** is unable to mediate PKC-induced cell cycle arieshe absence of p2A/cPt
Besides, p2%* protein levels were repressed by IER2 wheread¥i2* elevated p2%* to
baseline levels, and the combination of IER2 and"#Z“"* resulted again in a drop of
p27®. The mechanism behind these effects remains elusind warrants further
investigation. Moreover, we detected no influendelER2 on PMA-activatedcyclin D1

expression. In contrast, IER2 transfected HEK293 cevealed decreased cyclin D1 protein
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levels. This might be a result of PBRQ@pregulation that has been shown to decreasencycli
D1 and cyclin E proteins co-immunoprecipitated wittk6 and cdk2, respectively. [134]
Interestingly, transfection of a p£{“P* expression plasmid restored cyclin D1 levels ® th
initial level. Upon co-transfection of IER2 and ¥24°" that resulted in undetectable levels
of p21"¥™/©P1\ye observed similar baseline cyclin D1 levels. tBa one hand, this might be
due to the fact that p23™®"* induces growth arrest by inhibiting the activitf @yclin-
dependent kinases (cdks) or of proliferating ceitlear antigen (PCNA) [70] that is not
affected in our experimental setup. On the othedh@21?™/“P! might act as an assembly
factor for cdk/cyclin complexes. p#i*®?* has been found to promote the assembly of cdk4/6
and cyclin Din vitro and associates with cyclin D1/cdk4 complexes duret] cycle
progression. [135] The role of p#£i“P* as an assembly activator or inhibitor dependg®n i
expression level. At low and intermediate conceiung it is an assembly factor, while at
high concentrations it is an inhibitor. [136, 13This is an important issue for future

yafl’ePl and the influence of

experiments analysing the effect of increasing amowf p2
IER2 on phosphorylated cyclin D1 as well as totallio D1 levels and on the kinase activity.
This will contribute to earlier findings which hagbown that phorbol ester treatment inhibits
cyclin D1 activity in human venous endothelial sédased on the presence of increased levels

\j{afllcipl

of cell cycle inhibitor p2 in cyclin D1/cdk4 complexes. [61, 62]

Consequences of alterpa1"™cP!

expression have been shown to affect downstreamtev

such as E2F-dependent transcription resulting anghs of cell cycle progression, which in
turn can lead to a switch between cell survival dadth. [70] It is commonly accepted that
p2
retinoblastoma tumor suppressor protein (pRb). hg@ophosphorylated state, pRb associates

1vefePlinfluences cell cycle progression by controllihg @ctivity of cdks that act on the

with E2F transcription factors to prevent the aatiion of genes required for progression into
S phase. Phosphorylation of pRb by G1 phase cdkpleoms releases E2F and thereby
enables progress through the cell cycle. [26] Iddesing E2F-luciferase reporter assays we
observed that IER2 counteracted the "B2fP:mediated block of E2F-dependent
transcriptional activity. Furthermore, we confirmtht p21"@/°P1 expression was strongly
induced by E2F1, a well-known activator p21"3"/®P! expression mediating a negative
feedback loop. [128] Moreover, Delavaiaeal. have suggested a p£t/“PLdependent and
cdk/pRb activity-independent mechanism that faatidis the transcriptional regulation of E2F
by association of p2£™/“P! with E2F subunits. [138] This might also explaire tweak
effects of IER2 on cyclin D1, and additional expegnts will address whether IER2 affects
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the pRb status. In contrast {ER1***P! |ER2 expression was not induced by E2F1,
concluding thalER2 is not regulated by the transcription factor E2Flas been recently
shown that both E2F1 and IER2 have the ability todbto the promoter and act as
transcriptional activators for the geif®YNA1 which encodes human inositol 1-phosphate
synthase, playing important roles in several biglalgprocesses. [54] This finding suggests
that IER2 may function as a transcriptional (cegtor, similar to other IEGs that often act as
transcription factors or transcriptional co-factoj31] Nevertheless, further analysis of the
IER2 regulation ofp21*¥°P! and the divergent influence of all E2F transcdptifamily

members [139] will be needed to reveal deeper Imsionto the IER2-driven mechanism.

