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Abstract

ABSTRACT

The cyclin-dependent kinase (CDK) inhibitor p27 (CDKN1B) mainly functions as cell cycle
regulator, which controls the progression from G1 to S phase by binding and inhibiting
cyclin-E, -A/CDK2 complexes. In over 50 % of human cancers, p27 levels are reduced, which
has been associated with tumor aggressiveness and poor clinical outcome. Moreover, in 8 %
of endocrine tumor patients, somatic p27 mutations and genomic deletions could be
observed. In our studies, 56 % of human pheochromocytomas (PCC; tumors of the medulla

of adrenal glands) were associated with under-expressed p27.

In our lab, we have available a rat model with a phenotypic overlap with MEN1 (multiple
endocrine neoplasia) and MEN2 syndromes. These rats named MENX and they develop
neuroendocrine tumors, because of a germline frameshift mutation in the gene encoding
p27. In addition to parathyroid adenoma, pituitary adenoma and multifocal c-cell
hyperplasia, MENX rats also develop bilateral PCCs with complete penetrance. MENX rats
display a phenotypic and genotypic overlap with MEN4 patients also bearing mutations in
p27. Rat PCCs recapitulate human PCCs regarding e.g. blood pressure, catecholamine

secretion and histopathological features.

Recently, a novel role of p27 as transcriptional regulator in mouse embryonic fibroblasts
(MEFs) was reported. Specifically, in these cells p27 interacts with the transcription factors
(TFs) p130, E2F4 and other co-factors to associate with specific promoters of target genes to
repress their expression. Although ubiquitously expressed, p27 causes exclusively
neuroendocrine tumorigenesis in MEN4 patients and MENX rats. In this context, the
molecular processes are unknown. So, we hypothesized a putative function of p27 as
transcriptional regulator in neuroendocrine cells; for this study adrenomedullary cells were
used as cell model. In contrast to MEF cells, we could show that p27 does not interact with
p130 and E2F4 in adrenomedullary cells. Therefore, we suggested an interaction of p27 with
other TFs in adrenomedullary cells. To investigate this issue, we performed p27 ChIP-Seq
experiments. After we successfully established a suitable anti-p27 antibody and we proved
binding of p27 to the chromatin in adrenomedullary cells, the p27 ChIP procedure was
optimized to use it finally for rat and human adrenomedullary tissues. Quantitative next

generation sequencing identified RUNX1-binding sequences as highly enriched in rat p27
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Abstract

ChIP samples. Indeed, in this study RUNX1 could be identified as novel direct interaction

partner of p27 in rat adrenomedullary cells.

Bioinformatic analyses revealed several putative p27/RUNX1 target genes (e.g. Znf563,
Apocd, Tcf4 and Gata2). Expression studies showed Znf563 to be over-expressed in adrenal
cells when p27 or/and RUNX1 are silenced, whereas Gata2 was under-expressed and Tcf4
was unchanged. Apoc4 expression was controversial in different adrenal cell systems. In
conclusion, Znf563 could be elucidated as the most promising p27/RUNX1 target when p27
works as a transcriptional repressor in adrenal cells. Additionally, GATA2 was shown to

interact with RUNX1 in these cells.
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Zusammenfassung

ZUSAMMENFASSUNG

Die Hauptfunktion des Cyclin-abhdngigen Kinase (CDK)-Inhibitors p27 (CDKN1B) ist die
Regulation des Zellzyklus. Durch Bindung und Hemmung von Cyclin E, -A/CDK2-Komplexen
kontrolliert p27 den Ubergang von der G1- in die S-Phase. In (iber 50 % aller Krebsarten ist
die Expression von p27 reduziert, was mit Aggressivitait der Tumoren und schlechter
klinischer Prognose einher geht. Desweiteren konnten in 8% aller Patienten mit
neuroendokrinen Tumoren somatische p27-Mutationen und genomische Deletionen
festgestellt werden. In Studien unserer Arbeitsgruppe konnten 56 % aller untersuchten
humanen Phdochromozytomen (PCC; Tumoren der Medulla der Nebennieren) mit

runterreguliertem p27-Level assoziiert werden.

In unserem Labor arbeiten wir mir einem Rattenmodel, welches einen Uberlappenden
Phanotyp mit dem MEN1- (multiple endokrine Neoplasie) und MEN2-Syndrom zeigt. Diese
MENX-Ratten entwickeln neuroendokrine Tumoren, die von einer Keimbahn-Mutation
verursacht werden, die zu einer Leserasterverschiebung des Gens fiihrt, das fir p27 kodiert.
Neben Nebenschilddrisenadenomen, Hypophysenadenomen und multifokalen C-
Zelltumoren entwickeln die MENX-Ratten auch bilaterale Phdaochromozytome; letzteres mit
vollstandiger Penetranz. MENX-Ratten sind ein Modell fir MEN4-Patienten, die
phanotypisch und genotypisch mit dem Rattenmodell Gibereinstimmen, indem sie, aufgrund
von p27-Mutationen, bzgl. Blutdruck, Katecholamin-Sekretion und histopathologischen

Aspekten, dhnliche Symptome aufweisen.

Kirzlich wurde eine neue Funktion von p27 als transkriptioneller Regulator in murinen
embryonalen Fibroblasten (MEFs) beschrieben. p27 bindet in diesen Zellen mit den
Transkriptionsfaktoren p130, E2F4 und anderen Co-Faktoren, um an spezifische Promotoren
von p27-Zielgenen zu binden. In MEN4-Patienten und MENX-Ratten verursachen p27-
Mutationen ausschlieRlich die Entwicklung neuroendokriner Tumoren, obwohl p27 ubiquitar
im Organismus exprimiert wird. Die verursachenden molekularen Prozesse sind dazu noch
unbekannt. Daher vermuteten wir eine potenzielle Funktion von p27, als Transkriptions-
Regulator in neuroendokrinen Zellen. Zur Bearbeitung dieser Hypothese wurden in dieser
Arbeit adrenomedulldre Zellen, reprdsentativ fliir neuroendokrine Zellen, verwendet. Im

Gegensatz zu MEFs konnten wir zeigen, dass p27 in adrenomedulldren Zellen nicht mit p130
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Zusammenfassung

und E2F4 interagiert. Daher nahmen wir an, dass p27 in diesen Zellen mit anderen
Transkriptionsfaktoren an die DNS binden kann. Um diese potenziellen Interaktionspartner
von p27 zu identifizieren, fihrten wir p27-ChlIP-Seq-Experimente durch. Nachdem wir einen
geeigneten p27-Antikorper etabliert und die tatsdchliche Bindung von p27 an die DNS
adrenomedulldrer Zellen bestdtigen konnten, wurde das p27-ChIP-Protokoll fir
adrenomedulldre Gewebe von Mensch und Ratte optimiert. Unter anderem konnten per
quantitative next generation sequencing angereicherte spezifische Sequenzen fir den
Transkriptionsfaktor Runx1 identifiziert werden. RUNX1 konnte in dieser Arbeit erstmals als

Interaktionspartner von p27 in adrenomedulldren Zellen von Ratten identifiziert werden.

Bioinformatische Analysen ermittelten potenzielle p27/RUNX1-Zielgene, wie Znf563, Apoc4,
Tcf4 und Gata2, deren Expression wir in Nebennierenzellen mit runterreguliertem p27
und/oder RUNX1 untersuchten. Aufgrund gehemmter p27/RUNX1-Expression war Znf563
Uberexprimiert, wahrend Gata2 runterreguliert war. Die Expression von Tcf4 war
unverandert und die Expression von Apoc4 war in verschiedenen Nebennierenzell-Modellen
kontrovers. Wenn p27, wie oben beschrieben, als transkriptioneller Repressor agiert, konnte
Znf563 als vielversprechenstes p27/RUNX1-Zielgen ermittelt werden, da seine Expression
nach p27/RUNX1-Inhibierung erhoht war. Zusatzlich konnten wir GATA2 als

Interaktionspartner von RUNX1 identifizieren.
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WAS ORIGINALLY PUBLISHED IN JNM. GAERTNER ET AL. TITLE. J NucL MEep. 2013; 12: pp:2111-2117. © BY THE SOCIETY
OF NUCLEAR MEDICINE AND MOLECULAR IMAGING, INC.] uturieurirnessiesmesssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssanees 7

FIGURE 5: CDKN1B MUTATION FOUND IN MENX RATS. SHOWN IS THE ALIGNMENT OF ANNOTATED WT P27 SEQUENCE WITH THE
MENX MUTANT P27. THE MUTANT P27 IS 21 AMINO ACIDS LONGER THAN THE WT PROTEIN DUE TO THE 8 BP INSERTION AT
THE INDICATED POSITION. (PELLEGATA ET AL., 2006) [COPYRIGHT (© 2006) NATIONAL ACADEMY OF SCIENCES] cuvvvveernerenas 10

FIGURE 6: PCC IN MENX RATS. H&E STAININGS REVEALED THAT PCC DEVELOP IN THE MEDULLARY PART OF THE ADRENAL GLANDS OF
MENX MUTANT RATS. IN COMPARISON WITH ADRENAL GLANDS OF WT RATS, THE ADRENAL CORTEX IS EXTREMLY COMPRESSED
DUE TO THE EXPANSIVE GROWTH OF THE ADRENAL MEDULLA. [SCALE BAR: 200 LUM; COR: CORTEX, MED: MEDULLA] ..covvvenens 11

FIGURE 7: ASSEMBLY OF THE RNA POLYMERASE |l PRE-INITIATION COMPLEX AT RIBOSOMAL RNA GENE PROMOTERS. THE ASSEMBLY
BEGINS WITH THE BINDING OF UPSTREAM BINDING FACTORS TO THE UPSTREAM CONTROL ELEMENTS AND CORE ELEMENT OF THE
RDNA PROMOTER. TBP INITIATES THE PRE-INITIATION COMPLEX ASSEMBLY BY BINDING TO THE TATA BOX OF PROMOTERS.
TFIIA AND TFIIB INTERACT WITH TBP (IN COMPLEX WITH TFIID) AND REINFORCE ITS BINDING TO DNA. IN TURN, TFIIB
RECRUITS RNA POLYMERASE Il, TFIIE AND TFIIF, THUS POSITIONING RNA POLYMERASE Il OVER THE TRANSCRIPTION START
SITE. TFIIH MEDIATES "MELTING' OF THE TRANSCRIPTION START SITE TO FORM THE OPEN COMPLEX. cuvvueesessesssesssssesssssssssnssnns 12

FIGURE 8: GRAPHIC REPRESENTATION OF THE NUCLEAR AND CYTOPLASMIC INTERACTIONS OF P27. UPON MITOTIC STIMULATION, P27
IS RELEASED FROM CYCLINE/CDK2 COMPLEXES AND THIS DISSOCIATION FROM P27 ACTIVATES CDK2, WHICH PHOSPHORYLATES
PRB. PRB RELEASES THE TF E2F, WHICH INDUCES THE EXPRESSION OF GENES REQUIRED FOR THE G1 TO S PHASE PROGRESSION.
AFTER THE DISSOCIATION OF P27 FROM THE CYCLINE/CDK2 COMPLEX IN EARLY G1, A PORTION OF P27 IS PHOSPHORYLATED
ON SER10 AND EXPORTED INTO THE CYTOPLASM THROUGH THE INTERACTION WITH CRM1 (EXPORTIN). ONCE IN THE
CYTOPLASM, P27 IS UBIQUITINYLATED BY THE KPC1/KPC2 COMPLEX, WHICH PHOSPHORYLATES THE PROTEIN AT THE THR187
RESIDUE, THEREBY CREATING A RECOGNITION SITE FOR THE SKP2 LIGASE, WHICH PROMOTES UBIQUITINYLATION-MEDIATES
DEGRADATION OF P27 BY THE PROTEASOME IN S PHASE [PELLEGATA, NATALIA S..MENX AND MEN4. CLINICS [ONLINE].
2012, voL.67, suppL.1, PP.13-18. ISSN 1807-5932. HTTP://DX.DOI.ORG/10.6061/cCLINICS/2012(SUP01)04.] ........ 14

FIGURE 9: MODEL ILLUSTRATING THE PARTICIPATION OF P27 ON THE ORGANIZATION OF P130/E2F4 REPRESSOR COMPLEXES. P130
FIRST DRIVES E2F4 TO THE PROMOTERS OF P27 TARGET GENES, THEN P27 IS SUBSEQUENTLY LOADED BY DIRECTLY INTERACTING
VIA ITS CARBOXYL-DOMAIN WITH BOTH P130 AND E2F4. FINALLY, P27 RECRUITS THE CO-REPRESSORS HDAC1 AND MSIN3A
ON THESE PROMOTERS .16

FIGURE 10: EXPRESSION OF P27 IN RAT AND HUMAN ADRENOMEDULLARY TISSUES. (A) IHC OF THE MEDULLA OF ADRENAL GLANDS OF
ONE WT RAT TISSUE SAMPLE AND ONE HUMAN ADRENOMEDULLARY TISSUE SAMPLE. THE STAINING OF P27 COULD BE
OBSERVED IN THE MAJORITY OF THE CELL NUCLEI [SCALE BARS: 20uM; P27: 1:400]. (B) IF OF P27 IN RAT WT AND HUMAN
TISSUES OF THE ADRENAL MEDULLA. THE UPPER PICTURES SHOW P27 (GREEN), WHEREAS THE LOWER ROW REPRESENTS THE
MERGED CHANNELS FOR P27 (GREEN) AND DAPI (BLUE), WHICH COUNTERSTAINED THE CELL NUCLEI. [SCALE BARS: 10uM;
P27:1:400] [REPRESENTATIVE DATA FROM RAT (N=6) AND HUMAN (N=4) SAMPLES.] ceovvererrerrierernsrssessssssssssssssssessssssssssssenns 49

FIGURE 11: P27-IP EXPERIMENTS WITH CELL LYSATES OF DIFFERENT CELL LINES. IN PC12, REF, MCF7, HELA AND HEK293T CELLS
P27 COULD BE IMMUNOPRECIPITATED SUCCESSFULLY BY THE USE OF THE MONOCLONAL A-MOUSE ANTI-P27 ANTIBODY FROM
BD TRANSDUCTION LABORATORIES'™. [P27:1:500, 27 KDAJ..ovuriereurerrerreeresssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssens 50

FIGURE 12: P27-IP EXPERIMENTS WITH PC12 CELLS TREATED WITH PROTEASOME INHIBITORS MG132 AND BORTEZOMIB IN
COMPARISON WITH UNTREATED PC12 CELLS. ALTHOUGH THE ENDOGENOUS P27 LEVEL INCREASED DUE TO THE PROTEASOME

X1V



List of Figures

INHIBITOR TREATMENTS (SEE INPUTS), NO ENHANCED |P-EFFICIENCY COULD BE DETECTED IN THESE CELLS (SEE IP). FOR P27-IP
THE MONOCLONAL A-MOUSE ANTI-P27 ANTIBODY WAS USED. [P27: 1:500, 27 KDA] cecovurnrermmrmerssssssssessssssssssssssssessssssssssssnees 51
FIGURE 13: P27-IP IN PC12 CELLS STARTING FROM 500 UG OF PROTEIN AND PERFORMED WITH THE OPTIMIZED ANTI-P27 ANTIBODY.
THE P27-IPS WERE PERFORMED EITHER 1 HOUR (1H) AT 4 °C OR OVERNIGHT (16H) AT 4 °C. THE DURATION OF THE
INCUBATION TIME HAD NO EFFECT ON THE EFFICIENCY OF THE P27-IP, SINCE THE DETECTED SIGNAL IS SIMILAR WITH BOTH
CONDITIONS. THE NEGATIVE CONTROL (IGG-IP) DID NOT PULL-DOWN P27, WHICH INDICATES A HIGH SPECIFICITY OF THE ANTI-
P27 ANTIBODY. [P27: 1:500, 27 KDA].i.ostrrreurrrsmesrsssessssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssnsssssanssns 52
FIGURE 14: CO-IP EXPERIMENTS OF ADRENAL CELLS AND MEF CELLS FOR THE VALIDATION OF P27 TO PULL-DOWN P130 AND E2F4.
IN PC12 CELLS AS WELL AS IN ADRENOMEDULLARY TISSUES FROM A WT RAT, NEITHER P130 NOR E2F4 COULD BE DETECTED BY
P27 cO-IP. MEF CELLS WERE USED AS CONTROL CELLS, SINCE AN INTERACTION OF P27 WITH P130 AND E2F4 WAS REPORTED
BY PIPPA ET AL. (2012). [P27: 1:500, 27 kDA; P130: 1:200, 130 KDA; E2F4: 1:200, 44 KDA]..cveriereereensersersessessessessens 52
FIGURE 15: P27 ASSOCIATES TO THE CHROMATIN IN ADRENAL CELLS. (A) AGAROSE (1 %) GEL ELECTROPHORESIS SHOWED THE
DIFFERENT NUCLEAR FRACTIONS OF RAT WT ADRENOMEDULLARY TISSUES (N=3; EACH SAMPLE WAS A POOL OF 3 ADRENAL
MEDULLAS FROM 3 DIFFERENT RATS). (B) IN PC12 CELLS, MPC CELLS AND RAT ADRENOMEDULLARY TISSUES, P27 COULD BE
DETECTED IN THE EUCHROMATIN AND IN THE NUCLEAR MATRIX BY WESTERN BLOTTING. IN ADDITION, P27 COULD BE OBSERVED
TO BIND TO EUCHROMATIN IN PC12 AND MPC CELLS. REPRESENTATIVE DATA FOR PC12 AND MPC CELLS FROM THREE
TECHNICAL REPLICATES. [P27: 1:500, 27 KDAJ..erurereureureresseusessessessessessssssssesssssessessssssssssssssssssssssssssssssssssssssssssssssssssssassssssssansans 54
FIGURE 16: CHIP-SEQ WORKFLOW WITH AN ANTI-P27 ANTIBODY. ADRENOMEDULLARY TISSUES FROM WT RATS AND HUMAN
INDIVIDUALS NEEDED TO BE MINCED IN SINGLE CELLS FOR LYSIS AND CROSSLINK PROTEINS WITH DNA. AFTERWARDS, THE ANTI-
P27 ANTIBODY PULLED-DOWN P27-BOUND DNA FRAGMENTS BY IP. THE DNA WAS PURIFIED AND SEQUENCED. SEQUENCING
GENERATED SEVERAL MILLION SHORT READS, WHICH WERE MAPPED TO THE REFERENCE HUMAN OR RAT GENOME BY SHORT
READS ALIGNMENT PROGRAMS (LANGMEAD ET AL., 2009). IDENTIFICATION OF CHIP ENRICHED REGIONS WAS ACCOMPLISHED
BY PEAK CALLING ALGORITHMS (CHEN AND ZHANG, 2010; WILBANKS AND FACCIOTTI, 2010). IDENTIFIED CHIP ENRICHED
REGIONS WERE SUBSEQUENTLY VALIDATED. .vcuevuetssssessssssssessssssssssssssssssssssasessssssssessssssssssssssssssasssssstessssssstessssastesssssessassassassansans 55
FIGURE 17: P27-CHIP EXPERIMENTS WITH PC12 AND MEF CELLS. (A) THE SIZE OF DNA SEQUENCES OBTAINED BY SONICATION WAS
CHECKED BY AGAROSE (1 %) GEL ELECTROPHORESIS. THE LEFT LANE SHOWS THE MEF CELL FRAGMENTS AND THE RIGHT LANE
SHOWS THE PC12 CELL FRAGMENTS AFTER TWO AND FOUR CYCLES OF SONICATION. FOR MEF AND PC12 CELLS, THE SUITABLE
FRAGMENTATION (AROUND 500 BP) WAS REACHED AFTER FOUR SONICATION CYCLES. (B) AFTER P27 CHIP EXPERIMENTS, THE
P27 PULL-DOWN WAS CHECKED BY WESTERN BLOTTING USING AN ANTI-P27 ANTIBODY. THE SUCCESS OF THE P27 CHIP WAS
CONFIRMED IN PC12 AND MEF CELLS. [P27: 1:500, 27 KDA] .57
FIGURE 18: P27 CHIP-SEQ EXPERIMENTS OF RAT AND HUMAN ADRENOMEDULLARY TISSUES. (A) TWO RAT SAMPLES WERE PREPARED
FOR P27 CHIP-SEQ AS REPLICATES. BOTH SAMPLES WERE GENERATED AS POOL OF AT LEAST THREE ADRENAL MEDULLAS FROM
AT LEAST TWO DIFFERENT RATS. ONE HUMAN SAMPLE WAS GENERATED AS POOL OF THREE TISSUE PIECES FROM THREE
DIFFERENT HUMAN INDIVIDUALS. (B) AFTER SONICATION AND P27 CHIP, THE SIzE OF DNA FRAGMENTS WAS CHECKED BY GEL
ELECTROPHORESIS TO VERIFY WHETHER THEY WERE SUITABLE FOR NGS. BOTH RAT AND HUMAN SAMPLES SHOWED A SUITABLE
FRAGMENT SIZE DISTRIBUTION OF 100-500 BP. (C) TO CHECK THE SUCCESS OF P27 CHIPS, WESTERN BLOTTING WAS
PERFORMED WITH AN ANTI-P27 ANTIBODY FROM A SPECIES DIFFERENT THAN THAT OF THE P27 CHIP-ANTIBODY. AS CONTROL,
THE SAME INPUT MATERIAL WAS USED FOR CHIP WITH AN UNSPECIFIC ANTI-IGG ANTIBODY RUN IN PARALLEL TO THE P27 CHIP.
THE DNA EXTRACTED FROM THE ENCIRCLED RAT AND HUMAN INPUT AND P27 CHIP SAMPLES WERE SENT FOR QUANTITATIVE
NGS TO THE COMPANY IMGM LABORATORIES. [P27: 1:500, 27 KDAJ...ruorerererreureuserressessesssssssssssssssssssssssssssssssssssssssssssssseans 60
FIGURE 19: RAT AND HUMAN P27 CHIP-SEQ DATA DISPLAYED WITH THE INTEGRATIVE GENOME VIEWER (IGV BROWSER). AFTER
GENOME MAPPING AND PEAK CALLING, P27 CHIP-SEQ PEAKS WERE VISUALIZED ON A RAT/HUMAN REFERENCE GENOME
(CHROMOSOMES ARE DISPLAYED). BOTH RAT P27 CHIP SAMPLES (CHIP | AND CHIP 1) WERE CALCULATED AS OVERLAP AND
WERE NORMALIZED AGAINST THE INPUT CONTROL. THE UPPER LINE OF THE RAT SAMPLES SHOWS THE REFERENCE RAT GENOME
(RN4). THE HUMAN SAMPLE WAS NORMALIZED TO THE INPUT CONTROL AS WELL AND DISPLAYED IN COMPARISON WITH THE
HUMAN REFERENCE GENOME (HG18) SHOWN IN THE UPPER LINE. cuvuteteeesesseseseesssessessssesssssssssssessssssssssessssssssssssssssssssssssssssnsns 62
FIGURE 20: MOST SIGNIFICANTLY ENRICHED MOTIFS OF RAT P27 CHIP-SEQ EXPERIMENTS OBTAINED BY USING THE MEME-CHIP
SUITE. CONSENSUS BINDING MOTIFS FOR ZNF423 AND RUNX1 COULD BE IDENTIFIED AS MOST SIGNIFICANTLY ENRICHED
SEQUENCES IN RAT P27 CHIP-SEQ SAMPLES NORMALIZED AGAINST BINDING MOTIFS FOR THE INPUT SAMPLE. w..ccvvucurererecneens 64
FIGURE 21: EXPRESSION STUDIES OF ZNF423/ZNF423 AND RUNX1/RUNXI1 IN RAT AND HUMAN TISSUE SAMPLES AND DIFFERENT
CELL LINES. (A) IN RAT ADRENOMEDULLARY TISSUES - WT VS. P27 MUTANTS (MUT) - ZNF423 AND RUNXI SHOWED A
SIGNIFICANTLY INCREASED MRNA EXPRESSION LEVEL IN P27 MUTATED TISSUES. [WT: N=6, MUT: N=10; **: p<0.01 BY
FISHER'S EXACT TEST] (B) WT AND P27 MUTANT RAT ADRENOMEDULLARY TISSUES WERE LOADED ONTO A WESTERN BLOT GEL
AND ANALYZED FOR THE EXPRESSION LEVELS OF ZNF423, RUNX1 AND P27. NO CHANGES IN THE EXPRESSION LEVELS OF
ZNF423 AND RUNX1 WERE DETECTED IN P27-MUTATED RATS (MUT) IN COMPARISON WITH WT RAT TISSUES (WT). IN
CONTRAST, P27 LEVELS COULD BE SHOWN TO BE REDUCED IN MUTANT RATS DUE TO THE CAUSATIVE P27 MUTATION. B-ACTIN
(BACT) WAS USED AS LOADING CONTROL. (C) AT MRNA LEVEL, ZNF423 AND RUNX1 WERE ANALYZED FOR THEIR EXPRESSION
IN HEALTHY AND TUMOROUS ADRENAL TISSUES OF HUMAN INDIVIDUALS. ZNF423 SHOWED AN OVEREXPRESSION LEVEL IN
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HUMAN TUMOR TISSUES, WHEREAS RUNX1 SHOWED A NOT SIGNIFICANTLY REDUCED EXPRESSION LEVEL IN TUMORS. [ADRENAL
MEDULLA: N=2, PCC: N=8; *: P<0.05 BY FISHER'S EXACT TEST] (D) ZNF423, RUNX1 AND P27 WERE DETECTED IN
DIFFERENT CELL LINES BY WESTERN BLOTTING. ALL PCC CELL LINES PC12, MPC AND MTT COULD BE SHOWN TO EXPRESS
ZNF234 AND RUNX1 AT DETECTABLE LEVEL. AS LOADING CONTROL THE HOUSE KEEPING GENE B-ACTIN (BACT) WAS USED.
[ZNF423:1:2000, 100 kDA; RUNX1:1:1000, 49 KDA; P27: 1:500, 27 KDA; BACT: 1:1000, 42 KDA]...ovvrererrrereeeens 69
FIGURE 22: Co-IF EXPERIMENTS IN PC12 AND MPC CELLS. IN PC12 AND MPC CELLS, ZNF423 AND RUNX1 (RED) COULD BE
OBSERVED IN CELL NUCLEI OF SOME CELLS TOGETHER WITH P27 (GREEN). THIS INDICATED A CO-LOCALIZATION OF ZNF423 AND
RUNX1 WITH P27 IN THESE CELLS. REPRESENTATIVE PICTURES OF FOUR TECHNICAL REPLICATES FOR EACH CONDITION. [SCALE
BAR: 20 uM; ZNF423: 1:500; RUNX1: 1:1000; P27: 1:400]....uoerereresreusessessessessesssssssssssssssssssssssssssssssssssssssssssssssssssssans 70
FIGURE 23: CO-IF OF HUMAN AND RAT ADRENOMEDULLARY TISSUES. (A) IN HUMAN ADRENOMEDULLARY TISSUES (N=4), ZNF423
AND RUNX1 CO-LOCALIZED WITH P27 IN CELL NUCLEL. (B) IN RAT ADRENOMEDULLARY TISSUES (N=6), THE STAINING OF
ZNF423 couLD BE OBSERVED IN CELL NUCLEI, ALTHOUGH IT WAS FAINT. IN CONTRAST, THE AVAILABLE ANTI-RUNX1 ANTIBODY
SHOWED AN UNSPECIFIC STAINING IN THE CYTOPLASM OF ADRENOMEDULLARY CELLS. THEREFORE, NO CONCLUSION COULD BE
MADE REGARDING CO-LOCALIZATION OF RUNX1 AND P27 IN THE RAT TISSUES. [SCALE BAR: 10 um; ZNF423: 1:500;
RUNXZ: 1:1000; P27: 1:400] ..coreeereeieseessessessssssssessssssssessssssssessesssssessessessessssssssessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 72
FIGURE 24: FRACTIONATION OF PC12 ceLLS, MPC CELLS AND WT RAT ADRENOMEDULLARY TISSUES TO VALIDATE LOCALIZATION OF
P27, ZNF423 AND RUNX1. P27 AND ZNF423 COULD BE OBSERVED AS LOCALIZED IN THE NUCLEAR MATRIX AND
EUCHROMATIN OF PC12 AND MPC cELLS. RUNX1 COULD BE DETECTED IN THE NUCLEAR MATRIX FRACTION OF PC12 CELLS. IN
MPC ceLLS, RUNX1 IS EXPRESSED IN THE EUCHROMATIN FRACTION, AS WELL. IN WT RAT ADRENOMEDULLARY TISSUE (N=3),
P27, ZNF423 AND RUNX1 COULD BE SHOWN TO BE EXPRESSED IN THE NUCLEAR MATRIX FRACTION. [P27: 1:500, 27 KDA;
ZNF423:1:2000, 100 KDA; RUNX1:1:1000, 49 kDA] w73
FIGURE 25: CO-IP EXPERIMENTS OF P27 AND RUNX1 IN PC12 CELLS AND WT RAT ADRENOMEDULLARY TISSUES. (A AND B) IN PC12
CELLS, RUNX1 CcOULD BE OBSERVED TO INTERACT WITH ENDOGENOUS P27 AND WITH EXOGENOUSLY EXPRESSED P27 (CELLS
WERE TRANSFECTED WITH AN OVEREXPRESSION PLASMID CONTAINING P27 TAGGED WITH AN HA-TAG). (C) IN
ADRENOMEDULLARY TISSUES OF WT RATS (N=3), RUNX1 COULD BE SHOWN TO BE PULLED-DOWN TOGETHER WITH P27, AND
VICE VERSA. [P27:1:500, 27 KDA; RUNX1: 1:1000, 49 KDA]...oveerereurereuressensessesseasessessssssssssssssssssssssssssssssssssssssssssssssssssssans 74
FIGURE 26: PLA OF PC12 CELLS WITH ANTI-P27 AND ANTI-RUNX1 ANTIBODIES. (A) ANTI-P27 [p27"" (BD TRANSDUCTION
LABORATORIESTM) 1:400] AND ANTI-RUNX1 [RUNX1 (ABCAM) 1:1000] ANTIBODIES WERE USED FOR PLA EXPERIMENTS IN
PC12 CELLS. A POSITIVE SIGNAL (RED) COULD BE DETECTED DUE TO THE CLOSE PROXIMITY OF P27 AND RUNX1 IN PC12
CELLS. (B) As NEGATIVE CONTROL, PLA WAS PERFORMED WITH ONLY ONE PRIMARY ANTIBODY. NEITHER THE ANTI-P27 ALONE
(P27 ONLY) NOR THE ANTI-RUNX1 ANTIBODY ALONE (RUNX1 ONLY) GAVE A DETECTABLE SIGNAL INDICATING HIGH SPECIFICITY
OF THE ANTIBODIES. (C) AS FURTHER NEGATIVE CONTROL, PC12 CELLS WERE TRANSFECTED WITH SIRNA AGAINST CDKNIB
(P27) AND RUNX1 BEFORE PERFORMING PLA EXPERIMENTS. THERE WAS NO SIGNAL OBSERVED IN PC12 CELLS UPON SIRNA-
MEDIATED GENE KNOCK DOWN. THE RIGHT PANELS SHOW THE REDUCED MRNA LEVEL OF CDKNIB AND RUNX1 DUE TO SIRNA
TREATMENT. [SCALE BARS: 20 UM; SCR: SCRAMBLED NEGATIVE TRANSFECTION CONTROL].ucuerureeressssessssssssssssssessssassnsans 75
FIGURE 27: REGULATORY NETWORK OF THE CORRELATION STUDY OF RAT P27 CHIP-SEQ DATA WITH RAT ADRENAL TISSUE
MICROARRAY DATA. AS INDICATED IN THE FIGURE KEY, ALL GENES IN RECTANGLES HAVE P27 CHIP PEAKS NEAR TO THEIR
PROMOTERS AND ARE DIFFERENTIALLY EXPRESSED IN ADRENOMEDULLARY TISSUE MICROARRAYS. FURTHERMORE, THE GREEN
(TcF4 AND GATA2) AND PINK GENES ARE PREDICTED RUNX1 TARGET GENES AND THEREFORE CHOSEN FOR FURTHER
LITERATURE RESEARCH AND VALIDATION STUDIES. [GENERATED BY JUAN HIGAREDA ALMARAZ (IDC, HMGU, GERMANY)]....77
FIGURE 28: QUALITY CONTROL OF MICROARRAY SAMPLES OF PC12 CELLS TREATED WITH SIRNA AGAINST CDKNIB OR RUnx1. (A)
THE CLUSTER DENDOGRAM DISPLAYED THE SAMPLES ACCORDING TO REPLICATES. THE PCA ANALYSIS VISUALIZED THE SAMPLE
PATTERN OF ALL CONDITIONS AND REPLICATES. (B) QRT-PCR ANALYSES PROVED THE KNOCKDOWN OF CDKN1B (-84 %) AND
Runx1 (-81 %) IN PC12 SAMPLES. [SCR: SCRAMBLED NEGATIVE CONTROL; PCA: PRINCIPAL COMPONENT ANALYSIS; PC:
PRINCIPAL COMPONENTS ] 1urutuiuieesesssresssssssesssessssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssstesessssssasessssssesssssssssssssssssnssans 80
FIGURE 29: GO TERM ANALYSIS OF MICROARRAY STUDIES OF PC12 CELLS WITH CDKNIB OR RUNX1 KNOCKDOWN. REDUCED
EXPRESSION LEVELS OF CDKNI1B (LEFT) OR RUNX1 (RIGHT) IN PC12 CELLS LED TO COMMONLY ENRICHED GO CATEGORIES:
'CARDIOVASCULAR DISEASE' (RED IN THE UPPER DIAGRAMS), 'CELL-TO-CELL SIGNALING' (BLUE IN THE MIDDLE DIAGRAMS),
'CELLULAR DEVELOPMENT' (RED IN THE MIDDLE DIAGRAMS), 'CELL MORPHOLOGY' (GREEN IN THE MIDDLE DIAGRAMS),
'EMBRYONIC DEVELOPMENT' (GREEN IN THE LOWER DIAGRAMS) AND 'ORGANISMAL DEVELOPMENT' (RED IN THE LOWER
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FIGURE 30: PROLIFERATION (WST-1) ASSAY OF PC12 CELLS AFTER CDKNIB AND RUNX1 KNOCKDOWN. CDKNIB (P27) AND RUNX1
WERE DOWN-REGULATED FOR AROUND -80 % WHEN COMPARED WITH THE SCR CONTROL. THIS LED TO A 2.8 FOLD INCREASE
OF PC12 CELL PROLIFERATION FOLLOWING CDKNIB KNOCKDOWN AND TO AN 2 FOLD INCREASE AFTER RUNX1 OR CDKN1B-
RUNX1 DOUBLE KNOCKDOWN. [SCR: SCRAMBLED NEGATIVE CONTROL; ***: p<0.001 BY STUDENT’S T-TEST] .84
FIGURE 31: QRT-PCR ANALYSES OF PUTATIVE P27/RUNX1 TARGET GENES IN HUMAN AND RAT PCC TISSUES. (A) ZNF563 COULD BE
OBSERVED AS OVEREXPRESSED IN RAT TUMOR TISSUES (MUT), WHEREAS ZNF563 SHOWED NO CHANGED EXPRESSION LEVEL IN
HUMAN TUMOR TISSUES. (B) APOC4 IS DRAMATICALLY REDUCED IN HUMAN PCC TISSUES, BUT APOC4 IS NOT DIFFERENTIALLY
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EXPRESSED IN RAT TISSUES. (C AND D) TCF4/TcF4 AND GATA2/GATA2 COULD BE SHOWN AS SIGNIFICANTLY OVEREXPRESSED
IN HUMAN AND RAT TUMOR TISSUES. [RAT TISSUES: WT: N=6, MUT: N=10; HUMAN TISSUES: ADRENAL MEDULLA: N=2, PCC:
N=8; *: P<0.05; **: P<0.01; ***: P<0.001 BY STUDENT’S T-TEST] susrrerersrsrrersrssssrerssssseresssssessnsssssssensssssssssssssssssssssssssssssnssens 85
FIGURE 32: EXPRESSION ANALYSIS OF PUTATIVE P27/RUNX1 TARGETS IN PC12 CELLS WITH DOWN-REGULATED CDKNIB OR/AND
Runx1. (A) IN PC12 CELL EXPERIMENTS [N=2], ZNF563 AND APOC4 SHOWED AN INCREASED EXPRESSION LEVEL AFTER
CDKN1B-RUNX1-DOUBLE KNOCKDOWN. ADDITIONALLY, APOC4 WAS OVEREXPRESSED UPON CDKNIB AND RUNXI SINGLE
KNOCKDOWN, WHEREAS TCF4 AND GATA2 SHOWED NO DIFFERENTIAL EXPRESSION UPON GENE SILENCING. (B) IN WT RAT
ADRENOMEDULLARY TISSUES [N=2], APOC4 AND GATA2 WERE DOWN-REGULATED FOLLOWING RUNXI OR CDKNIB-RUNX1-
DOUBLE KNOCKDOWN. SILENCING OF CDKN1B DECREASES GATA2 LEVELS. ZNF563 SHOWED A SLIGHTLY INCREASE IN
EXPRESSION WHEN CDKNI1B AND RUNX1 WERE DOWN-REGULATED. IN CONTRAST, TCF4 COULD BE OBSERVED AS SLIGHTLY
DOWN-REGULATED UPON CDKNIB AND RUNXI KNOCKDOWN. [SCR: SCRAMBLED TRANSFECTION NEGATIVE CONTROL]. As
OVERVIEW, THE TABLE BELOW SHOWS ALL FOUR VALIDATED GENES AND THEIR DIFFERENTIAL EXPRESSION UNDER CERTAIN
CONDITIONS IN ADRENAL CELLS/TISSUES. BLUE ARROWS INDICATE AN UP-REGULATION (MORE THAN 50 %) OF THE DISPLAYED
GENES. DARK RED ARROWS INDICATE A DOWN-REGULATION (-50 % AND MORE), WHEREAS LIGHT RED ARROWS DESCRIBE A
SLIGHT REDUCTION OF GENE EXPRESSION UP TO =50 2. .uccuruureuriureureseusessessessesssssessesssssessssssssssssssssssssssssssssssssssssssssssssssssssssssassansas 87
FIGURE 33: EXPRESSION PROFILES OF RUNX1 TARGET GENES. (A) QRT-PCR RESULTS OF ZNF563, APOC4, TCF4 AND GATA2 ON RAT
TISSUE SAMPLES; IN COMPARISON OF MENX RATS WITH WT RATS. [N=2] (B) RNA-SEQ TRANSCRIPTOMIC BODYMAP FROM
21 WEEKS OLD FISCHER 344 RATS AVAILABLE ON HTTP://WWW.NCBI.NLM.NIH.GOV/. [RPKM: READS PER KILOBASE PER
MILLION MAPPED READS] cvueutussieesssssresssssssressssssssssssessssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssstasessssssssssssssssssssssssssssssssnssans 89
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Introduction

1 INTRODUCTION

1.1 Pheochromocytoma (PCC)

1.1.1 The adrenal glands

The adrenal glands (Glandula adrenalis) are endocrine organs located on the top of both
kidneys. Each gland is composed of the outer cortex and the inner medulla and lies within
the renal fascia surrounded by an adipose capsule (Figure 1). The cortex consists of three
zones: the zona glomerulosa, the zona fasciculata and the zona reticularis and produces
three main steroid hormone types. Mineralcorticoids, such as aldosterone, are produced in
the zona glomerulosa and regulate blood pressure and electrolyte balance (Dodic et al.,
1999) (Figure 1). Cortisol and corticosterone are glucocorticoids, which are made in the zona
fasciculata and function as regulators of metabolism and immune system suppression (Even
et al, 2012) (Figure 1). The zona reticularis synthesizes androgens, such as
dehydroepiandrosterone, for functional sex hormones, which are continuatively converted
in the gonads (Kreuz et al., 1972) (Figure 1). The adrenal medulla (Medulla glandulae
suprarenalis) is a completely different entity. It consists of chromaffin cells, which are
neuroendocrine cells of neural crest origin derived from sympathoadrenal progenitor cells.
These progenitor cells differentiate to reach the specific characteristics of mature hormone-
producing cells and populate the adrenal medulla and extra-adrenal sympathetic paraganglia

(PPGL) (Cochard et al., 1978; Huber, 2006).
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Figure 1: Structure of the adrenal glands. The microscopic picture shows a part of a H&E stained
adrenal gland from a wild-type (WT) rat. The glands are composed of an outer cortex and an inner
medulla surrounded by a connective tissue capsule. The cortex can be subdivided into additional
zones, all of which produce different types of hormones. [scale bar: 50um]

Chromaffin cells produce the hormones epinephrine/adrenaline (80%) and
norepinephrine/noradrenaline (20 %) with minimal amounts of dopamine, which are then
secreted into the bloodstream due to direct stimulation by acetylcholine release from
sympathetic nerves (Ernsberger et al., 1995) (Figure 1). The hormonal release by the
chromaffin cells is regulated by preganglionic nerve fibers from the sympathetic nervous
system or as feedback of adrenocortical cortisol secretion (Kantorovich et al., 2000; Perlman
and Chalfie, 1977). Cortisol-induced catecholamine synthesis promotes an increased
expression of the enzyme phenylethanolamine-N-methyltransferase (PNMT) in chromaffin
cells, which catalyzes the transformation of noradrenaline to adrenaline as the last step of
catecholamine biosynthesis. The dual role of adrenomedullary catecholamines as both,
hormones and neurotransmitters in adrenergic neurons of the medulla oblongata (Abumi et
al., 1996), leads to the control of several biological functions in the body, such as blood
pressure (Gombos et al., 1962), heart rate (Breuer et al., 1993) and sweating (Allen and

Roddie, 1972).
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The medullary chatecholamines derive from the amino acid tyrosine (Spector et al., 1965)
and are responsible for the fight and flight response - an increase in cardiac output and
vascular resistance throughout the body in stress situations (Ranabir and Reetu, 2011).
Animals respond to stress by activating a wide array of behavioral and physiological
responses. A central role in stress response plays the hypothalamic-pituitary-adrenal (HPA)
axis. The HPA axis is principally regulated by the Corticotropin-releasing factor (CRF), which
is released into hypophysial portal vessels that access the anterior pituitary gland upon
stress stimuli. CRF binds to its repceptor on pituitary corticotropes, which induces the
release of the adrenocorticotropic hormone (ACTH) into the blood system. Once circulating,
ACTH targets the adrenal cortex, where it stimulates the glucocorticoid synthesis and
secretion from the adrenal cortex (Zona fasciculata) (Rivier and Vale, 1983; Vale et al.,
1981). Adrenal glucocorticoids are the downstream effectors of the HPA axis and regulate
physiological changes through ubiquitously distributed intracellular receptors (Bamberger et
al., 1996; Munck et al., 1984). Following exposure to stress, elevated levels of circulating
glucocorticoids inhibit HPA activity at the level of the hypothalamus and pituitary via a

glucocorticoid negative feedback loop (Keller-Wood and Dallman, 1984).

1.1.2 Clinical manifestation of PCC

PCC are tumors of the sympathetic nervous system, which develop from chromaffin cells in
the medulla of the adrenal glands (Karagiannis et al., 2007; Knudsen et al., 1985; Pratt,
1951). They derived their name from the dark brown color (phaids, dusky; chroma, color),
which most chromaffin tumors assume when treated with potassium dichromate. These
tumors can also develop in sympathetic and parasympathetic ganglia and are termed extra-
adrenal PCC or PPGL (van Baars et al., 1981). Unaffected adrenomedullary cells produce
80 % of adrenaline and 20 % of noradrenaline (Ernsberger et al., 1995). According to the
classification of the World Health Organization (WHO) in 2004, PCC cells (including extra-
adrenal PPGL) express both catecholamines, but in contrast to normal cells usually produce
more noradrenaline than adrenaline - a feature that characterizes them as noradrenergic
PCC (Warren and Chute, 1972). Adrenergic PCC exist too, which produce mainly adrenaline;

but they are more rare (Lehnert 1998). Tumors of the paraganglia, which do not derive from
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chromaffin cells, are mainly situated in the head and neck and rarely produce significant

amounts of catecholamines (van Duinen et al., 2010; Thompson, 2006).

Clinical manifestations of PCC and PPGL are mostly due to the increased secretion of
noradrenaline by the tumor. This leads to symptoms such as hypertension, headaches,
sweating or clammy skin, palpitations, anxiety, and diaphoresis (Bravo and Tagle, 2003;
Manger and Gifford, 1980; Zuber et al., 2011). Effects of long-standing and severe
hypertension lead to damage of end organs especially heart, kidney, eyes, and central
nervous system (Baguet et al., 2004; Kudva and Young, 1997). Diabetes or deranged glucose
metabolism may be present in up to 30-50% of PCC patients (Baguet et al., 2004;
Pogorzelski et al., 2014).

1.1.3 Genetics of PCC

About 40 % of PCC are hereditary (Neumann et al. 2002, Gimenez-Roqueplo et al. 2012).
These patients can have germline mutations in one of the following PCC susceptibility genes:
the proto-oncogene RET (Machens et al., 2005), the von Hippel-Lindau tumor suppressor
VHL (Zbar et al., 1996), the succinate dehydrogenase complex (SDH) flavoprotein subunit A
SDHA (Burnichon et al., 2010), SDHB (Astuti et al., 2001a), SDHC (Niemann and Miller,
2000), SDHD (Baysal et al., 2000) and the SDH assambly factor SDHAF2 (Hao et al., 2009), the
Neurofibromin NF1 (Wallace et al., 1990), the transmembrane protein TMEM127 (Qin et al.,
2010), the MYC-associated factor Max (Comino-Méndez et al., 2011) and the fumarate
hydratase FH (Castro-Vega et al., 2014) (Figure 2). Several autosomal dominant cancer
syndromes are associated with adrenal or extra-adrenal PCC: MEN2 (Schimke and Hartmann,
1965), von Hippel-Lindau syndrome (Neumann and Wiestler, 1991) or neurofibromatosis
type 1 (Borberg, 1951). 60 % of PCC occur sporadically and approximately 7.5 % of them
harbor somatic mutations in one of the susceptibility genes mentioned above: e.g. 4.4 %
VHL, 1.6 % SDHD, and 1.5 % SDHB (Korpershoek et al., 2006). Furthermore, some tumor
suppressor genes have been identified as downregulated in around 30 % of sporadic tumors
through promoter region hyper-methylation, such as the Ras-associated domain family
member RASSF1A (Astuti et al., 2001b) and CDKN2A, encoding the tumor suppressor pl6
(Muscarella et al., 2008). Moreover, the tumor suppressor gene CDKN1B (encoding the

protein p27) was identified as inactivated in 56 % of sporadic PCC cases (Pellegata et al.,
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2007) and its expression and function was further investigated and described by studies

within this dissertation.

Figure 2: Distribution of the occurrence of hereditary and sporadic cases in PCC patients. 60 % of
cases occur sporadic, whereas 40 % occur hereditary with mutations in RET (5 % of cases), VHL (13 %
of cases), SDHx [includes: SDHA, SDHB, SDHC, SDHD, SDHAF2] (16 % of cases), NF1 (4 % of cases),
TMEM127, Max or FH (Baysal et al., 2000; Burnichon et al., 2010; Castro-Vega et al., 2014; Comino-
Méndez et al., 2011; Hao et al., 2009; Niemann and Midller, 2000; Qin et al., 2010; Wallace et al.,
1990; Zbar et al., 1996).

Genome-wide expression studies of PCC/PPGL have suggested a division of the tumors into
two clusters based on their transcriptional profiles. Cluster 1 tumors are characterized by
mutations in the genes VHL, SDHx (SDHA, SDHB, SDHC, SDHD, SDHAF2), the hypoxia
inducible factor HIF2a and FH (Castro-Vega et al., 2015) (Figure 3). These genes are mainly
involved in the hypoxic pathway and are affected in about 30 % of PCC/PPGL (Eisenhofer et
al., 2004a; Lépez-Jiménez et al., 2010). The cluster 2 tumors (around 70 % of PCC/PPGL)
harbor mutations in the PCC susceptibility genes NF1, RET, the kinesin family member KIF1B,
and TMEM127 (Gimenez-Roqueplo et al., 2012; Vicha et al., 2013) (Figure 3). Cluster 2
tumors are characterized by activation of kinase signaling and protein translation (Burnichon

etal.,, 2011; Dahia, 2014).
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Figure 3: Distribution of PCC cases in the two classification clusters. Cluster 1 PCC are characterized
by mutations in VHL, HIF2a, SHDx [SDHA, SDHB, SDHC, SDHD, SDHAF2] or FH and occur in 30 % of
cases. 70 % of PCC cases can be classified in cluster 2 PCC, which have mutations in KIF1B, RET, NF1
or TMEM127 (Castro-Vega et al., 2015; Eisenhofer et al., 2004a; Gimenez-Roqueplo et al., 2012;
Lépez-liménez et al., 2010; Vicha et al., 2013).

1.1.4 Prevalence, prognosis and therapy of PCC

The morbidity of PCC is about 13-29 %, while that of PPGL from extra-adrenal sites is about
43 % (Kaloostian et al., 2014). Benign PCC are curable by surgical resection, whereas about
5-26 % are clinically malignant (Edstrom Elder et al., 2003; Eisenhofer et al., 2004b;
Gimenez-Roqueplo et al., 2003; Goldstein et al., 1999). The malignancy rate varies according
to the definition of malignancy applied, i.e. presence of metastases, invasion of neighboring
organs, or invasion of organ capsules (Eisenhofer et al., 2004b). PCC can metastasize by both
lymphatic and haematogenous pathways and can infiltrate into liver, lymph nodes, lung and
bones (Cascon et al., 2004). The 5-year survival rate for malignant PCC is approximately 40 %
due to difficult detection and inefficient diagnostic methodology (Eisenhofer et al., 2004a;
Hescot et al., 2013; Nomura et al., 2009). Female patients show a higher overall incidence of
PCC than male patients (Cheung et al., 1988; Geoghegan et al., 1998), but malignant PCC
occur more frequently in males (van Heerden et al., 1982). The prevalence of PCC is not
precisely known. A study from 1980 to 1992 showed an average annual incidence rate of
2.06 per million in the Spanish population in Southern Galicia (Fernandez-Calvet and Garcia-
Mayor, 1994). The main age of patients at diagnosis was at 21-65 years (Fernandez-Calvet

and Garcia-Mayor, 1994).

Biochemical tests are required to confirm the diagnosis of PCC. A rise in plasma and urinary
6
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metanephrines is indicative of an increased production of catecholamines by the tumor
(Kudva et al., 2003; Lenders et al., 2002). In addition, imaging studies are important for
tumor localization and in diagnosing multiple primary tumors and/or metastatic lesions in
PCC patients (Ramachandran and Rewari, 2017). Computed tomography (CT), contrast

enhanced CT, and magnetic resonance imaging (MRI) are now routinely complemented by

123 123

functional imaging using various radiotracers such as ~“’I-metaiodobenzylguanidine (
MIBG) and 111In—DTPA—pentetreotide (Jalil et al., 1998; Pacak et al., 2004). Recently, the
MIBG analog 18E.LMI11195 was found to visualize PCC in MENX rats (Gaertner et al., 2013)

(Figure 4).

o

MENX

Figure 4: Visualization of the MIBG PET tracer analog ‘®F-LMI1195 PET in adrenal glands. (A) The
image was taken 45 min after injection in WT rats, where moderate tracer accumulation was
observed. (B) In PCC of p27-mutant MENX rats, an intense tracer accumulation was reported. [Scale
bars represent SUV] [This research was originally published in JNM. Gaertner et al. Title. J Nucl Med.
2013; 12: pp:2111-2117. © by the Society of Nuclear Medicine and Molecular Imaging, Inc.]