As mentioned above, long-time addition of PMA toltere medium inhibits human
endothelial cell growth by increasing the levels pR1*™/°PL [62] Indeed, upon
microscopical examination we observed reduced dmilsity and changes in morphology in
PMA treated HUVEC. They lost their cobblestone shapdhesion, and turned into
condensed, small, and round cells, resembling afiogndothelial cells. [140] It is important
to note that ectopic IER2 expression in addition RMA stimulation resulted in an
“endothelial cell-specific” proliferative morpholggf these cells, showing less cobblestone
but elongated cell shape, and they almost readeddame cell density when compared to
HUVEC without treatment (Fig.24). These findingsthfier supported the idea that IER2

1waf1/0|pl and

influences HUVEC survival as a consequence of IBR2Hated inhibition op2
concomitant activation of E2F-dependent transaiptilin fact, we found that the total cell
number of PMA treated HUVEC was reduced by apprexaty 50% within twenty-four
hours. Ectopic IER2 expression counteracted the Rct, and cells almost doubled within
twenty-four hours. Moreover, we observed no chamge®ll viability whereas PMA treated
control cells demonstrated lower metabolic activiiepicted as per cent of viable cells
(Fig.25B). In addition, IER2 rescued HUVEC from PM#duced apoptosis as we measured
30% less apoptotic cells after twenty-four hoursmpared to control cells. It is important to
note that IER2 expressing cells proliferated, altfftoPMA was added to the culture medium.
Nevertheless, a portion of these proliferating scelhderwent apoptosis within twenty-four
hours which seems to be a result of ineffectiveatibn of all cells thus not reaching 100%
efficiency. As a second approach to confirm whetB& counteracts PMA-induced apoptosis
we assessed poly ADP-ribose polymerase (PARP) atggwvhich is an established apoptosis
indicator downstream of caspase activation. Duapgptosis, PARP, a 116 kDa protein that

normally functions in DNA damage detection and nepa cleaved by caspase-3 and caspase-
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7. This cleavage effectively counteracts PARP-ntedid®NA repair and triggers apoptosis.
[92, 93] Interestingly, PMA-induced p#*P* as well as PARP cleavage within two to four
hours, whereas in IER2 expressing cells PMA-indus2d®™"/“P* expression was inhibited

and PARP cleavage suppressed. Thus, IER2 repres@migel so far not described regulator

14l and indicates a role as a regulator of cell pecdifion and cell death.

of cytosolic p2
Important to note is that cytosolic pFE/“** has been described to predominantly exert anti-
apoptotic functions, [128] whereas we showed propémtic activity of cytosolic p2'£™/cr

in HUVEC. Similar results, however, in contrastairs, have been shown by Levkaiual
They indicated that growth factor deprivation of YK induces apoptosis via cdk2

upregulation, concomitant reduction of cytosolic1{52/cP*

and emerging PARP cleavage
within four to eight hours. [71] We highlight a neocomplex but specific IER2 function in
HUVEC. In contrast to our results some studies hslwvewn enhanced IER2 expression
during the induction of apoptosis, and there #elievidence that IER2 expression might

promote apoptosis. [53]

Nevertheless, others have reported that IER2 esjoresalso correlates with cell
differentiation, e.g., TPA/ PMA-induced differerttean of HL-60 cells [37] and during
neuronal differentiation of rat hippocampal cetids. [34, 51, 141] These findings, and also
that PKG triggers p2¥@/°P! cytosolic accumulation [129] indicate that subdelt

distribution of pzft'afl/cipl

is not the key mechanism of exerting its functaod demonstrates
further that cytosolic p2£/“**in human endothelial cells might act as a prowel as anti-
apoptotic protein. Nevertheless, we only reporteat fapoptosis concurred with P21/cP!

levels without determining whether ggi/cP

is required for the induction of apoptosis and
indicating a clear pro-apoptotic p£¥/°P* role. Further analyses will be needed to invesgiga
the exact role of p2£™/°P* under these conditions, e.g., Z¥“Pmediated inhibition of
anti-apoptotic B-cell lymphoma 2 protein (BCL-2) opregulation of pro-apoptotic BCL2-

associated X protein (BAX).

Extensive research over the preceding decadesifiddngrowth factor receptors as crucial
oncogenic mediators altering cellular signaling #melr contribution to tumorigenesis. [142]
In addition, PKC signaling was identified as théhpaay involved in the carcinogenic effects
of phorbol esters and further investigations resgalhat PKG generally executes pro-
apoptotic signaling during cellular stress-indu@gmbptosis, but also functions as an anti-

apoptotic protein during receptor-initiated celbhtte This dual function of PK&depends on
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e.g., its intra-cellular localization, its tyrosipdosphorylation, and on the presence of other
pro- and anti-apoptotic target proteins and invdlggnaling pathways. In this regard, PKC
in different cancer subtypes can specifically afteienor survival or tumor suppression. [63]
Moreover, the cyclin-dependent kinase inhibitor 2" was classified as a tumor
suppressor in a tp53-dependent as well as -indepémalanner. However, extensive research
indicated that p2'£™/“P* exhibits pro-cancer or anti-cancer activity infetiént tumor cells
due to heterogeneity in their regulation in a celhtext- and stress-dependent manner. [63,
78]