1.2 Multiple endocrine neoplasia (MEN) syndromes

1.2.1 MEN1

Multiple endocrine neoplasias (MEN) are autosomal dominant syndromes characterized by
tumors involving more than one neuroendocrine-derived tissue. The autosomal dominant
MEN1 syndrome (OMIM #131100) occur with high penetrance due to a germline mutation in
the tumor suppressor gene MEN1 (Chandrasekharappa et al., 1997; Zarnegar et al., 2002).

MEN1 is located on Chr. 11g13.1 and encodes the protein Menin that has many functions.

Menin works as transcriptional regulator and binds to several promoters including the TERT

promoter, thereby repressing telomerase expression (Lin and Elledge, 2003). Additionally,

7
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Menin is known to be involved in cell proliferation, apoptosis, and genome stabilization
(Heppner et al., 2001; Hughes et al., 2004; Jin et al., 2003; Kaji et al., 2001). Fourteen of 15
patients (93.3 %) suffering from the MEN1 syndrome carry MEN1 mutations (Mayr et al.,
1997). Patients suffering from MEN1 develop multiple parathyroid adenomas, pancreatic
islet cell neoplasia and anterior pituitary adenomas (Carty et al., 1998; Vergés et al., 2002)
(Table 1). Clinical symptoms appear usually between the ages of 30 and 40 years, whereas an
early onset in childhood is rare (Marx et al., 1998). MEN1 occurs in approximately one in
30 000 individuals. Males and females are equally affected and no predilection for specific

populations is known (Lairmore et al., 2004).

1.2.2 MEN2

Another known MEN syndrome is the MEN type 2 syndrome (MEN2) characterized by
mutations in the proto-oncogene RET (Mulligan et al., 1993). RET is localized on Chr.
10911.21 and codes for a receptor tyrosine kinase involved in numerous cellular
mechanisms including cell proliferation, neuronal navigation, cell migration, and cell
differentiation as well as regulation of cell death/survival balance (Cabrera et al., 2011;
Cockburn et al., 2010; Garcia-Lavandeira et al., 2010). More than 90 % of patients affected

by MEN2 carry germline point mutations in RET (Santoro et al., 2002).

Two MEN2 subtypes are characterized by the development of medullary thyroid carcinoma
as well as PCC and parathyroid hyperplasias in 50 % and 15-30 % of cases, respectively
(MEN2A, OMIM #171400) or by PCC in approximately 50 % of the cases and more seldom by
ganglioneuromatosis of the intestine, thickening of the corneal nerves and marfanoid
habitus (MEN2B, OMIM #162300) (Hansford and Mulligan, 2000; Koch, 2005) (Table 1).

MEN2 is inherited with a prevalence of one to 5 000 (Niccoli-Sire and Conte-Devolx, 2007).

1.2.3 MEN4 and MENX

Occasionally, patients showing clinical symptoms compatible with MEN1 had no mutations
in the MEN1 gene. This led to the hypothesis that another predisposing gene for multiple

neuroendocrine tumors might be involved. Further examination of these patients identified

Kip1

CDKN1B as the causative gene, encoding the cell cycle regulator p27™*" (p27) (Pellegata et
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al., 2006). Subsequently, additional patients with CDKN1B mutations were identified who
presented multiple endocrine tumors. These mutations affect localisation, stability and
protein-binding abilities of p27 (Marinoni and Pellegata, 2011). Based on these findings, a
novel MEN syndrome - named MEN4 (OMIM #610755) - was defined. The tumor spectrum
of MEN4 is not clearly defined due to limited number of patients, but their most common
phenotypic features are parathyroid and pituitary adenomas (Georgitsi, 2010; Lee and

Pellegata, 2013).

Table 1: Summary of common clinical manifestations of human MEN syndromes. Despite of
different mutations occurring in the different MEN syndromes (MEN1 in MEN1, RET in MEN2,
CDKN1B in MEN4), they share common clinical features such as pituitary adenoma, parathyroid
adenoma, medullary thyroid carcinoma or PCC. The grey boxes indicate the lesions occuring in
patients suffering from certain MEN syndromes. White boxes indicate that this tumor type is not
developed in the displayed MEN syndrome.

MEN1 MEN2A MEN2B MEN4

pituitary adenoma

parathyroid adenoma

medullary thyroid carcinoma

PCC

A MEN syndrome due to a homozygous tandem duplication of eight nucleotides in exon 2 of
the Cdknlb gene, causing a frameshift mutation, developed spontaneously in a Sprague-
Dawley rat strain (Figure 5) (Pellegata et al., 2006). The mutant Cdknlb allele encodes a
highly unstable p27 protein, which is expressed as reduced levels or lost in the tissues of
affected animals. The syndrome was called MENX. Affected rats develop bilateral PCC, PPGL,
multifocal pituitary adenoma, multifocal thyroid C-cell hyperplasia and endocrine pancreas
hyperplasia (Fritz et al., 2002). Therefore, MENX shows phenotypic overlap with the human
MEN syndromes. Additional genotypic overlap is given with the MEN4 syndrome, which is
caused by mutations in CDKN1B. Additionally, affected animals develop bilateral juvenile
cataracts in the first weeks of age (Fritz et al., 2002). Before the characterization of the
genotype of MENX rats was figured out (Pellegata et al., 2006), the previous breeding

criteria was the development of cataracts only in homozygous mutant rats.
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wt p27 MetSNVRVSNGSPSLERMDARQTERPKPSACRNLFGPVNHEELTRDLEKHCRDMEEASQ
mutpz 7Met£;t£‘.fF: VSNGSPSLERMDARQTEHPKPSACRNLFGPVNHEELTRDLEKHCRDMEEASQ 57

115
115
173
Wt p27 vSOGSPNAGTVEQTPKKPGLRRQTStop 197
Mutp27vsoFQTVPRMLALWSRRPRS PAFDARRKQLRIKNNSLFIRY ITALS top 228

4 8-bp insertion

Figure 5: Cdkn1lb mutation found in MENX rats. Shown is the alignment of annotated WT p27
sequence with the MENX mutant p27. The mutant p27 is 21 amino acids longer than the WT protein
due to the 8 bp insertion at the indicated position. (Pellegata et al., 2006) [Copyright (© 2006)
National Academy of Sciences]

1.2.4 PCC in MENX

MENX rats develop endogenous bilateral PCC with complete penetrance (Figure 6).
Hyperplasia of adrenal medullary cells is evident at two months of age and then progresses
to PCC by siw to eight months of age (Molatore et al., 2010; Pellegata et al., 2006). The
tumors in MENX rats do not express PNMT indicating that they are noradrenergic.
Transcriptome profiling of adrenal tumors and tissue from WT rats was conducted (Molatore
et al., 2010). This study revealed 183 genes overexpressed (more than two-fold) in medullary
hyperplasia and PCC tissue samples of homozygous MENX rats versus unaffected adrenal.
Overrepresented genes belonged to the gene ontology (GO) category "nervous system
development" and included Mash1 (Ascll), Bmp7, Phox2a, Neurodl, Gal, Cxcr4, CdknZ2a,
Cdkn2c, Gata2, Semaéa, Tcf4 and Sox4. All these genes are implicated in the differentiation
of neural crest cells into the precursor cells of the sympathoadrenal cell lineage from which
adrenal medullary cells are derived (Molatore et al., 2010). Further studies characterized an
over-activation of the Bmp-Smad pathway in the rat tumors, including an overexpression of
Bmp7 and of known targets Sox9, Gata2 and Hoxc4 (Leinhaduser et al., 2015). In addition, the
well characterized oncogenic PI3K/AKT pathway was shown to be over-activated in MENX

PCC because of overexpression of the secretin receptor (Lee et al., 2011, 2012).
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Figure 6: PCC in MENX rats. H&E stainings revealed that PCC develop in the medullary part of the
adrenal glands of MENX mutant rats. In comparison with adrenal glands of WT rats, the adrenal
cortex is extremly compressed due to the expansive growth of the adrenal medulla. [scale bar:
200 um; cor: cortex, med: medulla]

1.3 Transcription Factors

1.3.1 Cellular Function of TFs

In the vertebrate genome, 6-10 % of all protein-coding genes encode for sequence-specific
DNA-binding transcription factors (TF) (Maston et al., 2006). General or basal TFs have an
activator or repressor function to control gene expression of their target genes by regulating
the recruitment of RNA-polymerases, which perform the transcription from DNA to
messenger RNA (mRNA). In every individual cell, a unique subset of specific TFs activates
gene expression and regulates cell differentiation (Lee et al., 2000; Nikolov and Burley, 1997
Roeder, 1996). In addition to TFs, several additional proteins (co-factors) contribute to this
regulation although they do not possess DNA-binding capacities (Brivanlou and Darnell,
2002). The named pre-initiation complex contains general TFs, RNA polymerases, and the
multiple-protein complex known as mediator as shown in the example of ribosomal RNA
genes (Figure 7). This complex constitutes the basic transcriptional apparatus that first binds
to the promoter of a target gene and starts gene transcription (Bywater et al., 2013; Pierce
and Kumamoto, 2012). General eukaryotic TFs, which initiate RNA polymerase Il activity, are
TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH (Lee et al., 2000; Orphanides et al., 1996). Nucleosome
remodeling enzymes make the DNA accessible and histone modifying enzymes - together
with other non-DNA-binding proteins - change the local chromatin state to increase or
reduce the rate of transcription (Kadonaga, 2004; Lee et al., 2014; Maston et al., 2006; Spitz
and Furlong, 2012). To regulate their target genes specifically, TFs bind sequence-specific cis-
regulatory elements, which are DNA sequences of several hundred basepairs (bp) in length
that contain binding sites for multiple specific TFs (Lelli et al., 2012; Spitz and Furlong, 2012).

Cis-regulatory elements were initially considered to be located mainly in the vicinity of a
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genes transcription start site (Lee et al., 2014; Lenhard et al., 2012). These findings were
made in bacteria. During the last decade studies in eukaryotic cells could investigate the
ability of TFs to bind to thousands of sites in the genome. Interestingly, most TF binding sites
were found to be located in intergenic regions that can be hundreds of kilobases away from

the nearest gene (He et al., 2011; Junion et al., 2012; Wang et al., 2012).

TFIID
RNA Polymerase Il
TBP
TFIIA &% TFIIB TFIIH
g " TFIIF( TFIIE —-———

Figure 7: Assembly of the RNA polymerase Il pre-initiation complex at ribosomal RNA gene
promoters. The assembly begins with the binding of upstream binding factors to the upstream
control elements and core element of the rDNA promoter. TBP initiates the pre-initiation complex
assembly by binding to the TATA box of promoters. TFIIA and TFIIB interact with TBP (in complex
with TFIID) and reinforce its binding to DNA. In turn, TFIIB recruits RNA Polymerase Il, TFIIE and TFIIF,
thus positioning RNA Polymerase Il over the transcription start site. TFIIH mediates 'melting' of the
transcription start site to form the open complex.

1.3.2 TF Recognition and Co-Factors

TFs are modular in structure and contain the following domains: a DNA-binding domain
(DBD), a trans-activating domain (TAD) and an optional signal sensing domain (SSD)
(Latchman, 1997). The DBD usually recognizes a short degenerated DNA sequence of 6-12 bp

of length - the response element (Krieger et al., 2003).

Different families of TFs exist, which bind DNA through different structural motifs, e.g. helix-
loop-helix (Littlewood and Evan, 1995), leucin-zipper (Vinson et al., 2002), helix-turn-helix
(Wintjens et al., 1996) or zinc fingers (Laity et al., 2001). The sequence-specificity of TFs is
often variable and allows a number of similar sequences to be recognized. Therefore, the
base homology between the TF binding sites and the TF is not always hundred percent. In
addition, some of the electrostatic and van der waals forces between TF binding sites and TF
may be weaker than others. Thus, TFs do not bind just one sequence but are capable of
binding a subset of closely related sequences, each with a different strength of interaction
(Garvie and Wolberger, 2001; Luscombe and Thornton, 2002; Stanford et al., 2000).

Furthermore, together with cofactors, more than one TF can bind to one TF binding site at
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the same time. Mostly, TFs bind cofactors via protein-interaction domains that are separate
from the DBD (Thomas, 2006; Xu et al., 1999a). Upon the formation of these complexes, TFs
can change their recognition sequences (Gil et al., 2001; Narlikar et al., 2002). Such
mechanisms ensure the recognition of certain binding sites only if more than one specific TF
is present. This allows a more variable and specific DNA-binding of TFs within the genome

ultimately leading to a highly regulated ad versatile gene transcription.

1.4 Cdknib [ p27

As introduced in 1.2.3, the Cdkn1b gene encodes the cyclin-dependent kinase (CDK) inhibitor
p27"! (p27) (Polyak et al., 1994). p27 is a key player in the regulation of the cell cycle
progression from G1 to S phase (Wander et al., 2011). As shown in Figure 8, p27 binds to the
cyclinE/CDK2 complex, causing the inhibition of the kinase activity of CDK2. Upon mitotic
stimulation, p27 gets released from the cyclinE/CDK2 and cyclinA/CDK2 complexes. The
conformational changes of these complexes lead to the activation of CDK2 (Larrea et al.,
2009). The targets of the CDK2 kinase are members of the retinoblastoma (pRb) family,
which upon phosphorylation, release E2F transcription factors. These factors then induce
the transcription of genes responsible for the progression into the S phase (Figure 8). Beside
its function in cell-cycle progression, emerging evidence suggests that p27 can regulate
other cellular functions, including cell differentiation, migration and apoptosis (Besson et al.,
2004; Blagosklonny, 2002; Collard, 2004; Philipp-Staheli et al., 2001). Furthermore, recent
reports revealed a dual role of p27, behaving as an inhibitor or activator of cyclin D/CDK4/6
and cyclin E/CDK2 depending on specific tyrosine phosphorylations (Blain, 2008; Chu et al.,
2007; Grimmler et al., 2007; James et al., 2008). In non-dividing cells, p27 is localized in the
nucleus until mitogenic stimuli initiate the translocation of p27 into the cytoplasm where it
gets degraded by ubiquitine proteases (Shirane et al., 1999). Proteasome-mediated p27
degradation follows two pathways. On the one hand, p27 can be degraded in the cytoplasm
by the ubiquitinylation-promoting complex KPC1/KPC2 (Kamura et al., 2004). p27 gets
phosphorylated at the Ser10 residue followed by the export from the cell nucleus into the
cytoplasm of cells (Ishida et al., 2002). On the other hand, p27 degradation can occur in the
cell nucleus by the ubiquitin ligase SKP2, which requires the p27 phosphorylation at the
Thr187 residue by cyclin E/A/CDK2 complexes (Carrano et al., 1999).
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Figure 8: Graphic representation of the nuclear and cytoplasmic interactions of p27. Upon mitotic
stimulation, p27 is released from cyclinE/CDK2 complexes and this dissociation from p27 activates
CDK2, which phosphorylates pRb. pRb releases the TF E2F, which induces the expression of genes
required for the G1 to S phase progression. After the dissociation of p27 from the cyclinE/CDK2
complex in early G1, a portion of p27 is phosphorylated on Ser10 and exported into the cytoplasm
through the interaction with CRM1 (exportin). Once in the cytoplasm, p27 is ubiquitinylated by the
KPC1/KPC2 complex, which phosphorylates the protein at the Thr187 residue, thereby creating a
recognition site for the SKP2 ligase, which promotes ubiquitinylation-mediates degradation of p27 by
the proteasome in S phase [PELLEGATA, Natalia S..MENX and MENA4. Clinics [online]. 2012, vol.67,
suppl.1, pp.13-18. ISSN 1807-5932. http://dx.doi.org/10.6061/clinics/2012(Sup01)04.]

Besides proteasomal degradation, p27 also has some CDK-independent activities specific for
its localization in the cytoplasm: p27 participates in actin rearrangement and cell motility
through the modulation of RhoA activity (Besson et al., 2004; McAllister et al., 2003) and p27
interacts with the microtubule-associated stathmin to regulate cell morphology, motility and
cell migration (Baldassarre et al., 2005; Besson et al., 2007). In contrast, p27 has some CDK-
independent functions, which takes place in cell nuclei as well. It has been postulated, that
modulated p27 levels in mouse muscle cells (C2C12) induce or prevent myogenic
differentiation in a Cdk-independent manner (Mufioz-Alonso et al., 2005). Furthermore, p27
can stabilize the neurogenin-2 protein by its N-terminal half, which leads to a CDK-

independent differentiation of neural progenitors in the cortex (Nguyen et al., 2007). In
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addition, p27 was shown to induce the expression of erythroid markers in human
myelogenous leukemia cells (K562) without any influence of CDK proteins (Acosta et al.,

2008).

The role of p27 in tumorigenesis was first studied in mice. p27'/' mice displayed in in vivo
studies an increase in body size and the development of multiple organ (thymus, spleen,
pituitary, adrenal glands and gonads) hyperplasias, which indicates the role of p27 in
tumorigenesis (Fero et al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996). In human
cancers, reduced p27 levels or mislocalization of the protein in the cytoplasm of the tumor
cells are associated with tumor aggressiveness and poor clinical outcome (Slingerland and

Pagano, 2000; Viglietto et al., 2002).

More interesting - for the topic of this dissertation - is a study published in 2012, where p27
was shown to be able to associate with promoter sequences of the chromatin in mouse
embryonic fibroblasts (MEFs) to regulate gene transcription (Pippa et al., 2012). In this study
p27 was shown to interact with the E2F transcription factor 4 (E2F4), the retinoblastoma-like
protein p130 and co-repressors such as histone deacetylases (HDACs) and the transcriptional
regulatory protein mSIN3a to bind DNA (Figure 9). E2F4 and p130 were already known to
build a transcriptional repressor complex (Mayol et al., 1996). The large multiprotein
SIN3/HDAC complex had already been identified in several studies before (Ayer, 1999;
Dannenberg et al., 2005; Knoepfler and Eisenman, 1999; Silverstein and Ekwall, 2005). Pippa
et al. (2012) observed that p27, which associates with specific promoters of genes involved
in important cellular functions, such as processing and splicing of RNA, mitochondrial

organization and respiration, translation and cell cycle.
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mSin3A

HDAC1 p27

E2F4

p27 target gene promoter /:/

no transcription

Figure 9: Model illustrating the participation of p27 on the organization of p130/E2F4 repressor
complexes. p130 first drives E2F4 to the promoters of p27 target genes, then p27 is subsequently
loaded by directly interacting via its carboxyl-domain with both p130 and E2F4. Finally, p27 recruits
the co-repressors HDAC1 and mSIN3A on these promoters.

1.5 Hypothesis and Aims

The Cdknl1b gene encodes the p27 cell cycle regulator which binds and inhibits cyclin-CDK
complexes. In adult tissues, p27 is ubiquitously expressed and plays a crucial role in
maintaining tissue homeostasis by preventing differentiated cells from re-entering the cell
cycle. Cdknlb was also demonstrated to be a tumor susceptibility gene for multiple
endocrine neoplasia tumors in both rats (MENX syndrome) and in human patients (MEN4
syndrome). MENX is caused by a germline frameshift mutation in Cdkn1b that renders the
encoded mutant p27 protein very unstable. Among other neuroendocrine tumors, MENX

rats develop bilateral pheochromocytoma with complete penetrance.

In addition to its role as a cyclin-CDK inhibitor, p27 also performs cyclin-CDK-independent
functions. Recently, it was reported that p27 indirectly regulates gene transcription in
mouse fibroblasts (MEFs) by associating with TFs and inhibiting gene transcription at specific
promoters. p27 co-localizes with p130, E2F4 and co-repressors such as HDACs and mSIN3A
and binds to specific promoter regions. The genes regulated by this complex are involved in
important cellular functions such as RNA processing and splicing, mitochondrial organization

and respiration, translation and cell cycle.
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We hypothesize that defective p27 may promote tumor formation because of aberrant gene
expression regulation. Specifically in adrenomedullary tissues, we assume p27 to regulate

gene transcription and thereby cause tumorigenesis when it is absent.

To address this issue, we performed genome-wide chromatin immunoprecipitation followed
by sequencing (ChIP-Seq) with rat and human adrenomedullary cells to identify the
sequences bound by p27-containing complexes and indirectly the TFs binding to p27.
Therefore, we wanted to confirm the binding of p27 to adrenomedullary cells by
investigating the presence of p27 in different cellular fractions. Once the binding was
confirmed, we performed ChlIP-Seq with adrenomedullary tissues from WT rats (with basal
p27 levels) or adrenomedullary tissues of humans. DNA sequences bound by p27-contaning
protein complexes were immunoprecipitated from rat and human tissue extracts using an
anti-p27 antibody coupled with magnetic beads. Quantitative next generation sequencing
(NGS) determined then the DNA sites bound by the p27-containing complexes, which
indicated novel putative p27 interaction partners. Candidate TFs that bind to the enriched
DNA sequences were tested for their direct interaction with p27 in adrenomedullary cells
and cell lines using immunoprecipitation (IP). The interaction was validated by proximity
ligation assay (PLA), which allows a high specific and sensitive detection and localization of

protein-protein interactions.

The potential binding of p27 to promoter sequences in neuroendocrine cells and the
associated regulation of gene transcription was then confirmed by the identification of
transcriptional p27 target genes, comparing transcriptome analysis of adrenomedullary
tissues from WT and MENX rats in correlation with the p27 ChIP-Seq data. The p27-
dependent regulation of the expression of selected target genes was verified by modulating
p27 levels in adrenal cell lines and tissues. To clarify a tissue-specific role of p27 as
transcriptional regulator, p27 target genes were validated by their expression in endocrine

tissues compared with nonendocrine tissues.

This newly discovered function of p27 as an indirect transcriptional repressor, if confirmed in
other cell types than MEFs, may give insight into the mechanisms associated with the
frequently observed p27 down-regulation in human cancers. Specifically, if p27 behaves as a
transcriptional regulator also in neuroendocrine cells, we might be able to better understand

why defects in p27 function mainly lead to tumors derived from these cells.
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2 MATERIAL AND METHODS

2.1 Material

2.1.1 Instruments

Adhesive seal applicator
Centrifuge Biofuge fresco

Rotor: 75003328 1.5/2 ml

Centrifuge Biofuge pico

Rotor: 75003328 1.5/2 ml

Centrifuge Eppendorf 5415D
Rotor: F45-24-11 1.5 ml
Centrifuge Fisherbrand Mini
Rotors 0.2 ml, 1.5 ml
Centrifuge Rotanta 460R
Rotor: 5624 15 ml, 50 ml
Centrifuge Rotina 420R
Rotor: 4790 1.5 ml
Centrifuge Variofuge 3.0R
Rotor: #8074, inserts #8078 15 ml, 50 ml

Counting chamber Improved Double Neubauer Ruling

Dispenser Multipette® plus
Electrophoresis Cell GT MINI-SUB®

Electrophoresis Mini-Cell XCell SureLock™ Novex

Electrophoresis Transfer Cell Mini Trans-Blot®

Freezer -20°C Liebherr Comfort
Freezer -80 °C HFC86-360
Freezing container NALGENE™ Cryo 1°C

Fridge +4°C Liebherr Premium
Gas burner Fuego SCS basic

Gel documentation system

Heating block Thermomixer® comfort 1.5 ml

3M Deutschland, Neuss (Germany)
Heraeus Instruments, Osterode (Germany)

Thermo Fisher Scientific, Waltham (MA,
USA)

Heraeus Instruments, Osterode (Germany)

Thermo Fisher Scientific, Waltham (MA,
USA)

Eppendorf, Hamburg (Germany)
Eppendorf, Hamburg (Germany)

Fisher Scientific, Schwerte (Germany)
Fisher Scientific, Schwerte (Germany)
Andreas Hettich, Tuttlingen (Germany)
Andreas Hettich, Tuttlingen (Germany)
Andreas Hettich, Tuttlingen (Germany)
Andreas Hettich, Tuttlingen (Germany)
Heraeus Sepatech, Osterode (Germany)
Heraeus Sepatech, Osterode (Germany)
Brand, Wertheim (Germany)

Eppendorf, Hamburg (Germany)

Bio-Rad Lab., Munich (Germany)
Invitrogen, Darmstadt (Germany)
Bio-Rad Lab., Munich (Germany)
Liebherr, Biberach an der Riss (Germany)
Heraeus Instruments, Osterode (Germany)

Thermo Fisher Scientific, Roskilde
(Denmark)

Liebherr, Biberach an der Riss (Germany)
WLD-TEC, Gottingen (Germany)

Vilber Lourmat, Eberhardzell (Germany)

Eppendorf, Hamburg (Germany)
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Heating block Thermomixer® compact 1.5 ml
Heating block ThermoStat plus 1.5 ml
Hood Uniflow UVUB 1800

Ice machine

Incubator shaker Model G25
Incubator innova CO-170

Infinite M200 plate reader

Magnetic stir bars, various sizes
Magnetic stirrer MR2000

Maxwell® 16

Microplate Reader Model 680

Microplate Reader Varioskan™ LUX

Microscope Axiovert 135
Microscope BX 43
Microscope CLSM FluoView FV1200

Microscope EVOS xI

Microwave Privileg 1034HGD
Microwave Whirlpool ProMicro 825
MilliQ water purification system

Multichannel pipette Finnpipette® 50-300 pl
NanoDropT'vI 2000 Spectrophotometer

4D-Nucleofector™ System (Core and X unit)
PCR cycler GeneAmp® PCR system 9700
PCR cycler Real-Time 7300

PCR cycler SensoQuest labcycler

PCR cycler TPersonal Thermocycler

pH meter inoLab® Level 1

Pipette Discovery 100-1000 ul

Pipette Discovery 20-200 pl

Pipette Discovery 10-100 pl

Pipette Discovery 2-20 ul

Pipette Discovery 0.5-10 pl

Pipette P1000

Eppendorf, Hamburg (Germany)
Eppendorf, Hamburg (Germany)
UniEquip, Planegg (Germany)

Ziegra, Isernhagen (Germany)

New Brunswick Sci., Edison (NJ, USA)
New Brunswick Sci., Edison (NJ, USA)
Tecan, Crailsheim (Germany)
Neolab, Heidelberg (Germany)
Heidolph Instr., Schwabach (Germany)
Promega, Mannheim (Germany)
Bio-Rad Lab., Munich (Germany)

Thermo Fisher Scientific, Langenselbold
(Germany)

Carl Zeiss, Jena (Germany)
Olympus, Hamburg (Germany)
Olympus, Hamburg (Germany)

Thermo Fisher Scientific, Langenselbold
(Germany)

Otto, Hamburg (Germany)
Bauknecht Hausg., Stuttgart (Germany)
Sigma-Aldrich, Steinheim (Germany)

Thermo Fisher Scientific, Langenselbold
(Germany)

Thermo Fisher Scientific, Langenselbold
(Germany)

Lonza, Basel (Switzerland)

Applied Biosystems, Darmstadt (Germany)

Applied Biosystems, Darmstadt (Germany)

SensoQuest, Gottingen (Germany)
Biometra, Gottingen (Germany)
WTW, Weilheim (Germany)
Abimed, Langenfeld (Germany)
Abimed, Langenfeld (Germany)
Abimed, Langenfeld (Germany)
Abimed, Langenfeld (Germany)
Abimed, Langenfeld (Germany)
Gilson, Limburg-Offheim (Germany)
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Pipette P200

Pipette P100

Pipette P20

Pipette P10

Pipettor accu-jet®

Pipettor PIPETBOY acu

Pipettor pipetus®-akku

Power supply Model 200/2.0
Power supply PowerPac 300
Pressure cooking pot Tender Cooker
Reaction tube rotator L29

Rocking table shaker UNITWIST-RT
Scales Sartorius basic

Scales Sartorius universal

Scanner 3000 7G with autoloader

Spectrophotometer NanoDrop® ND-1000

Test-Tube-Rotator L29
Tweezers No.5

Universal Oven UM 300
Vacuum Concentrator plus
Vortexer Reax top
Vortexer Vortex-Genie 2
Water bath shaker #1083
Water bath shaker SW21

X-ray cassette

Gilson, Limburg-Offheim (Germany)
Gilson, Limburg-Offheim (Germany)
Gilson, Limburg-Offheim (Germany)
Gilson, Limburg-Offheim (Germany)
Brand, Wertheim (Germany)

Integra Biosciences, Fernwald (Germany)
Hirschmann Laborg., Eberstadt (Germany)
Bio-Rad Lab., Munich (Germany)

Bio-Rad Lab., Munich (Germany)

Nordic Ware, Frankfurt (Germany)

A. Hartenstein, Wirzburg (Germany)
Kister Biotech, Steinfurt (Germany)
Sartorius, Gottingen (Germany)
Sartorius, Gottingen (Germany)
Affymetrix, Ceveland (OH, USA)

Thermo Fisher Scientific, Langenselbold
(Germany)

A. Hartenstein, Wirzburg (Germany)
A.Dumont&Fils, Montignez (Switzerland)
Memmert, Schwabach (Germany)
Eppendorf, Hamburg (Germany)
Heidolph Instr., Schwabach (Germany)
Scientific Industries, Bohemia (NY, USA)
G. f. Labortechnik, Burgwedel (Germany)
Julabo Labortechnik, Seelbach (Germany)

Carl Roth, Karlsruhe (Germany)

2.1.2 Consumable Materials

Blotting paper grade 3m/N 65 g/m?*
Cell Counting Slides for Luna

Cell Culture Inserts for 24-well plates. 8.0 um pores,
Transparent PET Membrane. BD BioCoat™

Cell strainer Falcon 70 um, nylon
Combitips® for Multipette® 12.5 ml

Cover slips 12 mm round

Munktell & Filtrak, Barenstein (Germany)
Biozym Sci. Hessisch Oldendorf (Germany)

BD Biosciences, Heidelberg (Germany)

BD Biosciences, Heidelberg (Germany)
Eppendorf, Hamburg (Germany)

Carl Roth, Karlsruhe (Germany)
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Cryogenic vials sterile 2 ml freestanding Falcon®
Cuvettes PLASTIBRAND® 1.5 ml semi-micro

Gel cassettes 1.5 mm

Glass slides SuperFrost® 76 x 26 mm

Membrane for Western Amersham™ Hybond™-ECL
Microplates, TC 96 well, clear bottomed, white walled
Needles Sterican® @ 0.60 x 60 mm 23G x 2 3/¢”
Needles Sterican® @ 0.80 x 50 mm 21G x 2”

Parafilm®

PCR plate (0.2 ml) Thermo-Fast® 96-well, non-skirted

PCR tube strips 0.2 ml

Petri dishes 100 x 15 56.7 cm” Nunclon™ A

Petri dishes glass bottom poly-D-lysine coated no. 1.5
pH indicator strips

Photographic film Amersham Hyperfilm™ ECL
Pipettes, Pasteur glass 3.2 ml

Pipettes, serological CELLSTAR® 5 ml

Pipettes, serological CELLSTAR® 10 ml

Pipettes, serological CELLSTAR® 25 ml

Pipette tips Graduated Filter Tips TipOne® 0.1-10 pl
Pipette tips Graduated Filter Tips TipOne® 1-20 ul
Pipette tips Graduated Filter Tips TipOne® 1-100 ul
Pipette tips Graduated Filter Tips TipOne® 1-200 ul
Pipette tips Graduated Filter Tips TipOne® 101-1000 ul
Reaction tubes 1.5 ml

Reaction tubes 2 ml

Reaction tubes Falcon™ Blue Max 15 ml

Reaction tubes Falcon™ Blue Max 50 ml

Reaction tubes, RNase-free 1.5 ml

Scalpel, sterile, disposable

Syringe Omnifix®, single-use 50 ml (60 ml)
Syringe-driven Filter Unit Millex® 0,22um

Tissue culture flasks 25 cm?, filter cap Nunclon™ A
Tissue culture flasks 75 cm?, filter cap

. ™
Tissue culture plates 6 well Nunclon™ A

BD Biosciences, Heidelberg (Germany)
Brand, Wertheim (Germany)

Life Technologies, Carlsbad (Germany)
Carl Roth, Karlsruhe (Germany)

GE Healthcare, Munich (Germany)
Lonza, Basel (Switzerland)

B. Braun, Melsungen (Germany)

B. Braun, Melsungen (Germany)

Carl Roth, Karlsruhe (Germany)

Abgene/Thermo Scientific, Rockford (IL,
USA)

Eppendorf, Hamburg (Germany)

Nunc, Roskilde (Denmark)

MatTek, Ashland (MA, USA)

Merck, Darmstadt (Germany)

GE Healthcare, Munich (Germany)

Carl Roth, Karlsruhe (Germany)

Greiner BioOne, Frickenhausen (Germany)
Greiner BioOne, Frickenhausen (Germany)
Greiner BioOne, Frickenhausen (Germany)
Starlab, Ahrensburg (Germany)

Starlab, Ahrensburg (Germany)

Starlab, Ahrensburg (Germany)

Starlab, Ahrensburg (Germany)

Starlab, Ahrensburg (Germany)
Eppendorf, Hamburg (Germany)
Eppendorf, Hamburg (Germany)

BD Biosciences, Heidelberg (Germany)

BD Biosciences, Heidelberg (Germany)
Zymo Research, Freiburg (Germany)
Aesculap, Tuttlingen (Germany)
Henke-Sass-Wolf, Tuttlingen (Germany)
Merck, Darmstadt (Germany)

Nunc, Roskilde (Denmark)

Greiner BioOne, Frickenhausen (Germany)

Nunc, Roskilde (Denmark)
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Tissue culture plates 24 well MULTIWELL™ flat
Tissue culture plates 48 well MULTIWELL™ flat

Tissue Grinder

Tubes, plastic 5 ml 75x12 mm
Whatman® Gel Blot Paper GB003

BD Biosciences, Heidelberg (Germany)
BD Biosciences, Heidelberg (Germany)

Thermo Fisher Scientific, Langenselbold
(Germany)

Sarstedt, Nuembrecht (Germany)

Sigma-Aldrich, Steinheim (Germany)

2.1.3 Chemicals

B-mercaptoethanol >99%

Agarose LE for gel electrophoresis

Ampicillin sodium salt

Ampuwa® water

Ammonium Persulfate (APS) >98%

Antibody Diluent

Bis-acrylamide ProtoGel® 30 % (w/v)

Blotting-Grade Blocker

Bovine Serum Albumin (BSA) >98%

Butane Campingaz® CV360

Chemiluminescent substrate SuperSignal® West Femto
Chemiluminescent substrate SuperSignal® West Pico
Chloroform, min. 99 % p.a.

Citrate buffer 10x

Collagen A 0,1 % in HCI, Typ I, 1 mg/ml

Cresol red

DCS LabLine Antibody Diluent

DMEM + GlutaMAX™, 4.5 g/I D_glucose, pyruvate
DMEM/F-12 (1:1) (1x) + L-Glutamine + 15mM HEPES
DMSO

dNTP Mix 10 mM each

DTTO0.1 M

EDTA >99% p.a.

Eosin Y alcoholic solution

Ethanol, ASC, ISO

Ethidium bromide

Fetal bovine serum (FBS)

Sigma-Aldrich, Steinheim (Germany)
Biozym, Hessisch Oldendorf (Germany)
Sigma-Aldrich, Steinheim (Germany)
Fresenius KABI, Bad Homburg (Germany)
Sigma-Aldrich, Steinheim (Germany)
Dako/Agilent, Santa Clara (CA, USA)
National diagnostics, Nottingham (UK)
Bio-Rad Lab., Munich (Germany)
Sigma-Aldrich, Steinheim (Germany)
CampingGaz, Hungen-Inheiden (Germany)
Thermo Scientific, Darmstadt (Germany)
Thermo Scientific, Darmstadt (Germany)
Merck, Darmstadt (Germany)

DCS, Hamburg (Germany)

Biochrom, Berlin (Germany)

AppliChem, Darmstadt (Germany)

DCS, Hamburg (Germany)

Fisher Scientific, Schwerte (Germany)
Fisher Scientific, Schwerte (Germany)
Sigma-Aldrich, Steinheim (Germany)
Fermentas, St. Leon-Rot (Germany)
Fisher Scientific, Schwerte (Germany)
Carl Roth, Darmstadt (Germany)
Bio-Optica, Milano (Italy)

Merck, Darmstadt (Germany)
Sigma-Aldrich, Steinheim (Germany)

Fisher Scientific, Schwerte (Germany)
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First strand buffer 5x

Formaldehyde 35 wt. % in H,0O
FungizonewI

Gel loading dye, blue 6x

Glyerol >99%

Goat Serum

HBSS 1x without CaCl,/MgCl,

HCI5 M

Hematoxylin (Carazzi’s)

Hoechst 33258 bisBenzimide

Horse Serum

Hydrochloric acid 1M

Hydrogen Peroxide 30%
Isopropanol, ACS, ISO

Laemmli sample buffer 1x

LB broth base

Methanol, ACS, I1SO

Mounting medium VECTASHIELD®
Thiazolyl Blue Tetrazolium Bromide (MTT)
NP-40 Tergitol®

Opti-MEM® Reduced Serum Medium
Paraformaldehyde

PBS powder pH 7.4
Penicillin-Streptomycin, liquid
Phenol Red

Photographic developer G153 A and B
Photographic fixer G354

PIPES >99%

Ponceau S practical grade

Protease inhibitor cocktail tablets complete mini
Qubit® ds DNA HS Assay Kit

Red blood cell Lysing Buffer

RIPA Buffer

RNaseZAP®

Roti®-Stock 10x TBS

RPMI 1640 + GlutaMAX™

Fisher Scientific, Schwerte (Germany)
Sigma-Aldrich, Steinheim (Germany)
Fisher Scientific, Schwerte (Germany)
New England Biolabs, Frankfurt (Germany)
Sigma-Aldrich, Steinheim (Germany)
PAA, Pasching (Germany)

Fisher Scientific, Schwerte (Germany)
Neolab, Heidelberg (Germany)
Bio-Optica, Milano (Italy)
Sigma-Aldrich, Steinheim (Germany)
Gibco, Darmstadt (Germany)
Sigma-Aldrich, Steinheim (Germany)
Merck, Darmstadt (Germany)

Merck, Darmstadt (Germany)

Bio-Rad Lab., Munich (Germany)
Fisher Scientific, Schwerte (Germany)
Merck, Darmstadt (Germany)

BIOZOL Diagnostica, Eching (Germany)
Sigma-Aldrich, Steinheim (Germany)
Sigma-Aldrich, Steinheim (Germany)
Fisher Scientific, Schwerte (Germany)
Merck, Darmstadt (Germany)
Sigma-Aldrich, Steinheim (Germany)
Fisher Scientific, Schwerte (Germany)
Sigma-Aldrich, Steinheim (Germany)
Agfa Healthcare, Mortsel (Belgium)
Agfa Healthcare, Mortsel (Belgium)
Sigma-Aldrich, Steinheim (Germany)
Sigma-Aldrich, Steinheim (Germany)
Roche Diagnostics, Mannheim (Germany)
Life Technologies, Carlsbad (Germany)
Sigma-Aldrich, Steinheim (Germany)
Sigma-Aldrich, Steinheim (Germany)
Sigma-Aldrich, Steinheim (Germany)
Carl Roth, Karlsruhe (Germany)

Gibco, Darmstadt (Germany)
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SDS 10 % (w/v) solution

SDS-PAGE running buffer Rotiphorese®, 10x
Sodium Azide >99%

Sodium chloride >99,5%

Sodium deoxycholate >97%

Sodium hydroxide tablets >99%

Stripping buffer for Western Blot Restore™ PLUS

TagMan® universal PCR master mix 2x
TBE Tris/Boric Acid/EDTA, 10x

TBS-T, 10x

TEMED 99%

Toluidine blue O (C.l. 52040) Certistain®
Transfection Reagent Lipofectamin™ 2000
Triton X-100, >10% in H,0

Trizma® base

TRIzol’ reagent

Trypan blue solution 0.4 %

Trypsin, 0.05 % with EDTA

Tween 20

Citrate buffer, pH6, 10x

Xylol >99%

Bio-Rad Lab., Munich (Germany)

Carl Roth, Karlsruhe (Germany)
Sigma-Aldrich, Steinheim (Germany)
Merck, Darmstadt (Germany)
Sigma-Aldrich, Steinheim (Germany)
Merck, Darmstadt (Germany)

Fisher Scientific, Schwerte (Germany)
PE Applied Biosys, Weiterstadt (Germany)
Bio-Rad Lab., Munich (Germany)

Carl Roth, Karlsruhe (Germany)
Amresco, Solon (OH, USA)

Merck, Darmstadt (Germany)
Invitrogen, Darmstadt (Germany)
Sigma-Aldrich, Steinheim (Germany)
Sigma-Aldrich, Steinheim (Germany)
Fisher Scientific, Schwerte (Germany)
Sigma-Aldrich, Steinheim (Germany)
Fisher Scientific, Schwerte (Germany)
Carl Roth, Karlsruhe (Germany)
Sigma-Aldrich, Steinheim (Germany)

Merck, Darmstadt (Germany)
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2.1.4 Buffers and Solutions

Material and Methods

If not stated otherwise, all listed solutions were prepared in MilliQ-H,0.

Agarose gel
1 % (w/v) agarose in 1x TBE

boil until dissolved,
cool to approximately 60 °C

add 0.005 % (v/v) ethidium bromide

Lysis Buffer 1 (for ChIP)

50 mM Hepes-KOH (pH 7.5)
140 mM NaCl

1 mM EDTA

10 % Glycerol

0.5 % NP-40

0.25 % Triton X-100

1/10 Protease Inhibitor

Buffer N (for Cell Fractioning)

15 mM Tris-HCl (pH 7.5)
60 mM KCl

15 mM NaCl

5 mM MgCl,

1 mM CacCl,

1mMDTT

2 mM Sodiumvanadat
250 mM Sucrose

1 mM PMSF

Lysis Buffer 2 (for ChIP)

10 mM Tris-HCI (pH 8.0)
200 mM NacCl

1 mM EDTA

0.5 mM EGTA

1/10 Protease Inhibitor

Elution Buffer (for ChIP)

50 mM Tris-HCI (pH 8.0)
10 mM EDTA
1 % SDS

Lysis Buffer 3 (for ChIP)

10 mM Tris-HCI (pH 8.0)
100 mM NacCl

1 mM EDTA

0.5 mM EGTA

0.1 % Sodium-Deoxycholat
0.5 % N-Lauroylsarcosine

Formaldehyde Solution (for ChIP)

50 mM Hepes-KOH
100 mM NacCl

1 mM EDTA

0.5 mM EGTA

11 % Formaldehyde

Lysis Buffer (for Cell Fractioning)

10 mM Pipes (pH 6.5)
10 mM EDTA

1 mM PMSF

1/10 Protease Inhibitor

IP Buffer

0.5 mM EDTA

1 % Triton X-100

1/7 Proteinase Inhibitor
1/10 Protease Inhibitor
in PBS

Paraformaldehyde (2 %, pH 7.4)

2 % (w/v) paraformaldehyde in PBS
15 ul phenol red

add 10 M NaOH until dissolved (colour change
from pink to colourless)
adjust pH to 7.4 with HCI
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PCR master mix

6 % (w/v) sucrose

200 uM dATP

200 pM dCTP

200 M dTTP

200 uM dGTP

10 % (v/v) 10x buffer (Biotherm, no MgCl,)
3% (v/v) MgCl,

40 ng/ml Cresol red

Separating gel (12 %) for SDS-PAGE (10 ml)

4 ml 30 % (w/v) acrylamide/bis
3.35 ml H,0 bidest.

2.5ml 1.5 M Tris (pH 8.8)

100 pul 10% (w/v) SDS

50 ul 10 % (w/v) APS

5 ul TEMED

Ponceau dye

0.1 % (w/v) Ponceau S
5 % (v/v) acetic acid

Stacking gel (4 %) for SDS-PAGE (5ml)

670 pl 30 % (w/v) acrylamide/bis
3 ml H,0 bidest.

1.26 ml 0.5 M Tris (pH 6.8)

50 ul 10% (w/v) SDS

25 ul 10 % (w/v) APS

5 ul TEMED

RIPA buffer (for protein extraction)

50 mM Trizma® base

150 mM NacCl

0.1 % (w/v) SDS

0.5 % (w/v) sodium deoxycholate
1% (w/v) NP-40

adjust to pH 8.0

TBS-T 10x (pH 7.6)

0.2 M Trizma® base

1.5 M NacCl

1% (v/v) Tween 20

for 1x, dilute 1:10 in H,0 bidest

RIPA buffer (washing buffer for ChlP)

50 mM Hepes-KOH (pH 7.5)
500 mM LiCl

1 mM EDTA

0.7 % Sodium-Deoxycholat
1 % NP-40

TE buffer (for ChlP)

10 mM Tris-HCI (pH 8.0)
1 mM EDTA
50 mM Nacl

2.1.5 Commercially available Kits

BCA Protein Assay Pierce®

Duolink® In Situ Detection Reagents Red

Cell Proliferation Reagent WST-1

HistoMark Biotin Streptavidin-HRP
Mycoplasma detection Kit
Maxwell® 16 simply RNA Tissue Kit
Maxwell® 16 LEV Blood DNA Kit

#23225; Fisher Scientific, Schwerte (Germany)

#DUO92008; Sigma-Aldrich, Steinheim
(Germany)

#05015944001; Roche Diagnostics, Mannheim
(Germany)

#5520-0023; SeraCare, Wedel (Germany)

#PK-CA20-700-20; PromoKine, (Germany)
#AS1280; Promega, Mannheim (Germany)
#AS1290; Promega, Mannheim (Germany)
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Peroxidase Substrate Kit DAB #SK-4100; Vector Laboratories, Burlingame (CA,

USA)

Protein A/G PLUS-agarose beads #sc-2003; Santa Cruz Biotechnology,

Heidelberg (Germany)
#27106; Qiagen, Hilde (Germany)
#Q32851; Life Technologies, Carlsbad (Germany)

QlAprep® Spin Miniprep Kit
Qubit® ds DNA HS Assay Kit

SF Cell Line 4D-Nucleofector™ X Kit #V4AXC-1024; Lonza, Basel (Switzerland)

2.1.6 Standards

Quick-Load® 100 bp DNA ladder New England Biolabs, Frankfurt (Germany)

PageRuler™ prestained protein ladder Fermentas, St. Leon-Rot (Germany)

2.1.7 Primers

For reverse transcription, random primers purchased from Promega were used. The primers

for gPCR were ordered as pre-designed for the gene of interest from Thermo Fisher

Scientific (Table 2). The Rotor Gene Q system quantifies PCR reaction products by calculating

the cycle threshold (Ct) value for each sample during each replication cycle. By linear

regression analysis, the relative amount of mRNA in each sample was calculated. Finally,

values were normalized against a house keeping gene control (rat samples: B2m, human

samples: TBP).

Table 2: TagMan assays used for gPCR with the Rotor Gene Q system. [Rn: Rattus norvegicus,

Hs: Homo sapiens]

Gene Symbol Assays ID Context Sequence

Apoc4 Rn01476208_m1 CCTGGCCTGCTTTGTAGCATCCATG
APOC4 Hs00957901_gl GCCCGAGCACCTTCCGGGGCTTATG
B2m Rn00560865_m1 GCTTGCCATTCAGAAAACTCCCCAA
Cdkn1b Rn00582195_m1l CGTAAACAGCTCCGAATTAAGAATA
CDKN1B Hs00153277_m1l AACCGACGATTCTTCTACTCAAAAC
Gata2 Rn00583735_m1 GCTCAGAAGGCCGGGAGTGTGTCAA
GATA2 Hs00231119 _m1l GTTCCTGTTCAGAAGGCCGGGAGTG
Runx1 Rn01645281_m1l GAGCGGCAGAGGCAAGAGCTTCACT
RUNX1 Hs01021971 _ml CAGAGTCAGATGCAGGATACAAGGC
TBP H00427620_m1 GCAGCTGCAAAATATTGTATCCACA
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Tcf4 Rn00670364_g1 ACATTCACTCATGGTCGGGGCCCAC
TCF4 Hs00162613_m1 TTCATGCAAGATGGCCATCACAGCA
Zfp423 Rn00585834_m1 CCAGTGCCCCGGAAGAAGACGTACC
ZNF423 Hs00323880_m1 CAGACCGAGCTGCAGAACCACACGA
Zfp563 Rn01772782_m1 GTCTAGGAGAAGTCTGAGAAGTGGA
ZNF423 Hs00708147_s1 GAACAGAATACTGAAGATCAGTACA
2.1.8 siRNA

ON TARGETplus Non-targeting siRNA #1
#D-001810-01-05; GE Healthcare Dharmacon, Munich (Germany)

ON TARGETplus Rat Gata2 (25159) siRNA - SMARTpool
#1L-088673-02; GE Healthcare Dharmacon, Munich (Germany)

siCdkn1b (rat)
siRNA made by order from siTOOLs Biotech GmbH; Planegg/Martinsried (Germany)

siRunx1 (rat)
siRNA made by order from siTOOLs Biotech GmbH; Planegg/Martinsried (Germany)

2.1.9 Enzymes

Collagenase type Il Biochrome, Berlin (Germany)
Reverse transcriptase SuperScript® Il Life Technologies, Carlsbad (Germany)
Taq® DNA polymerase Fermentas, St. Leon-Rot (Germany)

2.1.10 Antibodies

Primary antibodies for Western blotting

All primary western blotting antibodies shown in Table 3 were used in appropriate dilution
with 3 % (w/v) BSA plus 0.1 % sodium azide. Antibodies were stored in dilution at 4 °C and

could be re-used.

Table 3: Primary antibodies used for western blotting.

Antibody Company ID Host Dilution | band size
anti-B-actin OriGene
(polyclonal) Technologies TA890010 rabbit 1:1000 ~42 kDa
POl Rockvill (MD, USA)
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Santa Cruz
anti-E2F4 Biotechnology, .
(polyclonal) Heidelberg sc-866 rabbit 1:200 44 kDa
(Germany)
anti-GATA2 Abcam, . -
(monoclonal) Cambridge (UK) ab109241 rabbit 1:1000 51 kDa
Santa Cruz
anti-p130 Biotechnology, sc-317 rabbit | 1:200 | ~130kDa
(polyclonal) Heidelberg
(Germany)
Santa Cruz
anti-p27 (N-20) Biotechnology, 5c-527 rabbit | 1:500 | ~27kDa
(polyclonal) Heidelberg
(Germany)
anti-Runx1 Proteintech
’ 19555-1-AP bbit 1:1000 ~49 kD
(polyclonal) Manchester (UK) rabbl @
anti-Znf423 Merck, Darmstadt ABN410 rabbit | 1:2000 | ~145kDa
(polyclonal) (Germany)

Secondary antibodies for Western blotting

HRP-linked secondary antibodies (diluted in 5 % (w/v) skimmed milk in TBS-T) are displayed

in Table 4. They were freshly prepared for each usage.