We showed that constitutive IER2 expression as \@ndtseam consequence of abnormal

1varePl expression. This reversed the PP1PL

growth factor signaling repressea?
mediated cell cycle block and resulted in changeliular proliferation driven by E2F-
dependent pro-survival mechanisms. Therefore, iaig up to the recognition of IER2 as a

novel PKG-dependent regulator p@21"a™/ciPt

it was obvious to analyze IER2 expression and
its contribution to cancer development. Recent ipabbns have linked IER2 and cancer,
however, without investigating the mechanism behiadltered expression. [39, 55, 56] In
the experiments presented here, we analyERR mRNA levels in tumors and in the
corresponding adjacent mucosa from patients sofjadifferent stages of colon cancer (Table
5). Alveset al. have shown enhancéBR2 expression in primary colon cancer compared to
normal colon mucosa using massively parallel sigigasequencing (MPSS). [56] Contrary to
our expectationdER2 mRNA expression was suppressed in eight out ofusror size T2-
T3 primary colon cancers compared to their reldtedor free mucosa, and additionally we
detected no IER2 protein in two human colon cancell lines (Caco2, HCT-116).
Nevertheless, it has recently been reported th&2IEexpression correlates with poor
metastasis-free and overall survival in patientthweolorectal adenocarcinomas. [39]
Therefore, analysis of a significant number of Istage tumors or metastatic colon cancer
samples might reveal differences of IER2 expresaiwh clarify whether IER2 contributes to
tumorigenesis and metastasis. However, this hae forther carefully examined because we
discovered varying IER2 levels within tested huntamcer cell lines derived from four
different origins. We detected low and high IERZeks in DU145 and PC3 androgen
resistant prostate cancer cell lines, respectivelg.important to note that they have revealed
different metastatic potential in mouse xenografieziments: DU145 cells cause moderate,
whereas PC3 induce high rates of metastases. [A8B# contrast, we also detected high

intensity of IER2 in the androgen sensitive LnCapsfate cancer cell line exposing low
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metastatic potential. [145, 146] This might be axptd by the complexity of transcriptional
and posttranslational regulation of androgen rewepignaling in prostate cancer. [147]
Furthermore, we found no IER2 protein expressiotested breast cancer (ZR-751, MCF7)
or in metastatic breast cancer cell lines (MDA-M&4 MDA-MB-231; Fig.27B) although
Alves et al. found a two-fold induction ofER2 in breast cancer compared to normal breast
tissue. [56] In addition, they have shown the grstatlifference between normal melanocytes
and metastatic melanoma tissué& found IER2 in two metastatic melanoma cell liives-

7 (spleen) and Mel-15 (lymph node) compared tothgainelanocytes, but not in Mel-17
(skin). This might be explained by the fact thatlanemas can metastasize either by the
lymphatic or by the hematogenous route, beginninth veither satellite or in-transit
metastases next to the primary tumor in the skith kggional lymph node metastasis, or with
distant metastasis. [148] Conversely, IER2 alsaaedated in the A-375 melanoma cell line,
a low metastatic but amelanotic cell line. It igpmntant to note that two cell lines, Mel-7 and
A-375, exhibited strongly reduced levels of B¥¥°P* but varying tp53 status, compared to

melanocytes. This argues for differences in andiggaation of tp53-independent but IER2-

p2 1waf1/cip1_

dependent mechanisms in cancer development.

Recently it has been shown thHER2 is one out of eleven overexpressed genes in
melanocytes exposed to UV-A radiation, an importantinogen in melanoma development.

In addition, the cell cycle inhibitor p#3®* among few other cell cycle regulators and

stress proteins, is also induced. [55] Furthermp2d"?/®Ptjs a known checkpoint control in
melanoma progression since it has been found toftba lost in late melanoma stages. [79,
80] Hence, it might be suggested that IER2 is dieearly regulated in melanoma
development and contributes to J&¥°" loss of function. Besides, it has been describad t
IER2 is transcriptionally activated in human T-cell kemia virus type | (HTLV-I) infected
cells and is regulated by Tax, a viral oncogenewstg tumorigenic growth stimulating
activity and playing a role in adult T-cell leuker(ATL). [44] Moreover, HTLV-1 Tax has
been found to induce senescence, a growth arregrgm, by upregulating the levels of
cyclin-dependent kinase inhibitor p2t/°P% [149] These reports additionally support our
results and demonstrate a link between IER2 and®f5%" in cancer. Besides, IER2 has
been found to share weak homology to JUNB and JUB®]},both located at the same region
on chromosome 19. These proto-oncogenes have letlapping and independent functions
controlling cellular proliferation, cell cycle ast senescence, and the response to stress [150]