Table 4: HRP-linked secondary antibodies used for western blotting.

Antibody Company ID Host Dilution
anti-rabbit IgG GE Healthcare, NA934-1ML donkey 1:2000
Little Chalfont (UK)

Antibodies for Immunhistochemistry (IHC) on formalin-fixed paraffin embedded (FFPE)

tissue sections

All antibodies were diluted in DCS antibody dilution buffer (DCS Innovative Diagnostik

Systeme, Hamburg (Germany)) as indicated in Table 5.

Table 5: Primary antibody used for IHC on FFPE tissue sections.

Antibody Company ID Host Dilutions
;- Kip1 . .
anti-p27 BD Biosciences, Bedford (MA, 610242 mouse 1:400
(monoclonal) USA)
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The secondary antibody for IHC was anti-mouse IgG antibody (#710039) produced in goat
based on the Histomark Biotin Streptavidin HRP-system (Kirkegaard & Perry Laboratories;

MA, USA). The antibody was prepared for ready-to-use applications by the company.

Antibodies for Immunofluorescence (IF) on FFPE tissue sections or on cells

The shown antibodies for IF (Table 6) were diluted in ready-to-use antibody diluent from

Dako/Agilent.

Table 6: Primary antibodies for IF on FFPE tissue sections.

Antibody Company ID Host Dilutions
(;n;:;c?j;:azl) Camﬁtr)i(;agn;(UK) ab109241 rabbit 1:500
(3112:53::) B:dec?ricci) S(nc\;e/ECSZ'A) 610242 mouse 1:500
?:::y'zllﬂ;% Camﬁtr)i(;agn;'(UK) ab35962 rabbit 1:1000
anti-Znf423 Merck, Darmstadt ABN410 rabbit 1:500
(polyclonal) (Germany)

Secondary antibodies were used from Cell Signaling Technology (MA, USA). With respect to
the host species of the primary antibody, secondary antibodies tagged with either Alexa

fluor 555 (#4413 or #4409) or Alexa fluor FITC (#4412 or #4408) were choosen.

Antibodies for Immunoprecipitation (IP)

For IP experiments, 10 pg of each primary antibody shown in Table 7 were used.

Table 7: Antibodies used for IP experiments.

Antibody Company ID Host
anti-GATA2 Abcam, ab109241 rabbit
(monoclonal) Cambridge (UK)
anti-p27“*! BD Biosciences, Bedford (MA, 610242 Mouse
(monoclonal) USA)
anti-p27 (C-19) Santa Cruz Biotechnology, .
-528 bbit
(polyclonal) Heidelberg (Germany) 5¢ rabbl
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anti-p27 (N-20) Santa Cruz Biotechnology, .
-527 bbit
(polyclonal) Heidelberg (Germany) >¢ rabbl
anti-p27 (F-8) Santa Cruz Biotechnology, sc-1641 Mouse
(monoclonal) Heidelberg (Germany)
anti-RUNX1 Abcam
’ b35962 bbit
(polyclonal) Cambridge (UK) @ rabbl
Znf42
nf423 Merck, Darmstadt (Germany) ABN410 rabbit
(polyclonal)
Invit Grand Island (NY
anti-mouse IgG nvitrogen, Ur::) sland (NY, 10400C mouse

Antibodies for chromatin immunoprecipitation (ChIP)

Antibodies for ChIP experiments in cells and adrenomedullary tissues were utilized with

10 pg (Table 8).

Table 8: Antibodies used for ChIP experiments.

Antibody Company ID Host
: Kip1 . .
anti-p27 BD Biosciences, Bedford (MA, 610242 mouse
(monoclonal) USA)

Invitrogen, Grand Island (NY,

USA) 10400C mouse

anti-mouse IgG

Antibodies for proximity ligation assay (PLA)

To analyse protein-protein interactions, we performed PLA experiments and used following

antibodies (Table 9) for that experiments.

Table 9: Antibodies used for PLA.

Antibody Company ID Host
anti-GATA2 Abcam, ab109241 rabbit
(monoclonal) Cambridge (UK)

anti-p27"** BD Biosciences, Bedford (MA, 610242 mouse
(monoclonal) USA)
anti-RUNX1 Abcam

’ b35962 bbit

(polyclonal) Cambridge (UK) @ rabbl
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2.1.11 Bacteria strains and cultured cell lines

One Shot® TOP10 E. coli competent cells  Invitrogen, Grand Island (NY, USA)

primary mouse embryonic fibroblasts mouse embryos established in our laboratory

(MEFs)

primary rat embryonic fibroblasts rat embryos established in our laboratory

(REFs)

HEK293T cells CRL-11268™ courtesy of Dr Natasa Anastasov
(ISB, HMGU, Munich, Germany)

PC12 CRL-1721™ purchased from LGC Standards

MPC 4/30 PRR courtesy of Dr Karel Pacak (National Institutes of

Health, Bethesda, MD, USA)

MTT courtesy of Dr Graeme Eisenhofer (Departments
of Clinical Chemistry and Laboratory Medicine,
University of Dresden, Germany)

Hela courtesy of Dr Sonia Paixao (MPI for
Neurobiology, Munich, Germany)
MCF7 courtesy of Dr Natasa Anastasov (ISB, HMGU,

Munich, Germany)

2.1.12 Human Adrenal Tissues

The human adrenal and PCC samples used for ChIP-Seq and further gene expression studies
were kindly provided by the Imperial College Healthcare Tissue Bank in the Hammersmith

Hospital London. The Tissue Bank application number is R13041 confirmed in July 2012.

2.1.13 Animals

The phenotype and genotype of MENX rats have previously been described (Molatore and
Pellegata, 2010). MENX rats were group housed under controlled conditions (temperature
23 °C, 12-h/12-h light/dark cycle). The rats had access to standard rodent chow (Altromin
Spezialfutter GmbH) and water ad libitum. All experiments and procedures were approved
by local authorities (TVA-Az.: 55.2-1-54-2532-225-2013) and complied with German animal

protection law.

2.1.14 Desinfections

Antifect® FD10 Schiilke & Mayr, Norderstedt (Germany)
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Merz, Frankfurt a.M. (Germany)

Ethanol 70 % (v/v) in water for bacteriology

Ethanol 80 % (v/v) in water for cell culture

2.1.15 Software

Rotor-Gene Q 2.3.1.49
AimlimageBrowser
AxioVision 4.6

Integrative Genome Viewer (igv)
LabSens

MEME-Suite
(MEME-ChIP, FIMO, CentriMo)

Skanlt™ Software for Microplate Reader

Qiagen, Hilde (Germany)
Carl Zeiss, Jena (Germany)
Carl Zeiss, Jena (Germany)

https://www.broadinstitute.org/igv/home
(Robinson et al., 2011)

Olympus Soft Imaging Solutions, Miinster
(Germany)

http://meme.nbcr.net/meme/
(Bailey et al., 2009)

Thermo Fisher Scientific, Waltham (MA, USA)

Matlnspector Genomatix GmbH, Munich (Germany)

MS Office 2010 Microsoft, UnterschleiRheim (Germany)

2.2 Methods

2.2.1 Molecular biology methods

DNA and RNA isolation

The extraction of RNA or DNA of cells or tissues was performed by the Maxwell® 16
device (Promega GmbH). Cell pellets or homogenized tissue samples were treated with
Homogenization Solution and Lysis Buffer (components of the Maxwell® 16 simply RNA
Tissue Kit and the Maxwell® 16 Cell DNA Purification Kit) following the manual instructions.
The lysed cells or tissues were given to a Maxwell® 16 LEV Cartridge, part of the
Promega Purification Kits. The remaining purification process was fulfilled by the
Maxwell® extractor automatically. The generated extracts were diluted in 40-60 ul of
nuclease-free water. The DNA and RNA content of the samples were measured at a
wavelength of 260 nm by the NanoDrop'™ 2000 Spectrophotometer. To assess the

purity of DNA or RNA the ratio of absorbance at 260 nm and 280 nm were measured.
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Accepted ratios for pure DNA and RNA are approximately 1.8/2.0. If the ratios are lower

contaminations with proteins, phenol or other absorbers around 280 nm might exist.

Agarose gel electrophoresis

For analysing PCR products, 1 pl of PCR sample was mixed with 5 ul of 6x loading dye and
loaded onto a 1% agarose gel containing 0.005 % ethidium bromide. Samples were
separated in 1x TBE buffer alongside a DNA standard (1 kb ladder) at 100 V. Ethidium

bromide incorporation visualizes the DNA bands under UV light.

Quantitative real time PCR (qRT-PCR)

Reverse transcription was performed to generate cDNA from RNA templates for further PCR-
based analysis of RNA extracts. 0.1-1 pg of total RNA was incubated for 10 min at RT with
1 ug of random primers in 11 pl of reaction volume. Afterwards, components listed in Table
10 were added per reaction batch and incubated for 1 h at 42 °C. The reaction was stopped
by a heating step at 95 °C for 5 min. The generated cDNA was stored at -20 °C until further

use.

Table 10: Reverse transcription PCR components.

Reagents Volume
5x first strand buffer 4 ul
DTT (0.1 M) 2ul
dNTP Mix (10 mM each) 1l
RNaseOUT 1l
SuperScriptWI Il reverse transcriptase 1l

For gene expression studies at mRNA levels, specific genes were amplified by TagMan™ PCR
(Thermo Scientific™). 1 ul of gene expression assays from Thermo Scientific' (Table 2) was
mixed with 10 pl of a 2x TagMan™ master mix and 5 ul of Ampuwa. The mixture was given
into 0.1 ml tubes (appropriate for the Rotor-Gene Q 72-well rotor) and 4 pl of Ampuwa-
diluted reverse transcription product was added. All samples were pipetted in duplicates. In
parallel, a negative control samples was loaded where 4 pl Ampuwa was added to 16 pl
master mix instead of reverse transcript product. Next to the genes of interest, species-

dependent endogenous controls were loaded for normalization of cDNA input: B2m for rat
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and mouse samples (encoding B, microglobulin) and TBP for human samples (encoding
TATA-binding protein). The Rotor-Gene Q system was run for 40 cycles (steps 3 to 4) with a

program shown in Table 11.

Table 11: Rotor-Gene Q qPCR set-up.

Step Temperature [°C] Time
1 50 2 min
2 95 10 min
3 94 15 sec
4 60 1 min
5 4 Pause

2.2.2 Cloning - transformation and plasmid isolation

For bacterial transformation, a vial of One Shot® TOP 10 chemically competent E. coli were
thawed on ice and mixed gently with 1 pug of plasmid DNA. After a 30 min incubation on ice
heat shock of bacteria was performed for 30 sec at 42 °C. Following a few minutes cooling
down on ice, the bacteria recovered in 1 ml pre-warmed LB medium for 1 h at 37 °C and
300 rpm in a shaking incubator. 100 pl of bacteria solution were given on agar plates
containing the appropriate selection antibiotic (100 pug/ml Ampicillin, 50 ug/ml Kanamycin).
Bacterial colony growing occurred overnight at 37 °C, so that clones could be picked and
inoculated in 4-20 ml of LB medium the next day. After overnight incubation at 37 °C, 10 ml
of the bacterial culture were used for plasmid isolation by the QlAprep Spin Miniprep Kit
from Qiagen™ following the manual instructions. Glycerol stocks were generated from every

plasmid containing bacteria solution for long-term storage.

2.2.3 Cell culture methods

Passage of adherent cell lines

All cells were incubated at 37 °C in an atmosphere of 5% CO, handled under sterile
conditions (sterile hood with controlled airflow). Media and trypsin were pre-warmed to
37 °C before use. In order to avoid complete confluence of cells following cell death, the
density of cells was reduced by enlarging the size of cell culture flasks or by reducing the cell

number before complete confluence was reached. For this purpose, cells were washed with
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PBS to remove calcium and trypsin inhibitors from the serum-containing medium and
treated with 0.05 % trypsin/EDTA for approximately 5 min at 37 °C to break cell-cell and cell-
matrix contacts. The enzymatic effect of trypsin was inhibited by adding serum-containing
medium (v/v) to the cells. Cells were split in a ratio between 1:3 and 1:10 every two to four
days depending on cell type and their growth kinetics. As to forestall changes in phenotype
and functional differentiation, cells were passaged for a limited number of times (35
passages at most) to avoid differential changes in phenotype and function. Media conditions
for all used cell lines or primary cells are displayed in Table 12.

Table 12: Composition of used cell culture media. Origin of cell lines see 2.1.11 [HS: horse serum;

FBS: fetal bovine serum; P/S: Penicillin/Streptomycin (each 5000 u/ml); A/A: Antibiotic/Antimycotic
solution (10 000 u/ml penicillin, 10 mg streptomycin, 25 ug amphotericin B)]

Cell line / primary cell type commercial medium additional ingrediens

HEK293T DMEM 10 % FBS
1% P/S

Hela DMEM 10 % FBS
1% P/S

MCF7 DMEM 10 % FBS
1% P/S

MPC RPMI 10 % HS
5 % FBS
1% P/S

MTT RPMI 10 % HS
5 % FBS
1% P/S

PC12 DMEM/F12 15 % HS
2,5 % FBS
1% P/S

primary adrenomedullary cells RPMI 10 % FBS
1% A/A

Cryoconservating and thawing cells

For cryoconservation cells with low passage numbers were expanded in a 25 cm? flasks to
approximately 80 % confluence (within two to three passages after thawing a cell line). Cells
were detached by trypsin treatment and pelleted by centrifugation (1000 x g and RT for
5 min). Cells were resuspended in 2 ml serum-containing medium plus 10 % (v/v) DMSO. The
cell suspension was given into two cryogenic vials (1 ml/vial), which were transferred to a

freezing container filled with isopropanol placed at -80 °C overnight. The circumfluent
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isopropanol layer ensured a continuous temperature reduction of 1 °C/min. Afterwards, the

frozen cells were placed in liquid nitrogen (-196 °C) for long time storage.

For thawing, vials of cryoconserved cells were taken from the liquid nitrogen tank and
rapidly thawed in a 37 °C water bath for one to two minutes and quickly transferred to 10 ml
pre-warmed cell-specific serum-containing medium. Rapid dilution of the freezing medium is
essential due to the cytotoxicity of the cryoprotectant DMSO at RT. To finally get rid of the
DMSO, cells were centrifuged at 1000 x g at RT for 5 min, resuspended in fresh serum-

containing cell medium and transferred to 25 cm” tissue culture flasks.

Mycoplasma test

While fungal or other bacterial infections are usually easily detectable and destructible by
antimycotics and antibiotics, mycoplasma contaminations often elude detection. Therefore,
every new cell line was routinely tested for contamination by the mycoplasma test kit from
PromoKine. 1 ml cell culture supernatant was centrifuged at 250 x g for 5 min at RT to pellet
cellular debris. The supernatant was transferred into a fresh sterile tube and centrifuged a
second time at 20000x g for 10 min at RT to sediment mycoplasma. The pellet was
resuspended in 50 pl of buffer solution. 5 pl of suspension was heated to 95 °C for 3 min and
mixed with 35 pl of H,0 and 10 pl reaction mix for PCR amplification. The tubes were placed
in a PCR thermal cycler and the program set to conditions shown in Table 13; steps 2-4 were
repeated for 35 cycles. Afterwards the sample was analyzed by agarose gel electrophoresis.

Only mycoplasma free cells were used for experimental set-ups.

Table 13: Mycoplasma PCR set-up.

Step Temperature [°C] Time

1 94 30 sec
2 94 30 sec
3 60 120 sec
4 72 60 sec
5 94 30 sec
6 60 120 sec
7 72 5 min
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Automated cell counting

10 pl of cell suspension were mixed 1:1 with trypan blue to selectively color and distinguish
dead cells. 10 pl were given into a LUNA™ disposable slide and counted by the LUNA™
Automated cell counter (algorithm gives cell number per 1 ml). Within a cell concentration
range of 5 x 10* to 1 x 10 cells/ml and cell diameter of 3-60 um, LUNA™ software accurately

distinguishes between live and dead cells and disregards debris.

Transient transfection

Nucleofection of cells was performed by electroporation performed with the Amaxa 4D-
Nucleofector. Cells were resuspended with the desired cell number of 2 x 10°cells per
reaction in solution and supplement mixtures according to the manufacturing instructions.
Additionally, 1 nM siRNA (from siTOOLs Biotech) or 1 pg plasmid DNA were mixed with cell
suspension and transferred into a nucleofection cuvette provided by the company.
Nucleofection was conducted with the X-unit of the Amaxa Nucleofector device and
electroporation was processed with optimized pulses (Table 14) in order to maximize
transfection efficiency without significantly altering viability of the cells. Cells were
resuspended in 400 ul of 37 °C pre-warmed cell culturing medium and plated into tissue
culture dishes.

Table 14: Optimized buffer and pulse conditions for cell lines and adrenomedullary primary cells
used for transfection via the Amaxa Nucleofector device from Lonza.

Cell line / primary cell type Buffer Supplement Pulse
PC12 Solution SF 1 EI-100
primary adrenomedullary cells Buffer P3 3 DS-150

Primary cell culture of adrenomedullary cells

After dissection of the rat, the adrenal medullas were separated from the cortex with a
forceps. The tissue was transferred into a 60 mm Petri dish containing 5 ml HBSS with 1 %
antibiotic/antimycotic solution for washing. Afterwards the tissue was injected with sterile
type 2 collagenase and was chopped with razor blade into pieces smaller than 0.5 mm.
These pieces were transferred into a 15 ml conical tube and filled up with 8 ml type 2

collagenase. The tissue suspension was incubated in a 37 °C water bath for 45 min. Every
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15 min, the suspension was mixed by briefly pipetting to ensure proper digestion of
connective tissues. To inactivate the collagenase activity, 1 ml of FBS and 10 ml of serum-
containing medium were added. The cell suspension was passed through a 70 um cell
strainer and centrifuged at 1 000 x g for 5 min. The supernatant was discarded and the cell
pellet was resuspended in 300 ul red blood cell lyses buffer, incubated at RT for 3 min and
centrifuged again (same condition as before). Finally, the cells were resuspended in 1 ml

serum-containing medium and counted automatically by the LUNA™ cell counter.

2.2.4 Biochemistry methods

Protein extraction

Frozen cell pellets were thawed on ice and resuspended in 50-80 pl of RIPA buffer with
protease inhibitor (cOmpIeteWI Protease inhibitor cocktail). Tissues were minced by a tissue
grinder and resuspended in 100 pl of RIPA buffer with protease inhibitor. After 20 min
incubation on ice, the cell lysates were spun down at 13 000 g at 4 °C for 10 min to remove

cell debris. The protein extracts were stored at -20 °C.

Protein quantification

The content of extracted proteins was measured using the Pierce™ bicinchoninic acid (BCA)
Protein Assay Kit. A standard curve was created based on appropriated, different
concentrated BSA solutions ad 50 ul volume. In parallel, 1 pl of protein sample was mixed
with 49 ul of Ampuwa. 500 ul BCA solution (1:50 mixture of Pierce™ Protein Assay
Reagent A and Reagent B) was added to protein samples and BSA samples, respectively.
After 20 min of incubation at 60 °C, the OD was measured by a Spectrophotometer at
560 nm. The amount of protein in the given sample was estimated by comparing the value

for ODsgp to the standard curve.

SDS-PAGE

Regarding their electrophoretic mobility proteins were separated by discontinuous sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Protein extracts (35 pg to
50 pg) and 2x/4x Laemmli buffer plus 5% (v/v) B-mercaptoethanol were mixed 1:1 and
denatured at 95 °C for 5 min. Proteins were electrophoretically separated in 1x SDS running

buffer on discontinuous polyacrylamide gels (4 % stacking gel and 12 % separating gel) at
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90 V until the samples have passed the stacking gel. Afterwards the voltage was increased to
130 V. A pre-stained protein ladder was run alongside the samples in each gel to allow the

identification of the protein of interest based on its molecular weight.

Western blot transfer

To detect specific proteins of cell or tissue samples they have to be made accessible for
suitable antibodies. Therefore proteins were blotted by a wet blot system (Bio-Rad
Laboratories) from the SDS gel onto a thin nitrocellulose membrane with non-specific
protein-binding properties. The SDS gel was placed onto the nitrocellulose membrane
bilaterally embedded in two sponges and four sheets of whatman filter paper. The blotting
chamber was completely filled with 1x transfer buffer and plugged in a power supply to
generate a constant electric field of either 50V for overnight transfer or 100V for 2 h
transfer at 4 °C. To determine the quality of the transfer and the separating pattern of the
proteins the membrane was reversibly stained with Ponceau S solution for several minutes
at RT. The staining solution was removed by washing the membrane three times for 5 min in

TBS-T washing buffer.

Protein detection

Proteins transferred to a nitrocellulose membrane can be detected by specific antibodies. To
prevent non-specific antibody-binding, the membrane was blocked with 5 % (w/v) skimmed
milk for 1 h at RT under gentle agitation. The blocking reagent was removed from the
membrane by three 5 min washes in TBS-T. The specific primary antibody was diluted in a
3 % BSA solution and added to the membrane for either overnight (at 4 °C) or 1 h (at RT)
incubation. Unbound primary antibody was removed washing the membrane three times for
5min with TBS-T. Subsequently, a species-specific horseradish peroxidase-coupled
secondary antibody was diluted in 5 % (w/v) skimmed milk and added to the membrane for
1 h at RT. Following three more washes with TBS-T, a chemiluminescent agent (Super Signal
West Pico Chemiluminescent Substrate) was mixed 1:1 and was given on the membrane for
5 min at RT in the dark. The membrane was exposed on a sheet of photo film afterwards. For
re-probing western blot membranes with a different primary antibody the membrane was
treated with Restore™ Fluorescent Western Blot Stripping Buffer for 15 min at RT. The

stripping buffer was removed and the membrane was rinsed with water following three
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washes for 5 min each at RT in TBS-T. With the incubation of the membrane in skimmed milk

the detection process described above was started all over.

Immunoprecipitation (IP)

Frozen cell pellets (at least 4 x 10° cells) were thawed on ice and resuspended in 300 ul of IP
buffer with protease inhibitor (cOmpIeteT'\’I Protease inhibitor cocktail). After 30 min on ice,
the cell lysates were spun down at 13 000 g and 4 °C for 10 min to remove cell debris and IP
lysates were stored at -20 °C until further use.

For IP, 500 pg of IP protein lysate were mixed with 10 ug of specific primary antibody (ad
500 ul IP buffer). After 60 min shaking incubation at 4 °C, 40 pl of protein A/G agarose beads
were added and incubated further overnight at 4 °C. Then the beads were washed five times
with IP buffer (spin 1 min, 1 000 rpm, 4 °C). Afterwards, 30 ul of 4x Laemmli buffer were
added to the beads. To elute the IP product from the beads and denature proteins, the

mixture was incubated at 95 °C for 5 min. The IP was checked by western blotting.

WST-1 proliferation assay

PC12 cells were seeded with a number of 10 x 10* cells per well into a 96-well-plate. 24 h
post-transfection 10 pl/well of the ready-to-use WST-1 reagent from Roche Diagnostics were
added to the cells. The stable tetrazolium salt WST-1 is cleaved to a soluble formazan by a
complex cellular mechanism that occurs primarily at the cell surface. This bioreduction is
largely dependent on the glycolytic production of NAD(P)H in viable cells. Therefore, the
amount of formed formazan dye directly correlates to the number of metabolically active

cells. The OD was measured by a Spectrophotometer at 450 nm.

2.2.5 Immunbhistological stainings

Preparation of tissues

Tissues were fixed in 4 % buffered formalin of at least one day and paraffin-embedded
afterwards. Two to 4 um sections were cut and stained with haematoxylin and eosin (H&E)
for histopathological examination or used for immunohistochemical or immunofluorescence

stainings.
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Preparation of cells

Cells were fixed in 4% PFA, immobilized in a plasma-thrombin-solution and paraffin-
embedded afterwards. Two to 4 um sections were cut and stained with haematoxylin and
eosin (H&E) for histopathological examination or used for immunohistochemical or

immunofluorescence stainings.

Haematoxylin and eosin (H&E) staining

Tissue sections were stained by immersing the tissue slides into haematoxylin for 4 min.
Excess haematoxylin was removed by washing the slides in running water for 5 min. The
staining of the nuclei should fade from violet to blue. The tissue slides were counterstained
using eosin for 20 sec and subsequently washed with running water for additional 5 min.
Finally, the stained tissue slides were dehydrated using an ascending alcohol series (50 %,

70 %, 96 % and 100 %) and treated with xylol. The slides were sealed with cover slips.

Immunohistochemistry (IHC)

IHC makes it possible to visualize the distribution and localization of specific cellular
components within cells and in the proper tissue context. By IHC, discrete tissue
components can be identified because of the interaction of target antigens with specific
primary antibodies and enzyme-conjugated secondary antibodies. In the presence of
substrate and chromogen, the enzyme forms a colored deposit at the sites of antibody-

antigen-binding. The visible protein-specific staining can be analyzed microscopically.

First, paraffin sections were deparaffinized (two washes in xylol for 10 min) and hydratized
in 100 % ethanol (2 times, 5 min), 90 % ethanol (5 min) and 70 % ethanol (5 min). Afterwards
the slides were washed in distilled water and Tris-buffered saline plus 0.05 % Tween 20 (TBS-
T, pH 7.0) for 5 min each. To block endogenous peroxidase activity and minimized non-
specific background staining, the samples were incubated in hydrogen peroxide (H,0,)
solution (0,3 % H,0;, in methanol) for 5 min. After washing twice for 5 min in TBS-T the
antigen retrieval was performed to enable antibody-binding and improve staining intensity.
Therefore, the sections were microwaved for 30 min at 1 000 W in citrate acid monohydrate
buffer (pH 6,0). Afterwards, the slides were washed in TBS-T for 5 min to cool them down.
To avoid unspecific antibody-binding, the slides were blocked with normal goat serum for

30 min at RT and washed once with TBS-T. Following, the slides were incubated with a
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primary antibody against the specific protein of interest overnight at 4 °C in a wet chamber.
The next day, the samples were washed 3 times in TBS-T for 5 min and incubated with
biotinylated secondary antibodies for 45 min. The secondary antibody is conjugated to biotin
beads, which can bind to the avidin-enzyme complex. After the incubation time, the slides
were washed 3times for 5min in TBS-T to remove the antibody and incubated in
streptavidin-horseradish peroxidase for 30 min at RT. The slides were washed 3 times for
5 min in TBS-T and treated with DAB staining solution to enable visualization. The slides
were counterstained with haematoxylin for 10 sec and washed under running water for
4 min. The slides were dehydrated in increasing concentrations of ethanol (70 %, 96 % and
100 %) with 2 min incubation at each concentration. Subsequently, the sections were
incubated in xylol twice for 10 min and mounted with cover slips. Images were recorded

using an Olympus BX43 microscope.

Immunofluorescence (IF)

For the IF staining we used sections originated from paraffin embedded tissue samples.
Before the staining was proceeded, the sections had to be deparaffinized, rehydrated and
cooked as described for IHC. After boiling, the slides were transferred rapidly into TBS-T for
5 min and the primary antibody, diluted in Dako REAL™ solution, was added on the tissue
sections. In case of co-immunofluorescent stainings, a mixture of 2 primary antibodies was
applied. After the pre-treatment, the slides were incubated with the first antibody dilutions
in humid surroundings at 4 °C overnight. The next day, the samples were washed 3 times in
TBS-T for 5 min. The secondary antibody was diluted in Dako REAL™ solution and incubated
for 60 min, followed by 3 washing steps in TBS-T for 5 min each. For co-staining, a mixture of
both secondary antibodies was used - each antibody conjugated to a different fluorophore
(FITC or Alexa555). The cell nuclei were stained with DAPI in the dark for 3 min followed by
1 min washing in distilled water. Finally, the slides were covered with vectashield® mounting
medium and cover slips. The IF staining was imaged with a confocal fluorescence

microscope. The tissue slides were long-term stored at -20 °C in the dark.

Proximity Ligation Assay (PLA)

The proximity ligation assay was performed by using the Duolink® In Situ-Fluorescence Kit
and Duolink® Detection Reagents Red from Sigma. Cells were prepared as described above

and FFPE sections were used for PLA performed following the manufacturer’s protocol. The
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signal detection produced by protein interaction partners was done by the use of a confocal

fluorescence microscope from Olympus.

2.2.6 Cell fractioning

Cell nuclei preparation

To verify the binding properties of specific proteins, cells from adrenomedullary WT tissues
and cell lines were separated due to their cell compartments. The cell nuclei were isolated
by homogenizing tissue and resuspending cell pellets of cell lines in 300 pl of Buffer N.
Immediately the same volume of Buffer N plus 0,6 % NP-40 detergent was added. After a
5 min incubation on ice the homogenate was centrifuged at 2 000 g for 5 min at 4 °C. The
supernatant containing the cytoplasmic fraction of cells were transferred into a fresh tube,
whereas the cell pellet containing the cell nuclei was washed 2 times with Buffer N to get rid
of the detergent. The cell nuclei were resuspended in 300 pl Buffer N and 10 ul of that
solution was spun down again and resuspended in 10 ul of 2 M NaCl for spectrophotometric
measurement by the NanoDrop™ 2000 Spectrophotometer. Microscopically intact
preparation of clean nuclei had an A260/A280 ratio of 1.6-1.7 and an A230/A260 ratio of
0.9-1.0 (Bellard et al., 1989). For overnight storage, the cell nuclei were given into a

suspension of Buffer N with 70 % glycerol and stored at -80 °C.

Micrococcal nuclease digestion of cell nuclei

To clarify whether a protein of interest binds to the active or inactive portion of the
chromatin the cell nuclei were digested by micrococcal nucleases (MNases). At first, the cell
nuclei were washed 3 times with Buffer N to remove the glycerol from overnight storage.
The cell nuclei pellet is resuspended with 300 pl pre-warmed Buffer N and incubated at 37 °C
for 10 min. The cell nuclei were pelleted (5 000 rpm, 5 min) and digested by 0.8 u and 3.2 u
of MNase per 10’ nuclei at 37 °C for 10 min. Afterwards the samples were given on ice for
15 min and centrifuged for 10 min at 12 800 g and 4 °C. The supernatant contained the
euchromatin and was given into a fresh tube. The pellet was resuspended in 300 ul ice-cold
EDTA (2 mM, pH 8.0) and incubated on ice for 10 min. A centrifugation step (12 800 g,
10 min, 4°C) separated the nuclear matrix (pellet) and the heterochromatin in the
supernatant. The pellet was resuspended in 300 ul ice-cold EDTA (2 mM, pH 8.0) and stored

at -20 °C, same with the euchromatin and heterochromatin fraction. During each fractioning
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step, a small aligout of the sample was taken for further western blot analysis to detect the
proteins of interest bound to the different cell fractions. To depict the successful digest by
MNases, the DNA of the chromatin fractions was isolated by the Maxwell® 16 device
(Maxwell® 16 Cell DNA Purification Kit) and 15 ul out of a 50 pul DNA lysate were loaded onto
a 1.5 % agarose gel. Ethidium bromide staining showed the classical nucleosomal ladder due

to increasing concentrations of MNase.

2.2.7 ChiP-Seq

Chromatin immunoprecipitation (ChlIP) comprises a multistep protocol that enables
detection of protein-DNA interactions to investigate the potential of proteins to regulate
gene transcription. In brief, cells or tissues are fixed with formaldehyde to crosslink the
protein-DNA complexes of the chromatin. The nuclear chromatin is then purified and
fractioned by sonication. The sonicated chromatin is subjected to immunoprecipitation with
an antibody against p27. Subsequently, the co-precipitated DNA was analyzed by
quantitative next generation sequencing (NGS). The method was performed according to a
protocol from Nature Protocols published in 2006 (Lee et al., 2006). The protocol was
originally generated for the ChIP-chip approach. Nevertheless, we followed the protocol
until the extraction of the immunoprecipitated DNA. Since our aim was the identification of
p27 interacting proteins in adrenomedullary tissues to investigate a predicted role of p27 as
transcriptional co-regulator, we chose this protocol because it was well-described and
because the recommended buffers and incubation steps could be used not only for cells

(e.g. cell lines or primary cell cultures), but also for tissue samples.

Cell fixation and crosslinking

The tissue was taken directly after rat sectioning and was minced finely in 100 ul of PBS on
ice. The minced tissue was transferred into a fresh tube where 2 vol of PBS were added. For
crosslinking of proteins to the chromatin, 11 % of fresh formaldehyde solution was added for
a 15 min fixation of the tissue at RT on a rotating device. 1/10 vol of 1.25 M glycine was
added and incubated for 5 min at RT under rotation to quench the formaldehyde reaction.
The tissue suspension was centrifuged (1 100 g, 4 °C, 5 min) and the pellet was washed twice

with PBS and was used for ChIP immediately or stored at -80 °C until use.
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To harvest cell cultures (1 x 10 cells) for ChIP the medium was aspirated and the cells were
washed once with PBS. 10 ml of PBS was given onto the cell culture flask and 1/10 vol (1 ml)
11 % formaldehyde was added and incubated for 10 min at RT. 1/10 vol of 1.25 M glycine
was added for 2 min. Afterwards, the fixed cells were washed two times with PBS and
harvested by a silicon scraper. The cells were pelleted (700 g, 5 min) and washed once with
PBS before they were snap frozen in liquid nitrogen. The cells were used for ChIP

immediately or stored at -80 °C until use.

Nuclear extraction

The tissue or cell pellet was resuspended in 1 ml Lysis Buffer 1 and incubated for 10 min at
4 °C under rotation. The cells were pelleted (1350 g, 5 min, 4 °C) and resuspended in 1 ml
Lysis Buffer 2. Again, 10 min incubation and centrifugation followed as previously described.

The cell pellet was mixed with 1 ml Lysis Buffer 3 for sonication.

Sonication

50 ul of the nuclear extract were taken as pre-sonication control. The chromatin lysate
resuspended in Lysis Buffer 3 was shared by sonication with an amplitude of 20 % for 30 sec
per cycle. During sonication, the tubes were hold on ice. After every second sonication cycle,
10 pl of the lysate were loaded onto an agarose gel and checked for their fragment sizes.
When the DNA was shared in 500 to 1 000 bd fragments, 1/10 vol 10 % Triton X-100 was
added and the cell debris was pelleted (20 000 g, 10 min, 4 °C). 50 ul of the solution was
mixed with 150 ul elution buffer and incubated overnight at 65 °C for reversal crosslinking.
The fragmented DNA was transferred into cryovials for snap freezing in liquid nitrogen and

storage at -80 °C.

Quality control of sonicated chromatin

The overnight incubated sonication product (50 pl) was mixed with 200 ul TE Buffer and
0.2 mg/ml of RNase A. The RNase A reaction was performed within 2 h at 37 °C. In addition,
0.2 pg/ml Proteinase K was given to degrade proteins in 2 h at 55 °C. After RNA and protein
degradation, 400 ul phenol:chroroform:isoamyl alcohol was added, the solution was
vortexed, incubated on ice for 1 min and centrifuged fullspeed for 15 min at 4 °C. The
aqueous layer was transferred into a fresh tube containing 32 ul 2.5 M NaCl and 2 pl of

20 pg/ml glycogen. 800 pl ethanol was added and the precipitation reaction was performed
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overnight at -20 °C or at least 2 h at -80 °C. The DNA precipitate was pelleted for 30 min at
fullspeed and 4 °C and washed twice with 80 % ethanol (ice-cold). The ethanol was removed
carefully and the pellet was air-dried for 20 min. The DNA was resolved in 50 pl Tris-HCI
(10 mM, pH 8.8) and 5 pl were loaded onto a 1 % agarose gel to check the fragment size. In
case of successful fragmentation, the majority of the DNA was expected to be shared to

fragments of 200 to 500 bp length.

IP

For the chromatin IP, magnetic Dynabeads™ coupled with protein G were used to
precipitate specific protein-DNA-complexes. Prior to the IP, the beads were prepared one
day in advance. 50 pl of them were washed three times in 0.5% BSA in PBS (blocking
solution). The beads were incubated shaking overnight at 4 °C in 250 pl blocking solution
plus 10 pg of a specific primary antibody. The next day, the beads were washed three times
in blocking solution to get rid of the antibody. The beads were solved in 100 ul of blocking
solution and 300 pl of sonication product, which was thawed slowly on ice and incubated
overnight at 4 °C on a rotator to perform the IP reaction. The next day, the IP lysate was
washed five times with RIPA washing buffer. The beads with the bound protein-DNA-
complexes were resolved in 1x TE buffer plus 50 mM NaCl. The beads were pelleted (1 000 g,
3 min, 4 °C) and the TE was removed. The beads were vortexed in 235 pl elution buffer and
incubated 30 min at 65 °C. Afterwards, the beads were centrifuged for 2 min at fullspeed
and 200 pl were taken for reversal crosslinking at 65 °C overnight (the residual 20 pl were
used for western blotting). Afterwards, the DNA was isolated as described in the QC part

above. The DNA concentration was measured by a Qubit® 2.0 fluorometer.

Sequencing

The precipitated p27 ChIP samples were sequenced commercially by quantitative next

generation sequencing (NGS) done by IMGM Laboratories GmbH (Martinsried, Germany).
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3 RESULTS

3.1 p27 ChIP-Seq

High levels of the p27 protein are mostly found in the nucleus of quiescent cells (Shirane et
al., 1999). This feature applies to rat and human adrenomedullary tissues as well (Figure 10).
The well characterized role of p27 in the cell nuclei is its function as cyclin-cdk inhibitor.
However, beside that classical role in cell cycle regulation, p27 was recently reported to
regulate gene transcription in MEF cells (Pippa et al., 2012). Whether p27 can act as
transcriptional regulator in other cells or tissue types is still unclear. To address this scientific
question, we investigated the potential ability of p27 to bind to the chromatin in
adrenomedullary cells. We selected chromatin immunoprecipitation followed by
guantitative next generation sequencing (ChIP-Seq) as method of choice to verify an
association between p27 and specific DNA sequences of target gene promoters. Given that
p27 does not possess a DNA-binding domain, its role as transcriptional regulator needs to be
mediated by the interaction with TFs. This approach allows the identification of DNA
sequences that are pulled-down by an anti-p27 antibody, which should indicate a function of
p27 as gene transcription regulator. No data of p27 ChIP-Seq experiments on adrenal cells

have been reported so far.
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Figure 10: Expression of p27 in rat and human adrenomedullary tissues. (A) IHC of the medulla of
adrenal glands of one WT rat tissue sample and one human adrenomedullary tissue sample. The
staining of p27 could be observed in the majority of the cell nuclei [scale bars: 20um; p27: 1:400]. (B)
IF of p27 in rat WT and human tissues of the adrenal medulla. The upper pictures show p27 (green),
whereas the lower row represents the merged channels for p27 (green) and DAPI (blue), which
counterstained the cell nuclei. [scale bars: 10um; p27: 1:400] [Representative data from rat (n=6)
and human (n=4) samples.]

3.1.1 Optimization of the p27-IP in adrenal cell lines and tissues for further ChIP-Seq
experiments

A prerequisite for a successful IP is to have a highly specific primary antibody. Indeed, the
primary antibody specificity plays a crucial role for efficient and reliable ChIP experiments
(Orlando et al., 1997). Therefore, we tested several anti-p27 antibodies for their suitability
for IP experiments. We tested four different anti-p27 antibodies: (1) monoclonal a-mouse
p27“"* from BD Transduction Laboratories™ (Immunogen: mouse aa 1-197 [full-length
p27]), (2) polyclonal a-rabbit p27-N20 from Santa Cruz Biotechnology (Immunogen: human
p27 N-terminus), (3) polyclonal a-rabbit p27-C19 from Santa Cruz Biotechnology

(Immunogen: human p27 C-terminus) and (4) monoclonal a-mouse p27-F8 from Santa Cruz
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Biotechnology (Immunogen: mouse aa 1-197 [full-length p27]). For IP experiments, 10 ug of
antibody were utilized to immunoprecipitate p27 in different cell lines: PC12 (rat PCC cell
line), REF (rat embryonic fibroblasts), MCF7 (human breast cancer cell line), HeLa (human
cervix epithelial cells) and MEF (rat embryonic fibroblasts). The IP reaction was carried out
using cell lysates mixed with each one of the mentioned anti-p27 antibodies and incubated
overnight at 4°C. Afterwards, the immunoprecipitated p27 was detected by western
blotting. IP samples were loaded onto a SDS-PAGE, transferred to a nitrocellulose membrane
and probed with an anti-p27 antibody (Figure 11). The antibody used for western blotting
was made in a different species compared to the antibody used for IP experiments to avoid
unspecific detection of the light chain of the IP-antibody at 25 kDa, which would interfere

with the detection of p27 having a molecular weight of 27 kDa.
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Figure 11: p27-IP experiments with cell lysates of different cell lines. In PC12, REF, MCF7, Hela and
HEK293T cells p27 could be immunoprecipitated successfully by the use of the monoclonal a-mouse
anti-p27 antibody from BD Transduction Laboratories™. [p27: 1:500, 27 kDa]

In order to test whether increased p27 protein levels would give more effective results in
p27-IP experiments, we treated PC12 cells with proteasome inhibitors to stabilize p27.
MG132 is a membrane-permeable proteasome inhibitor, that blocks the cleavage of poly(A)
polymerase and apoptosis in PC12 cells, but also temporarily increases the p27 protein level
(Giasson et al., 1999; Lee et al., 2005; Molatore et al., 2010; Saito et al., 1992). Bortezomib is
an anti-cancer drug and the first therapeutic proteasome inhibitor for treating relapsed
multiple myeloma and mantle cell lymphoma. In our lab, Bortezomib was found to stabilize
p27 in neuroendocrine tumor cells (Lee et al., 2011; Molatore et al., 2010). The conditions to
treat PC12 cells with MG132 and Bortezomib had already been optimized. Following these
treatments, we observed a 3-fold (MG132) and 3.1-fold (Bortezomib) increase in p27 levels
in PC12 whole cell lysates (input) (Figure 12). Bortezomib- and MG132-treated PC12 cells

were then lysed for p27-IP experiments, to check whether the increased levels of the protein
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have a positive impact on the p27-IP efficiency. Despite the increased p27 levels, no higher
amount of the protein was immunoprecipitated (Figure 12). Hence, we did not further pursue
the use of proteasome inhibitors and we performed all subsequent p27-IPs in PC12 cells
without pre-treating them with MG132 and Bortezomib. For p27-IP experiments with PC12
cells, we standardized the pre-incubation of the cells in starvation medium without serum.
This led to an increase in p27 levels, since cells that undergo quiescence due to lack of

nutrients in the medium elevate the expression of p27.
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Figure 12: p27-IP experiments with PC12 cells treated with proteasome inhibitors MG132 and
Bortezomib in comparison with untreated PC12 cells. Although the endogenous p27 level increased
due to the proteasome inhibitor treatments (see inputs), no enhanced IP-efficiency could be

detected in these cells (see IP). For p27-IP the monoclonal a-mouse anti-p27 antibody was used.
[p27: 1:500, 27 kDa]

The monoclonal anti-p27 antibody from BD Transduction Laboratories™ could be identified
as the most specific and efficient in IP experiments, since there was only one specific protein
band with a size of 27 kDa detectable by western blotting (Figure 13). As control, a normal
mouse anti-IgG antibody (Mouse IgG Isotype Control, Invitrogen™) was used, which is
comparable to the I1gG family of the specific anti-p27 antibody (isotype stated by the
company: mouse IgG1). By western blotting, the BD antibody showed no bands in the IgG
control sample. The other three anti-p27 antibodies showed more than one specific band or
a considerably fainter p27 band by western blot analyses, indicating less specific or less

efficient antibody-binding abilities for p27, respectively, in the different cell lines (data not

shown).
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Figure 13: p27-IP in PC12 cells starting from 500 pg of protein and performed with the optimized
anti-p27 antibody. The p27-IPs were performed either 1 hour (1h) at 4 °C or overnight (16h) at 4 °C.
The duration of the incubation time had no effect on the efficiency of the p27-IP, since the detected
signal is similar with both conditions. The negative control (IgG-IP) did not pull-down p27, which
indicates a high specificity of the anti-p27 antibody. [p27: 1:500, 27 kDa]

Pippa et al. (2012) demonstrated for the first time the ability of p27 to bind to the chromatin
in MEF cells by using ChIP on chip experiments. The TFs p130 and E2F4 were identified as
interaction partners of p27, which are necessary for its indirect chromatin-binding and
transcriptional regulatory function (Pippa et al., 2012). To investigate, whether these two
TFs are interaction partners of p27 also in adrenomedullary cells - our cell type of interest -
we performed co-IP experiments. For that, the p27-IP was performed on PC12 cells and
adrenomedullary cell lysates of WT rats, and p130 and E2F4 were detected by western
blotting with specific antibodies. As positive control, cell lysates of MEF cells were run in
parallel for p27-IP and for western blotting. As shown in Figure 14, the interaction between
p130 or E2F4 and p27 could not be confirmed in adrenomedullary cells (PC12 cell line and
WT rat adrenomedullary tissue). Only in MEF cells the pull-down of p130 or E2F4 together

with p27 could be shown, as expected based on the study of Pippa et al. (2012) (Figure 14).

rat WT
MEF PC12 tissue

p27 > W e
p130 > i * W -

care > [ I |

Figure 14: Co-IP experiments of adrenal cells and MEF cells for the validation of p27 to pull-down
p130 and E2F4. In PC12 cells as well as in adrenomedullary tissues from a WT rat, neither p130 nor
E2F4 could be detected by p27 co-IP. MEF cells were used as control cells, since an interaction of p27
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with p130 and E2F4 was reported by Pippa et al. (2012). [p27: 1:500, 27 kDa; p130: 1:200, 130 kDa;
E2F4: 1:200, 44 kDa]

These findings suggest that if p27 regulates transcription in adrenomedullary cells then it
does so through the interaction with TFs other than p130 and E2F4. These TFs permit the
association of p27 to the chromatin. Based on this hypothesis, we decided to perform ChIP-
Seq experiments with adrenomedullary tissues from WT rats expressing endogenous full-
length p27 to verify whether p27 binds to the DNA in these cells, and to identify novel
interaction partners of p27 mediating this function. With regard to the tested anti-p27
antibodies for IP experiments, we proceeded further ChIP-Seq experiments with the a-
mouse monoclonal anti-p27 antibody from BD Transduction Laboratories™, which

recognizes the full-length p27.

3.1.2 p27 binds to the chromatin of WT rat adrenomedullary tissues

To investigate the ability of p27 to bind to chromatin in adrenal cells, we used PC12 and MPC
cells, as well as adrenomedullary tissues of WT rats and isolated the cell nuclei by using
5 mM MgCl,. Following the protocol of Remboutsika et al. (1999), the chromatin was
isolated from the cell nuclei by hypotonic lysis in the presence of 10 mM EDTA (Sealy et al.,
1989) and separated by micrococcal endonuclease digestion and further EDTA treatments
into three different fractions: euchromatin, heterochromatin and the nuclear
matrix/insoluble portion of the chromatin (Figure 15 A). In the PC12 and MPC cell lines, the
binding of p27 to euchromatin and the nuclear matrix could be detected (Figure 15B),
whereas the rat adrenomedullary tissue (the tissue of interest used for further ChIP-Seq
studies) showed an exclusive association of p27 to the nuclear matrix (Figure 15 B). For p27, a
signal was not detectable in the cell nuclei fraction of these cells. It could be shown only in
the concentrated and purified nuclear matrix fraction. The euchromatin and the nuclear
matrix fraction are characterized as transcriptionally active DNA (Ludérus et al., 1992; Singer
and Green, 1997). Thus, these experiments support the ability of p27 to bind to
transcriptionally active chromatin, thereby potentially regulating gene transcription. This

finding is an essential basic requirement to proceed with ChIP-Seq experiments.
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Figure 15: p27 associates to the chromatin in adrenal cells. (A) Agarose (1 %) gel electrophoresis
showed the different nuclear fractions of rat WT adrenomedullary tissues (n=3; each sample was a
pool of 3 adrenal medullas from 3 different rats). (B) In PC12 cells, MPC cells and rat
adrenomedullary tissues, p27 could be detected in the euchromatin and in the nuclear matrix by
western blotting. In addition, p27 could be observed to bind to euchromatin in PC12 and MPC cells.
Representative data for PC12 and MPC cells from three technical replicates. [p27: 1:500, 27 kDa]

3.1.3 Establishment of the p27 ChIP-Seq method

ChIP-Seq experiments are genome-wide location analyses that combine chromatin
immunoprecipitation with a highly specific antibody for the protein of interest and NGS to
identify protein-DNA interactions that occur in living cells. Protein-DNA interactions are
captured in vivo by chemical crosslinking to ensure a representative status of protein-DNA
interactions dependent on the current living state of a cell population, or of differentiated
cells in tissue samples. Cell lysis, DNA fragmentation and immunoaffinity purification of the
desired protein are the most essential steps enabling a successful ChIP-Seq in the chosen
cells or tissues. These steps will co-purify DNA fragments that are associated with the
protein of interest; finally they will be sequenced. Various computational and bioinformatics
approaches are then applied to identify and normalize the enriched pulled-down sequences
containing the binding site of certain TFs. The general workflow of the whole p27 ChIP-Seq

procedure is shown in Figure 16.
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Figure 16: ChIP-Seq workflow with an anti-p27 antibody. Adrenomedullary tissues from WT rats and
human individuals needed to be minced in single cells for lysis and crosslink proteins with DNA.
Afterwards, the anti-p27 antibody pulled-down p27-bound DNA fragments by IP. The DNA was
purified and sequenced. Sequencing generated several million short reads, which were mapped to
the reference human or rat genome by short reads alignment programs (Langmead et al., 2009).
Identification of ChIP enriched regions was accomplished by peak calling algorithms (Chen and
Zhang, 2010; Wilbanks and Facciotti, 2010). Identified ChIP enriched regions were subsequently
validated.

As mentioned in the protocol of Lee et al. (2006), the ChIP-Seq method contains critical steps
such as the amount of input material, protein-DNA crosslinking, DNA fragmentation, and
specific IP. Each of these steps needs to be optimized for every individual cell line or tissue
type. Since the amount of ChlIP-input material was predicted to be high, in order to spare
precious animal tissue samples, we first performed preliminary ChIP experiments using PC12
and MEF cell lines. MEFs were an interesting model because p27 is able to interact with TFs
and regulate gene transcription in these cells as mentioned in 1.4 (Pippa et al., 2012). The
PC12 cells were used as an adrenal cell line model to verify whether p27 may be a
transcriptional regulator also in these cells. Noteworthy, both cell lines were found to harbor

an intact WT Cdkn1b gene by sequencing.