6N K4a

by the regulation of e.g., cyclin-dependent kinaéebitor pl as a direct transcriptional
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target of JunB. [151] These findings together colulidher indicate a specific function of
IEGs influencing cell cycle regulators and act esg@oncogenes.

Recapitulating, IER2 levels differed in analyzedasr cell lines and patient biopsies. It is
most likely that IER2 exerts its function in additito the dual activity of both PKCand
p21¥aleiblin 5 cell type and cellular signaling specific man This is supported by our data
as well as by Neebt al. showing IER2 protein levels in one out of threghhimetastatic
pancreatic, in six mammary (one high positive, ptlweak protein levels), and in one out of
three prostate carcinoma cell lines with differeme¢tastatic potential. Nevertheless, IER2
expression significantly correlates with a shorttas&sis-free survival and with a poor
overall survival in patients with colorectal adeaminomas. Moreover, they have found an
IER2 specific effect only on migration; contrary ¢ar data they have not observed any
influence on cell proliferation. [39] This may beelto differences of the IER2 function in
tumor cells and endothelial cell proliferation-megéid angiogenesis and blood vessel
formation contributing to tumor progression and as#sis. Further ongoing experiments
using IER2 knockdown tools should address IER2rmwmth factor-driven cancer models.
Analyzing high/ oncogenic IER2 levels and its ctmttion to cell proliferation, migration,
cell death, chemo-resistance, and differentiatidhl@ad to a better understanding of IER2 in

cancer.

As summarized in our model (see below), we confitrnrethis study that immediate early
response gene 2 (IER2) expression is inducible oyt factors and by the tumor and
angiogenesis promoting agent PMA leading to thivaion of the PKG signaling cascade.
Importantly, we present for the first time a bidlaj and mechanistic function for this poorly
characterized protein showing that IER2 represkeseixpression of cell cycle inhibitor
p217aeiPl o the level of transcription and by altered pirotstability. As a consequence,
IER2 rescues human endothelial cells from PMA-imtuapoptosis by reversing the

p2 1waf1/cip1_

experiments were carried out in cultures of primiamynan endothelial cells, thus we assume

mediated blockage of E2F-dependent transcripida.wish to point out that our

that the observations in this study are relevamthiéonormal endothelial cell cycle vivo. Our
findings of a novel regulator of pA"“P* may be a further step to increase the knowledge of
malignancies that result from differentially regeld cell cycle progression resulting in

enhanced proliferation or malfunctioning apoptgiiocesses. IER2 represents a putative
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novel player in the regulation of tumor progressamd metastasis and therefore a potential

target for prognostic and therapeutic strategiesincer.

PMA long short long
IER2 transient transient stable/oncogenic
p21 prolonged transient blocked
PMA PMA PMA
° PKCS PKCS PKCB
= - \ o~ X & l k
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w
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Fig.29: IER2 mediates a functional switch betweeltutar proliferation and cell death in HUVEC up®MA
treatment by suppressing pP1°P! expression.The diacylglycerol analog PMA mimics growth factor
stimulation and leads to the activation of the Pd{g@haling cascade. Short-time activation (dottedves) of the
isoenzym PKG@G leads to induced and steady-state levels of dgclin complexes, the cell cycle inhibitor
p21¥ai/ePl a5 \well as IER2 which promote G1/S phase progressi the cell cycle (middle panel). Appropriate
and time-dependent regulation of pro-survival vergro-apoptotic mechanisms result in a steady-tdatd of
proliferation versus cell death. Long-time actigati(black arrows) with PMA supports the functiosalitch in
the dual effects of p24™“% Upon prolonged PKC activation, increased 524" expression prevents entry of
cells into S phase and drives endothelial cellld@aft panel). Alterations in this balanced sigmgimachinery,
namely improper downregulation of IER2, promotes ttranscriptional) suppression of $21°P* thereby re-
directing the pathway towards activated E2F agtidand cellular proliferation (right panel). This RE-
controlled balance may constitute to a protectiemanism during the early state of growth factongliation
and finally facilitate the unhindered, correct teration of the response.
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