55



Results

To perform the p27 ChIP protocol optimization with the indicated cell lines, MEF and PC12
cells were expanded to reach a total cell number of 5x 10’ to 1 x 10® cells for a proper
amount of input material. The ChIP protocol started with the fixation of cells and the
simultaneous crosslinking of endogenous associated DNA and proteins. The cells were fixed
using a 11 % formaldehyde solution for ten minutes initially followed by gentle collection
using a cell scraper. They were then snap frozen in liquid nitrogen and stored at -80 °C until
further use. Since the concentration of formaldehyde solution or the duration of the
incubation time can be adjusted to avoid over- or under-crosslinking, this is indicated as the
first critical step in the ChIP protocol. Following the protocol’s instructions, cells were lysed
by several incubation steps in three different lysis buffers. Afterwards, the DNA was
fragmented into sequences of 500 to 1 000 bp in size; this represents the second critical step
of the chosen method. The fragmentation of the DNA into the mentioned fragment sizes is
necessary for a successful IP and needs to be performed accurately. Following the protocol’s
recommendations, the fragmentation was done mechanically by sonication, where the
number and duration of sonication cycles and the used amplitude was crucial for an ideal
fragmentation result. These parameters depend on the sonication device used for these
experiments. To ensure that the fragmentation was stopped at the most suitable time point,
agarose gel electrophoresis was done during the several sonication cycles to check for DNA
fragmentation. The fragmentation control by gel electrophoresis was conducted after every
other sonication cycle of 30 seconds with an amplitude of 80 %. Sonication is critical since
the right sonication tip needs to be used according to the reaction volume and the chosen
amplitude to prevent foaming and enable the required circulation of the sample. In our
experiment, the cells or tissues were sonicated into 1 ml of lysis buffer with a sonication tip
indicated as suitable for reaction volumes of 1 ml, and an amplitude of 80 %. Furthermore,
the sonication was performed with samples held continuously on ice; this prevents heat
build-up and degradation of proteins and DNA. After these tests, the best working sonication
condition for both MEF and PC12 cell lines were 4 cycles for 30 seconds at 80 % amplitude

(Figure 17).
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Figure 17: p27-ChIP experiments with PC12 and MEF cells. (A) The size of DNA sequences obtained
by sonication was checked by agarose (1 %) gel electrophoresis. The left lane shows the MEF cell
fragments and the right lane shows the PC12 cell fragments after two and four cycles of sonication.
For MEF and PC12 cells, the suitable fragmentation (around 500 bp) was reached after four
sonication cycles. (B) After p27 ChIP experiments, the p27 pull-down was checked by western
blotting using an anti-p27 antibody. The success of the p27 ChIP was confirmed in PC12 and MEF
cells. [p27: 1:500, 27 kDa]

For the ChIP, special resins are necessary to pull-down antibody-coupled protein-DNA
fragments. We used magnetic beads coupled with protein G since they are highly
recommended for antibodies having an IgG1 backbone, such as the anti-p27 antibody from
BD Transduction Laboratories™. As negative control for the input, the same amount of cell
lysate was incubated in parallel without the primary antibody. This should indicate the
specificity of the anti-p27 antibody for ChIP experiments in MEF and PC12 cells. The most
important step of the ChIP method is the IP. The anti-p27 antibody was already tested for its
ability to pull-down the p27 protein in these cells (Figure 11). The protocol recommends the
usage of 10 ug of the anti-p27 antibody. This amount was evaluated in extracts of PC12 and
MEF cells and found to be suitable for ChIP procedures as it was able to pull-down p27
(Figure 17). For western blotting, we used an anti-p27 antibody derived from a species
(rabbit) different from the species where the IP antibody (mouse) was produced. Thus, in
order to avoid unspecific detection of the light chain of the IP-antibody, which has a size very

similar to that of p27.

The final steps of the ChIP are: 1) reversal crosslinking of immunoprecipitated protein-DNA

fragments; 2) protein degradation by proteinase K treatment; 3) extraction of the
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immunoprecipitated DNA. Reversal crosslinking and protein degradation was performed as
recommended by incubating the samples at 65 °C for six hours to overnight. Then, samples
were treated with proteinase K (0.2 g/ml) for two hours at 55 °C. The DNA extraction was
performed using phenol:chloroform:isoamyl alcohol. DNA concentration was measured by
NanoDrop™ and Qubit® Fluorimeter to confirm the success of the ChIP procedure with
regard to DNA amount and purity. Contaminations could be detected by calculating the
230/260 and 280/260 ratios that the NanoDrop™ technology assesses automatically. The
DNA measurement using the Qubit® fluorimeter is highly sensitive and accurate since the
specific Qubit® ds DNA HS assay contains advanced dyes that only fluoresce when bound to
double-stranded DNA and no other contaminants (e.g. RNA or proteins). Therefore, this
method enables the measurement of very small amounts of DNA: ranging from 0.2 ng to

100 ng.

The ability to immunoprecipitate DNA with the anti-p27 antibody in PC12 cells,
demonstrated that p27 binds to the chromatin in these cells, which could show indication of
a potential regulation of gene transcription. These results suggest that PC12 cells are a
promising model to further validate the results of p27 ChIP experiments performed with
adrenomedullary tissues. In general, the successful p27 ChIP of MEF cells and PC12 cells
following the protocol from Lee et al. (2006) encouraged us to go on with the optimization

of the method for adrenomedaullary tissues.

3.1.4 p27 ChIP-Seq experiments revealed p27 to associate with specific TFs in
adrenomedullary tissues

p27 ChIP-Seq experiments were performed using adrenomedullary tissues from WT rats and
humans, which express endogenous p27. The optimal amount of input material was
determined by conducting five independent p27 ChIP runs with a different number of
adrenal medullas of WT rats as input material. Due to the necessity to start from a high
amount of tissue input material, only two replicates of the rat tissues and one human
sample could be generated. The rat samples consisted of two pooled samples each
containing three or four adrenal medullas from different WT rats (age- and gender-matched)
(Figure 18 A). Since the adrenal glands are one of the first organs to undergo necrosis after
death, the availability of human tissue material for research is rare. Tissue pieces from three

individuals were pooled to get the sample that we used in the p27 ChIP experiment (Figure
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18 A). At the end, using at least three rat adrenal medullas as input was sufficient to get a
suitable amount of immunoprecipitated DNA for NGS (Figure 18 A). Initially, the adrenal
glands were taken right after the rats were sacrificed and before any tissue degradation
could start. Since only the medulla of rat adrenal glands was needed for p27 ChIP
experiments, we separated the medulla from the cortex by performing an incision through
the capsule and cortex and we then squeezed out the medulla by slight pressure. Concerning

the human samples, we cut frozen adrenal medullary tissues into small pieces (Figure 18 A).

In contrast to the ChIP in cell lines (described above in paragraph 3.1.3), how successful the
ChIP on tissues will be, depends on an initial step: the mechanically mincing of tissues by a
tissue grinder. Therefore, the rat and human adrenomedullary tissues were homogenized
thoroughly to generate a cell suspension. Afterwards, the DNA of the tissue samples was
shared by sonication and checked for fragmentation by agarose gel electrophoresis (Figure 18
B). The number of sonication cycles depended on the original size of the minced tissue
pieces and, especially for the human samples, on their consistency and nature. For the
optimized number of adrenal medullas from rats (three to four adrenal medullas), six
sonication cycles @ 30 seconds with an amplitude of 77 % were necessary. Samples were
always kept on ice. For the amount of human material (one piece - each 3 mm? in diameter -
of 3 different human adrenal samples) seven cycles a 30 seconds were performed with an
amplitude of 81 %; always performed on ice. The IP with the optimized anti-p27 antibody
was performed overnight using magnetic beads coupled with protein G. Finally, the success
of the p27 ChIP was verified by western blotting using an anti-p27 antibody generated in a
different species than the anti-p27 antibody used for ChIP experiments. In parallel to the p27
ChlIP, the whole procedure was performed using a control anti-mouse IgG-antibody using the
same rat and human input material and the same conditions to prove the specificity of the
anti-p27 antibody. As expected, a signal for p27 could be detected by western blotting
exclusively in the lane where the rat and human p27 ChIP was loaded, whereas no unspecific
signal was observed in the lane where the IgG-control was loaded (Figure 18 C). In contrast to
the protocol for ChIP in the cell lines, the DNA was extracted for the ChIP samples using the
Maxwell® device from Promega GmbH and not by phenol:chloroform:isoamyl alcohol
procedure. In general, quality and amount of DNA improved by using the automated DNA
extraction method with the Maxwell® device. For each p27 ChIP sample, a matching input

DNA control sample was prepared by following the same protocol with the exception that
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the DNA fragments were purified without p27-IP. These input samples were also sequenced
in parallel to the p27-specific ChIP samples for further normalization and statistical

validation.

A Rat Samples Human Sample
I 3 WT Rats I pool of 3 tissue pieces:
male, 5.5 months old ID: CX1200199FM
3 adrenal medullas ID: CX15000516

ID: 0300096AFN1
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Figure 18: p27 ChIP-Seq experiments of rat and human adrenomedullary tissues. (A) Two rat
samples were prepared for p27 ChIP-Seq as replicates. Both samples were generated as pool of at
least three adrenal medullas from at least two different rats. One human sample was generated as
pool of three tissue pieces from three different human individuals. (B) After sonication and p27 ChlP,
the size of DNA fragments was checked by gel electrophoresis to verify whether they were suitable
for NGS. Both rat and human samples showed a suitable fragment size distribution of 100-500 bp. (C)
To check the success of p27 ChlPs, western blotting was performed with an anti-p27 antibody from a
species different than that of the p27 ChlIP-antibody. As control, the same input material was used
for ChIP with an unspecific anti-IgG antibody run in parallel to the p27 ChIP. The DNA extracted from
the encircled rat and human input and p27 ChIP samples were sent for quantitative NGS to the
company IMGM Laboratories. [p27: 1:500, 27 kDa]

The DNA obtained from the encircled samples shown in Figure 18 C was sent to IMGM

Laboratories (Martinsried, Germany) for NGS. Our DNA samples were sent at a final
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concentration of around 15 ng/ul in 15 ul of reaction volume (>200 ng in total). All following
sequencing steps were done by IMGM. By the lllumina TruSeq® ChIP Sample Preparation Kit,
from p27 ChIP samples a sequencing library was prepared. The samples were purified, size-
selected by agarose gel electrophoresis and adapter-ligated fragments were amplified. Then,
quality control of all samples was done by the Bioanalyzer 2100 (Agilent Technologies).
Finally, sequencing was performed by Illumina NextSeq500°®. All p27-ChIP sequencing
samples showed an average fragment length of 275 - 300 bp and a concentration of around
500 nM. The NextSeq500® sequencing runs were performed by the company and .fastg-files
were generated as sequencing raw data. The quality control values for the sequencing
samples were: cluster density (around 95 k/mm?), >Q30 bases (92 %), sequencing yield
(28 mio reads) and PF reads (27 mio reads). The sequencing raw data generated by the
IMGM facility were forwarded to us to conduct further bioinformatics/statistical analyses

and validation.

ChIP-Seq experiments revealed that p27 binds to chromatin of rat and human
adrenomedullary tissues and significantly associates with a number of TF binding sites and
probable gene promoters (Table 15, Figure 20). The pooled human sample analyzed by p27
ChlIP-Seq showed a lower significance for specific peaks after genome mapping compared to
the rat data (Figure 19). Based on this finding and on the fact that only one pooled human
sample was used for p27 ChlIP-Seq, we decided to focus on the rat data for further statistical

analysis.
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Figure 19: Rat and human p27 ChIP-Seq data displayed with the integrative genome viewer (igv
browser). After genome mapping and peak calling, p27 ChlIP-Seq peaks were visualized on a
rat/human reference genome (chromosomes are displayed). Both rat p27 ChIP samples (ChIP | and
ChIP 1l) were calculated as overlap and were normalized against the input control. The upper line of
the rat samples shows the reference rat genome (Rn4). The human sample was normalized to the
input control as well and displayed in comparison with the human reference genome (Hg18) shown
in the upper line.

To validate the specificity of the identified binding sites, de novo motif analysis - using the
sequences from the 1 000 most significant peaks - was performed with two different motif
analysis tools: MEME-ChIP and Genomatix. MEME discovers novel, ungapped motifs in a
series of DNA, such as those generated by ChIP-Seq. A motif is defined as a sequence pattern
that occurs repeatedly in a group of related sequences. As indicated in Figure 20, the output
of MEME represents motifs as position-dependent letter-probability matrices that represent
the four nucleotides. The size of the letters indicates the probability to be located at each
position in the pattern: the bigger the letter, the higher the probability. To analyze and
annotate the data generated by ChIP-Seq, MEME uses statistical modeling techniques to
automatically choose the best width, number of occurrences, and description for each motif.
The second sequence analysis tool, the Genomatix Suit, is able to perform several tasks, e.g.
scientific analysis and visualization of genomic data, generation of networks and pathways
or literature searches. Furthermore, the Genomatix tool 'Overrepresented transcription

factor binding sites or modules' searches enriched TF binding sites within a set of input
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sequences and generates statistics on single TF binding sites and TF binding site pairs
(described as modules, which consist of two TF binding sites at a distance of 10 to 50 bp)
including overrepresentation values and Z-scores (Table 16). The TF binding site descriptions
used for the analysis are from the Genomatix tool 'MatBase' or can be user-defined matrices
created with 'MatDefine'. All occurrences of matches are calculated by 'Matlinspector'. The
overrepresentation values are based on the background of occurrences of the TF binding
sites within the whole genomic sequences of the selected species, within all promoters of

the selected species and within a user-defined background.

The analysis of the p27 ChIP-Seq data by MEME was done by our collaboration partner Enzo
Lalli (University of Nice). Through massively parallel sequencing millions of short sequences
are generated, called reads. These sequencing reads were mapped to the rat genome
(version Rn4) or human genome (version Hgl8) using Bowtie2 with default settings
(Langmead et al., 2009). Enriched p27-binding sites were identified for its location in the
genome by the use of the CisGenome v2 SeqPeak algorithm. Hence, duplicates of p27 ChIP
samples and one input control sample were analyzed with algorithm standard parameters:
read extension length: 150, local rate window: 10 kb, local rate cut-off 197005 (Ji et al., 2008).
Afterwards, Enzo Lalli imported the sequences to the MEME suite for further annotation and
motif analysis (Bailey et al., 2009). The MEME Suite is a motif-based sequence analysis tool,
which is freely available online: www.meme-suite.org/tools/meme-chip (Bailey and Elkan,
1994). The MEME tool takes 150 bp sequences surrounding the summits of the 1000 most
significant peaks, which were sorted by their p-values. Based on that, the most enriched
sequences for TF biding sites were analyzed and displayed as motif sequence pattern. For
further motif distribution analyses, the MEME suite offers algorithms, such as FIMO and
CENTRIMO, to show the single occurrences of motifs or the local distribution of a motif

(Bailey et al., 2009).

Based on the analysis of the rat p27 ChIP-Seq data set with the MEME-ChIP Suite, the most
significantly enriched sequence was the binding site of the Zinc finger protein 423 (ZNF423),
and the second most enriched sequence was the binding site of the runt-related
transcription factor 1 (RUNX1) (Figure 20). Both ZNF423 and RUNX1 are TFs implicated in
cancer, where they can repress or activate tumorigenesis (Blyth et al., 2005; Huang et al.,

2009b). The de novo motif analyses for the rat p27 ChIP-Seq peaks found an enrichment for
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ZNF423 and RUNX1 recognition sites, which suggested that p27 might directly or indirectly
interact with these TFs. The peaks containing the binding sites of ZNF423 and RUNX1 were
identified using the motif scanning tool 'FIMQO' (Grant et al., 2011), an analyzing tool part of
the MEME-ChIP software. FIMO (Find Individual Motif Occurrences) scans a sequence
database to search for the presence of known independent motifs in the sequences
obtained from the ChIP-Seq data. The FIMO analysis revealed that 11.3 % (146) of the rat
p27 ChIP-Seq peaks (1294 motif counts in total) harbored a ZNF423 binding site, while
20.6 % (266) contained a RUNX1 binding site. Furthermore, 'CentriMo' analysis (Bailey and
Machanick, 2012) was used to profile the distribution of ZNF423 sites and RUNX1 sites in
ZNF423/RUNX1-containing peaks. CentriMo (Central Motif Enrichment Analysis), another
tool in the MEME suite, takes a set of TFBS matrixes/motifs and a set of equal-length
sequences from the p27 ChlIP-Seq data and plots the position of the best match of each
motif on the sequences. Thereby, the 'local enrichment' of each motif is computed by
counting the number of times its best match occurs in each sequence and by applying a
statistical test to see if the local enrichment is significantly different in comparison with a
control set of sequences from the database (by Fisher's exact test). The peaks for ZNF423
and RUNX1 in our p27 ChIP-Seq data revealed no central enrichment as calculated by

CentriMo (Figure 20).
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Figure 20: Most significantly enriched motifs of rat p27 ChIP-Seq experiments obtained by using
the MEME-ChIP Suite. Consensus binding motifs for ZNF423 and RUNX1 could be identified as most
significantly enriched sequences in rat p27 ChlIP-Seq samples normalized against binding motifs for
the input sample.
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Among ZNF423 and RUNX1, all significantly enriched motifs analyzed by the MEME Suite are
displayed in Table 15. Significantly enriched genes are Zfp423, RUNX1, HNF4A/Rxra/Esrrb,
Spdef, Bhlhb2, Tcfe2a/Znf238, NFATC2/NFATC1, TBX15/TBX1/TBX5, Nkx1, TFCP2, Sox8,
Myc/MAX, Ascl2/Tcf3/Tcf12, Runx3/Runx2, Foxl1l, TBX21, SPDEF, MEF2B/MEF2D/MEF2C,
MLXIPL/MLX/SREBF2 and MZF1/Crx. Some sequences are closely related to the binding site

of differente TFs and shown together for the same motif.

Table 15: Significantly enriched TF binding sites in p27 ChIP-Seq adrenomedullary rat samples
analyzed by the MEME Suite. For some enriched sequences (motifs) more than one gene could be
identified as related to the identified motifs.

Gene Symbol E-value Gene Symbol E-value
Zfp423 5.3 e-207 Sox8 7.6 e-7
RUNX1 4.6 e-186 Myc/MAX 1.2e-6
HNF4A/Rxra/Esrrb 6.5 e-169 Ascl2/Tcf3/Tcf12 1.4 e-5
Spdef 1.4-146 Runx3/Runx2 1.4 e-5
Bhlhb2 2.7 e-18 FoxI1 3.2e5
Tcfe2a/Znf238 1.8 e-16 TBX21 8e-5

NFATC2/NFATC1 9.2 e-12 SPDEF 6.4e-4
TBX15/TBX1/TBX5 2e-11 MEF2B/MEF2D/MEF2C 2e-3

Nkx1 1.7 e-7 MLXIPL/MLX/SREBF2 43 e-3
TFCP2 3.2e-7 MZF1/Crx 25e-2

When analysis of the data using the MEME Suite was done, we identified the
overrepresented TF binding sites in the rat data set after normalization of the two p27 ChIP-
Seq replicates against the input sequences. The TF binding site overrepresentation analysis
uses pre-defined binding site matrices from the MatBase/MatlInspector library provided by
the Genomatix Genome Analyzer. The list we obtained comprised the TF families that were
significantly over-represented/enriched in the rat p27 ChIP-Seq data set, and were sorted by
their Z-scores for overrepresentation over the genome. In total, 66 binding site families
could be found as overrepresented in the p27 ChIP-Seq data set of rat adrenomedullary
tissues (Table 16). The overrepresentation of VSHAML, the binding site family for RUNX1, is
1.07 fold over the genomic background and 1.15 fold over the promoter background

compared to the database for Rattus norvegicus provided by Genomatix. VSHAML is on

65




Results

position 38 out of 66 regarding its significant promoter overrepresentation. The
overrepresentation for VSOAZF, the binding site family for ZNF423, is 1.61 fold over the
genomic background and 0.96 fold over the promoter background. It is shown, that VSOAZF
is on position 51 out of 66 regarding its significant promoter overrepresentation. Although
the binding sites for ZNF423 and RUNX1 were not identified as the most overrepresented by
the Genomatix tool, they were listed as significantly overrepresented. The results of the
analysis of the ChIP-Seq data set done with both MEME Suite and Genomatix Suite
confirmed that using this approach on adrenomedullary tissues allows the reproducible
detection of specific TF binding sites, suggesting that p27-containing complexes bind DNA at

defined sequences, reflecting the p27 DNA-binding specificity.
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Table 16: List of overrepresented TF binding sites identified based on the analysis of rat p27 ChlIP-
Seq data by Genomatix. The TF families for Znf423 (VSOAZF) and Runx1 (VSHAML) were highlighted
in grey. Both TF families are overrepresented in the rat p27 ChIP samples when compared with the
genome background. The Matlnspector matrices use different prefixes to differ between seven
groups (VS, IS, PS, FS, NS, BS and 0S). The prefix VS stands for vertebrates, whereas the prefix OS is
a synonym for general core promoter elements.

TF Overrep. Z-score Overrep. Z-score TF Overrep. Z-score Overrep. Z-score
Families genome genome promoter promoter Families genome genome promoter promoter
O$TF3C 7.79 5.91 6.56 5.26 V$SNAI 1.71 0.93 124 023
V$GCF2 268 4169 565  16.35 V$AP4R 1.82 1.91 124 058
VSCHOP 225 1.73 3.3 2.73 V$ZF06 1.44 0.65 1.22 0.27
VSNDPK  6.85 1922 322 1062 V$DICE 1.34 0.81 1.2 0.43
V$BEDF 8.75 22.52 2.79 9.19 V$YBXF 1.37 0.76 1.16 0.27
VS$MAZF 6.02 17.93 2.68 8.97 VSHAML 1.07 0.22 1.15 0.53
V$AARF 1.75 0.97 242 1.69 VSKLFS 1.82 6.51 1.14 1.41
V§CSEN 275 373 235  3.09 VSFXRE 123 034 113 012
V$PLAG 394 1355 216  7.23 VSPTF1 122 037 113 017
VSPROX 202 249 203 251 VSPEG3 131 056 113 0.16
VSCTCF 593  17.04 203  6.05 VSNFKB 14 162 113 05
VSTHAP 164 107 178 129 VENFIF 147 059 109 026
VSTAIP 175 238 176 243 VSRORA 102 003 107 028
VSEREF 195 273 162  1.92 VSETSF 115 134 105 043
V$RXRF 1.09 0.76 1.03 023
V$ZFo3 1.24 0.77 16 188 V$ZFHX 1.07 0.19 1.01 -0.07
V$SP1F 3.91 1356  1.58 4.21 VSDMTE  1.58 129 01 by
V$BZIP 1.16 0.42 1.57 1.54 VSXBBF 107 0.48 098 019
V$RU49 1.56 1.51 1.56 15 VSOAZF ¥ R e

VSMEF3 1.59 2.06 1.53 1.89
V$RUSH 1.03 0.15 1.52 2.79
V$HMTB 1.06 0.12 1.5 1.58

V$GCMF 1.1 0.48 0.93 -0.49
V$ZBED 1.37 0.61 0.88 -0.51

V$ZF11 1.34 0.62 0.88 -0.53
VSCAAT 129 1.66 1.5 2.73 V$STAF 1.28 0.9 0.88  -0.65
V$HICF 1.61 1.71 1.49 1.4 VSMYOD 1.04 0.16 0.83 119
VSMYT1 1.11 0.76 1.44 2.79 V$ZFO1 114 011 0.81 07
V$PBXC 1.29 1.41 1.43 2.02 V$ZICF 1.42 0.92 076  -1.01
V$AP1F 1.18 0.86 1.38 1.77 V$HESF 1.16 0.56 0.72 -1.56
V$TEAF 1.16 0.47 1.35 1.1 V$EBOX 1.06 0.18 0.7 -1.88
VSHEAT 1.11 0.79 1.3 212 V$ZF57 1.59 0.77 0.68 -1.06
V$PAX1 1.41 0.39 1.29 0.23 V$NOLF 1.05 0.01 0.66 -1.55
V$ZF02 26 9 1.29 2.28 V$NRSF 1.07 0.11 0.61 -1.93
V$EGRF 3.01 10.66 1.29 2.28 V$AP2F 1.33 1.08 0.61 2.24
V$BTBF 117 0.16 1.26 0.33 O$MTEN 1.17 0.05 0.27 -2.98

Figure 20 shows the TFBS for ZNF423 (E value: 5.3 e-207) and RUNX1 (E-value: 4.6 e-186),
which could be identified by MEME as most enriched in p27 ChIP-Seq samples performed in
rat adrenomedullary cells. Furthermore, the motifs could be observed as exclusively for
Znf423 and Runx1. Additionally, by Genomatix, both ZNF423 and RUNX1 could be identified
as overrepresented in the p27 ChIP-Seq dataset (Table 16). Therefore, we decided to focus

further studies on these two candidates.
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3.2 Expression and interaction studies of p27 with Runx1 and Znf423 in adrenal cells

We checked different human and rat tissues for their Runx1 and Znf423 mRNA expression
levels. When WT rat adrenal tissue samples were compared with adrenal tissues from
homozygous p27-Mut MENX rats (with PCC) by gRT-PCR, Runx1 (3.4 fold) and Znf423
(11 fold) expression levels were increased in the mutant animals (Figure 21 A). Western
blotting analyses showed that Znf423 and Runx1 were equally expressed in WT and mutant
animals (Figure 21 B). In case of human PCC samples, it has been reported that p27 levels are
reduced in 50.6 % of cases (Pellegata et al., 2007). The RUNX1 mRNA levels were -50 %
reduced in tumors as well. In contrast, ZNF423 expression levels were increased 1.6 fold in
tumor samples compared with human adrenal tissue samples (Figure 21 C). Furthermore, all
available adrenal PCC cell lines (PC12, MPC, MTT) showed a relatively high level of Znf423

and Runx1 proteins (Figure 21 D).
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Figure 21: Expression studies of Znf423/ZNF423 and Runx1/RUNX1 in rat and human tissue
samples and different cell lines. (A) In rat adrenomedullary tissues - WT vs. p27 mutants (Mut) -
Znf423 and Runx1 showed a significantly increased mRNA expression level in p27 mutated tissues.
[WT: n=6, Mut: n=10; **: p<0.01 by Fisher’s exact test] (B) WT and p27 mutant rat adrenomedullary
tissues were loaded onto a western blot gel and analyzed for the expression levels of ZNF423, RUNX1
and p27. No changes in the expression levels of ZNF423 and RUNX1 were detected in p27-mutated
rats (Mut) in comparison with WT rat tissues (WT). In contrast, p27 levels could be shown to be
reduced in mutant rats due to the causative p27 mutation. B-Actin (bAct) was used as loading
control. (C) At mRNA level, ZNF423 and RUNX1 were analyzed for their expression in healthy and
tumorous adrenal tissues of human individuals. ZNF423 showed an overexpression level in human
tumor tissues, whereas RUNX1 showed a not significantly reduced expression level in tumors.
[adrenal medulla: n=2, PCC: n=8; *: p<0.05 by Fisher’s exact test] (D) ZNF423, RUNX1 and p27 were
detected in different cell lines by western blotting. All PCC cell lines PC12, MPC and MTT could be
shown to express ZNF234 and RUNX1 at detectable level. As loading control the house keeping gene
B-Actin (bAct) was used. [ZNF423: 1:2000, 100 kDa; RUNX1: 1:1000, 49 kDa; p27: 1:500, 27 kDa; bAct:
1:1000, 42 kDa]

Validating the interaction of p27 with the identified candidate TFs ZNF423 and RUNX1 is
important to support the hypothesis that they form a complex with transcriptional
regulatory ability. Thus, we first looked for a possible co-localization of p27 and the TFs

ZNF423 and RUNX1 given that if they interact they have to co-localize in cells and tissues.
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Therefore, co-IF was performed using an anti-p27 antibody together with an anti-Runx1 or
anti-Znf423 antibody in rat and human adrenomedullary tissues. The two primary antibodies
were chosen from different species to allow us to distinguish the signal of each protein
thanks to specific fluorophore-labeled secondary antibodies. In formalin-fixed paraffin
embedded (FFPE) PC12 cells and FFPE MPC cells, p27 and ZNF423 or RUNX1 could be
observed as co-localized in the cell nuclei (Figure 22). For this study FFPE cells were used to
facilitate the reproducibility of stainings since these cells could be considered as identical to
each other regarding cell cycle and replication. Furthermore, the use of FFPE blocks is time-
saving since the cells do not need to be expanded and fixed again before performing the

stainings.

ZNFA423 + p27 RUNX1 + p27

PC12

MPC

Figure 22: Co-IF experiments in PC12 and MPC cells. In PC12 and MPC cells, ZNF423 and RUNX1 (red)
could be observed in cell nuclei of some cells together with p27 (green). This indicated a co-
localization of ZNF423 and RUNX1 with p27 in these cells. Representative pictures of four technical
replicates for each condition. [scale bar: 20 um; ZNF423: 1:500; RUNX1: 1:1000; p27: 1:400]
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FFPE tissues for rat and human adrenal medulla were also stained with the identical
antibodies. Similar to the cell lines, human adrenomedullary cells showed a co-localization of
p27 and ZNF423 or RUNX1, as well (Figure 23 A). In case of rat adrenal tissues, ZNF423 could
be observed to be expressed in cell nuclei together with p27. In contrast, RUNX1 IF showed a
strong unspecific cytoplasmic staining (Figure 23 B). Since RUNX1 is a TF, it is expected to be
located in the cell nuclei. In other rat tissues (lung and colon), RUNX1 was localized in the
cell nuclei as expected, which excluded a species dependent issue. Rather, this suggests that
it is an adrenal-specific issue: for reasons we cannot explain the antibody gives unspecific

signal only in this tissue.
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A Human

Figure 23: Co-IF of human and rat adrenomedullary tissues. (A) In human adrenomedullary tissues
(n=4), ZNF423 and RUNX1 co-localized with p27 in cell nuclei. (B) In rat adrenomedullary tissues
(n=6), the staining of ZNF423 could be observed in cell nuclei, although it was faint. In contrast, the
available anti-Runx1 antibody showed an unspecific staining in the cytoplasm of adrenomedullary
cells. Therefore, no conclusion could be made regarding co-localization of RUNX1 and p27 in the rat
tissues. [scale bar: 10 um; ZNF423: 1:500; RUNX1: 1:1000; p27: 1:400]

Moreover, cell fractionation of PC12 and MPC cells and adrenomedullary WT rat tissues
showed that the three proteins (p27, ZNF423 and RUNX1) are present in the euchromatin

and/or the nuclear matrix fraction (Figure 24). p27 could not be detected in the cell nuclei
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fraction of WT rat tissues - probably because p27 is too diluted in comparison to the
concentrated nuclear matrix fraction. This approach confirmed the nuclear localization of

p27, ZNF423 and RUNX1, which was expected based on their cellular functions.
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Figure 24: Fractionation of PC12 cells, MPC cells and WT rat adrenomedullary tissues to validate
localization of p27, ZNF423 and RUNX1. p27 and ZNF423 could be observed as localized in the
nuclear matrix and euchromatin of PC12 and MPC cells. RUNX1 could be detected in the nuclear
matrix fraction of PC12 cells. In MPC cells, RUNX1 is expressed in the euchromatin fraction, as well. In
WT rat adrenomedullary tissue (n=3), p27, ZNF423 and RUNX1 could be shown to be expressed in
the nuclear matrix fraction. [p27: 1:500, 27 kDa; ZNF423: 1:2000, 100 kDa; RUNX1: 1:1000, 49 kDa]

In addition to the co-localization of p27 with ZNF423 and RUNX1, we performed co-IP
experiments to verify the putative interaction of these proteins. IP was conducted with an
anti-p27 antibody on lysates of PC12 cells and adrenomedullary tissues of WT rats. The
western blotting membrane was probed with antibodies against ZNF423 and RUNX1. For
ZNF423, no signal was detectable, which indicates no direct interaction of p27 with ZNF423
in these cells/tissues, whereas we could detect RUNX1. In PC12 cells RUNX1 was pulled-
down together with endogenous p27 (cells were transfected with a GFP-containing plasmid
as control) and also with exogenous overexpressed p27 (Figure 25). To overexpress p27, PC12
cells were transfected with a plasmid containing the human p27 coding sequence with a C-
terminal HA-tag. To confirm these findings, reciprocal experiments were performed: IP was
done using anti-Runx1 or anti-Znf423 antibodies and the pulled-down p27 was detected by
western blotting. In Runx1-IP samples, a pull-down of p27 could be detected by western
blotting (Figure 25), indicating a physiological interaction of p27 and RUNX1 in PC12 cells and

adrenomedullary rat tissues. Unfortunately, ZNF423 by itself could not be detected by
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western blotting after the ZNF423-IP in PC12 cells (data not shown). After performing
additional test IPs, we concluded that the available anti-Znf423 antibodies (Znf423, Merck;
OAZ (E-6), Santa Cruz Biotechnology) are probably not suitable for IP experiments in PC12

cells and adrenomedaullary rat tissues.
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Figure 25: Co-IP experiments of p27 and RUNX1 in PC12 cells and WT rat adrenomedullary tissues.
(A and B) In PC12 cells, RUNX1 could be observed to interact with endogenous p27 and with
exogenously expressed p27 (cells were transfected with an overexpression plasmid containing p27
tagged with an HA-tag). (C) In adrenomedullary tissues of WT rats (n=3), RUNX1 could be shown to
be pulled-down together with p27, and vice versa. [p27: 1:500, 27 kDa; RUNX1: 1:1000, 49 kDa]

Furthermore, the interaction of p27 and RUNX1 was confirmed by proximity ligation assay
(PLA) in FFPE PC12 cells. This method detects protein-protein interactions in situ by using
two antibodies, which recognize and bind to each of the two potentially interacting targets.
These antibodies are conjugated to a matched pair of short single-stranded oligonucleotides.
If the two respective targets interact, and hence remain in very close proximity, the
oligonucleotide probes will hybridize and ligate with two additional oligos to form a
continuous circular DNA structure. The DNA polymerase will amplify these circular molecules
through simple, reliable rolling-circle amplification. The result is a highly amplified circular
DNA molecule that can be detected by standard fluorescent methods, and that acts as a
qguantitative marker of interaction between the two proteins. The individual p27 and RUNX1
proteins are located in the nuclei of PC12 cells (Figure 22). Following PLA, a fluorescent signal
was detected in the cell nuclei, thereby demonstrating that there is a close proximity
between p27 and RUNX1 (Figure 26 A). As negative control, the PLA was performed with only

one of the two antibodies (Figure 26 B) or in cells with siRNA-mediated knockdown of Cdknl1b
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or Runx1 (Figure 26 C). This approach indirectly proves the interaction of p27 and RUNX1 in
PC12 cells. Since no signal was detected in the PLA samples when using an anti-p27 and an
anti-Znf423 antibody (data not shown), we concluded that either the available anti-Znf423
antibodies did not work for PLA or that there is only a co-localization of p27 and Znf423 in
PC12 cell nuclei (Figure 22), but no direct interaction, hence no close proximity, between

these two proteins.
Figure 26: PLA of PC12 cells with anti-p27 and anti-Runx1 antibodies. (A) Anti-p27 [p27""* (BD

Transduction Laboratories™) 1:400] and anti-Runx1 [Runx1 (Abcam) 1:1000] antibodies were used
for PLA experiments in PC12 cells. A positive signal (red) could be detected due to the close proximity
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of p27 and RUNX1 in PC12 cells. (B) As negative control, PLA was performed with only one primary
antibody. Neither the anti-p27 alone (p27 only) nor the anti-Runx1 antibody alone (Runx1 only) gave
a detectable signal indicating high specificity of the antibodies. (C) As further negative control, PC12
cells were transfected with siRNA against Cdknlb (p27) and Runxl before performing PLA
experiments. There was no signal observed in PC12 cells upon siRNA-mediated gene knock down.
The right panels show the reduced mRNA level of Cdknlb and Runx1 due to siRNA treatment. [scale
bars: 20 um; scr: scrambled negative transfection control]

3.3 RUNX1 recruits p27 to specific target gene promoters

3.3.1 Identification of RUNX1 target genes by investigating the correlation of p27 ChIP-Seq
data and rat adrenal tissue microarray data

Previous studies conducted in our lab included gene expression mRNA microarrays of
adrenomedullary tissues from eight homozygous mutant MENX rats (with adrenal lesions),
which were compared with pooled samples from the adrenal medulla of WT rats (Molatore
et al., 2010). Further analyses of the p27 ChIP-Seq data in correlation with adrenal tissue
microarray data were done in collaboration with Dr. Juan Higareda Almaraz from the
Institute of Diabetes and Cancer (IDC, HMGU, Germany). More precisely, in the microarray
data, we looked for the level of expression of the target genes of RUNX1 in tumor versus WT
adrenal. Moreover, we checked the expression level of the candidate TFs that we obtained
by ChIP-Seq as potential partners of p27. Then, gene expression data were correlated with
ChIP-Seq results. Specifically, genes differentially expressed between tumor and WT adrenal
were filtered based on their proximity to a p27 ChlIP-Seq peak. These analyses result in the

regulatory network generated by Juan Higareda Almaraz and illustrated in Figure 27.
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Figure 27: Regulatory network of the correlation study of rat p27 ChIP-Seq data with rat adrenal
tissue microarray data. As indicated in the figure key, all genes in rectangles have p27 ChIP peaks
near to their promoters and are differentially expressed in adrenomedullary tissue microarrays.
Furthermore, the green (Tcf4 and Gata2) and pink genes are predicted RUNX1 target genes and
therefore chosen for further literature research and validation studies. [generated by Juan Higareda
Almaraz (IDC, HMGU, Germany)]

Genes shown in rectangles are those with p27 ChlP-Seq peaks close to their promoters (1 kb
up- or down-stream): Cebpe, Tcf4, Dennd5a, Slc7a11, Rnas13, Kcnjl5, Fdc3b, Irx5, Tox3,
Rftn1, Ahr, Pdlim5, Zfand6, Gprc5b, Lnx1, Tbcld5, T2 and Cited1; while those in octagons
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showed no detectable peaks: Neurod1, Creb5, Gata2, Nr2c1, Tcf21, Tcf19, Reln and Smad1.
The different colors are based on the differential expression status of the genes, based on
the microarray data and on the transcriptional activity of these genes. Green genes (Cebpe,
Tcf4, Neurod1, Creb5, Gata2, Nr2c1, Tcf21, Tcf19, Reln and Smad1) are TFs overexpressed in
PCC tumors based on the tissue microarray data. Genes in pink (Dennd5a, Slc7al11, Rnas13,
Kcnj15, Fdc3b, Irx5, Tox3, Rftnl, Ahr, Pdlim5, Zfand6, Gprc5b, Lnx1, Tbc1ld5, T2 and Cited1)
are targets of the differentially expressed TFs, which are differentially expressed in the tissue
microarray data, and have p27 peaks close to their promoters. The regulatory relationship
between the genes is based on actual experimental evidence downloaded Juan Higareda
Almaraz from the ENCODE project, Homer and TRANSFACT database. These analyses
detected only eleven genes, which could be identified as differentially expressed in tumor
tissues, as having p27 ChIP-Seq peaks near their promoters and as being regulated by RUNX1
(predicted RUNX1 targets): Tcf4, Dennd5a, Kcnj15, Irx5, Tox3, Rtftnl, Pdlim5, Gprc5b, Lnx1
and Thcld5. It is important to mention, that there are three TFs that bind DNA at a
consensus sequence/binding site similar to that of RUNX1 (namely CREB5, TCF21, TCF19).
Based on the biological function of the eleven candidate genes and their putative link to
RUNX1, we have chosen Tcf4 as the most promising RUNX1 target gene for further validation
in adrenomedullary cells. TCF4 was shown to be involved in AML and is known to act in a
HDAC-dependent manner, like RUNX1 (Cheng et al., 2016; Zhang et al., 2008). Gata2 was
more highly expressed in the PCC versus WT medulla. Therefore, we decided to include this

gene in further studies.

3.3.2 Identification of RUNX1/p27 target genes based on mRNA microarray data of PC12
cells with knockdown of Runx1 or Cdkn1b

To determine the genes transcriptionally regulated depending on the presence of p27 or
RUNX1, PC12 cells were transfected with siRNA against Cdknlb or Runxl to reduce the
expression of the proteins. The cells were transfected (electroporated) with 1 ug of siRNA
using the Nucleofector™ from Lonza. The siRNAs were generated by siTOOLs Biotech based
on the siPOOLs Technology, described as highly complex and defined pools of 30 individual
siRNAs against the same gene. This approach dilutes the off-target effects of each siRNA
molecule and increases on-target specificity. Furthermore, these siPOOLs should generate

more robust and reliable knockdown results given that each gene is targeted by multiple
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siRNAs. 24 h post-transfection, the cells were collected and RNA was extracted for further
microarray-based transcriptome profiling. To verify the efficacy of gene silencing, the
expression levels of Cdknlb (reduction of -84 %) and Runxl (reduction of -81 %) were
measured by qRT-PCR (Figure 28). GeneChip'™ Rat Gene 1.0 ST arrays were used (Affymetrix,
now part of Thermo Fisher Scientific). The Rat Gene 1.0 ST arrays are a combination of
Affymetrix’ Whole Transcript Assays and high-density arrays, which provide a more complete
and more accurate picture of overall gene expression. The rat gene 1.0 ST arrays contain
hundreds of thousands of probes designed to cover every exon of every transcript present
on the array. The high transcript coverage (median 22 probes per gene) yields accurate

detection for genome-wide expression changes (Okoniewski et al., 2007).

In collaboration with Dr. Martin Irmler from the Institute of Experimental Genetics (IEG,
HMGU, Germany) the quality of the RNA samples was assessed, the arrays were run and
statistical analyses were conducted. Two replicates per condition were prepared in our lab:
PC12 cells transfected with siCdknlb, PC12 cells transfected with siRunx1 and PC12 cells
transfected with non-targeting scrambled siRNA (Figure 28). The quality of the RNA was
determined by a 2100 Bioanalyzer Instrument (Agilent Genomics) by Martin Irmler. The
Bioanalyzer software generates an electropherogram and gel-like image, which provides a
better assessment of RNA quality by showing a detailed picture of the size distribution of
RNA fragments. Additionally, the Bioanalyzer displays results, such as sample
concentrations, the ribosomal ratios and the RNA integrity numbers (RIN values). The RIN
software algorithm allows the classification of total eukaryotic RNA, based on a numbering
system from 1 to 10, with 1 being the most degraded profile and 10 being the most intact
profile; this software takes the entire electrophoretic trace into account. The RIN values for
all prepared samples laid between 9.9 and 10, which indicated intact total RNA. In term of
quality control, the cluster dendogram and PCA (principal component analysis) analysis

showed good quality of samples and accordance between biological replicates (Figure 28).
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Figure 28: Quality control of microarray samples of PC12 cells treated with siRNA against Cdkn1b or
Runx1. (A) The cluster dendogram displayed the samples according to replicates. The PCA analysis
visualized the sample pattern of all conditions and replicates. (B) qRT-PCR analyses proved the
knockdown of Cdkn1b (-84 %) and Runx1 (-81 %) in PC12 samples. [scr: scrambled negative control;
PCA: principal component analysis; PC: principal components]

After the microarrays were run, the siRNA samples were normalized to the scrambled
control sample, and relative expression levels of all detected genes were obtained by Martin
Irmler. This analysis disclosed several genes differentially expressed among samples. In Table
17, we compared both data sets (siCdkn1b and siRunx1) and reported genes concordantly
up- or down-regulated upon knockdown of Cdknlb or Runx1. Based on the hypothesis that
p27 is a transcriptional repressor, as it was demonstrated by Pippa et al. (2012) in MEF cells,
we selected potential target genes that were more highly expressed when Cdkn1b or Runx1
levels were reduced. Using a cut-off of 1.58 fold overexpression in the siRunx1 data set, the

genes Zfp563, Apoc4, Ralgapa2, Maneal and Serpinil were pointed out.
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Table 17: PC12 mRNA microarray data after siCdknlb and siRunx1 transfection. The displayed
genes were selected for their differential expression level in PC12 cells after Cdknlb and Runxl
knockdown (in comparison with the scrambled negative control). Genes in blue are significantly
overexpressed, whereas genes in red are down-regulated. General criteria for selecting genes were a
fold change of more than 1.3 fold in comparison with the scrambled control in both directions. Based
on these criteria, the data set of PC12 siRunx1 cells contained 523 genes and the data set of PC12
siCdkn1b contained 488 genes. [scr: scrambled negative control, FC: fold change, Av: average]

FC>1.3x, FC>1.3x,
p<0.05, Av>16 p<0.05, Av>16
siRunxl Symbol (523) sip27 Symbol (488)
Mir23b 2.08 Mir23b 1.61
Zfp563 1.53 Zfp563 1.53
Apocd 1.70 Apoc4d 1.32
Ralgapa2 1.65 Ralgapa2 1.45
Maneal 1.58 Maneal 1.44
Serpinil 1.58 Serpinil 1.37
Kngl 1.53 Kngl 1.36
Osbpl6 1.48 Osbpl6 1.49
Qpctl 1.39 Qpctl 1.48
Clec2g 141 Clec2g 1.47
Gbp5 1.48 Gbp5 1.44
Rftn2 1.32 Rftn2 1.44
Zfp626 1.38 Zfp626 1.43
OlIr1425 1.40 Olr1425 1.43
U2surp 1.34 U2surp 1.40
Atad2b 133 Atad2b 1.39
Wdrl3 1.40 Wdr13 1.38
Gsc2 129 Gsc2 1.34
Swtl 1.34 Switl 1.34
Laccl 1.34 Laccl 1.33
Chic2 1.32 Chic2 1.32
Fam214b -1.38 Fam214b -1.52
Iba57 -1.31 Iba57 -1.51
Lgals2 -2.10 Lgals7 -1.57
Adrb3 -2.02 Adrb3 -1.33
Fdxacb1l -1.58 Fdxacb1 -1.51
Tifa -1.57 Tifa -1.32
Slc6ab -1.50 Slc6ad -1.42
Prrx2 -1.52 Prrx1 -1.41
Hmbox1 -1.50 Hmbox1 -1.32
Gprl83 -1.43 Gprl83 -1.48

These genes were then investigated for their biological function and for the commercial
availability of molecular tools, such as antibodies, qRT-PCR assays or siRNAs, necessary to
perform further studies. Ralgapa2 was excluded from the selected candidates since its
function is reported as tumor suppressor gene in hepatocellular and bladder cancer
(Kodama et al., 2016; Saito et al., 2013). Based on the microarray data of PC12 cells treated

with siCdkn1b, the Ralgapa2 gene is overexpressed when p27 levels are reduced. Since we
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knew that a reduced p27 level leads to tumor formation in adrenomedullary cells, the
detection of this gene as overexpressed under these conditions did not fit with its presumed
function as a tumor suppressor. The same issue applies to Serpinil, which is reported to be a
tumor suppressor in gastric cancer (Yamanaka et al., 2012). For Maneal, no rat Taql\/lanwI
assays are available and no studies about Maneal in association with p27 or cancer are
published. More promising genes were Znf563 and Apoc4, the two most overexpressed
genes, and Kng1. Although there are no publications on Znf563, it was selected since it was
the most overexpressed gene in the siCdknlb data set (1.53 fold). Following Runxl
knockdown, the overexpression level of Znf563 in PC12 cells was also increased by 1.53 fold.
Apoc4 was the most up-regulated gene in the siRunx1 data set (1.7 fold) and showed a
1.32 fold increase after Cdkn1b knockdown. In addition, it was already known to be involved

in colorectal and breast cancer development (Kheirelseid et al., 2010; Philley et al., 2017).

Since GO term analyses display a functional profile of data sets to better understand
underlying biological processes, we performed GO term enrichment analyses, which showed
dysregulated genes belonging to certain GO groups ('diseases and disorders', 'molecular and
cellular functions' and 'physiological system development and functions') (Figure 29).
Common categories within these GO groups of siCdkn1b-transfected or siRunx1-transfected
versus scrambled siRNA-transfected control PC12 cells are 'cardiovascular disease' (group
'diseases and disorders'), 'cell-to-cell signaling', 'cell morphology' and 'cellular development'
(group 'molecular and cellular functions'), and 'embryonic development' and 'organismal
development' (group 'physiological system development and functions') (Figure 29). So, the
knockdown of Cdknlb or Runxl changes the expression of genes belonging to different
functional categories. However, some degree of overlap was observed, supporting the

findings that there are genes commonly regulated by the two proteins.
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Figure 29: GO term analysis of microarray studies of PC12 cells with Cdkn1b or Runx1 knockdown.
Reduced expression levels of Cdknlb (left) or Runx1 (right) in PC12 cells led to commonly enriched
GO categories: 'cardiovascular disease' (red in the upper diagrams), 'cell-to-cell signaling' (blue in the
middle diagrams), 'cellular development' (red in the middle diagrams), 'cell morphology' (green in
the middle diagrams), 'embryonic development' (green in the lower diagrams) and 'organismal
development' (red in the lower diagrams).

= organ development tissue morphology

To get an impression of the effect of RUNX1 on functional cellular processes in correlation
with p27, we performed a proliferation assay in PC12 cells. These cells showed a two-fold
increase in proliferation following Runx1 knockdown (=80 %); the same could be seen in

these cells after Cdkn1b knockdown (=80 %) (Figure 30).
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Figure 30: Proliferation (WST-1) assay of PC12 cells after Cdkn1ib and Runxl knockdown. Cdknlb
(p27) and Runx1 were down-regulated for around -80 % when compared with the scr control. This
led to a 2.8 fold increase of PC12 cell proliferation following Cdkn1b knockdown and to an 2 fold
increase after Runx1 or Cdknlb-Runx1 double knockdown. [SCR: scrambled negative control; ***:
p<0.001 by student’s t-test]

3.3.3 Validation of the putative p27/RUNX1 target genes Znf563, Apoc4, Tcf4 and Gata2

By microarray analyses in PC12 cells following Cdknl1b- or Runxl-knockdown, Znf563 and
Apoc4 were up-regulated (Table 17). The mRNA expression level of both genes was checked
by gRT-PCR in human and rat adrenal tissues. Human PCC samples and unaffected adrenal
tissue samples were compared and no change in expression of ZNF563 was observed in
tumor samples. In rats, the Znf563 level is increased 1.9 fold in tumor versus WT tissues
(Figure 31 A). APOC4 mRNA expression showed an extremely reduced level (-95 %) in human
PCC samples, whereas no changes in Apoc4 levels could be observed in rat tumor samples
(Figure 31 B). The expression of Tcf4/TCF4 and Gata2/GATA2 was also validated in human
and rat samples. When human PCCs were compared to unaffected adrenal tissues, GATA2
and TCF4 showed significantly increased expression in tumor samples (GATA2: 17 fold and
TCF4: 2.3 fold). Also in the rat tumor samples, Tcf4 (3 fold) and Gata2 (5.2 fold) expression

was significantly increased versus WT adrenal (Figure 31 C and D).
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Figure 31: qRT-PCR analyses of putative p27/RUNX1 target genes in human and rat PCC tissues. (A)
Znf563 could be observed as overexpressed in rat tumor tissues (Mut), whereas ZNF563 showed no
changed expression level in human tumor tissues. (B) APOC4 is dramatically reduced in human PCC
tissues, but Apoc4 is not differentially expressed in rat tissues. (C and D) TCF4/Tcf4 and GATA2/Gata2
could be shown as significantly overexpressed in human and rat tumor tissues. [Rat tissues: WT: n=6,
Mut: n=10; Human tissues: adrenal medulla: n=2, PCC: n=8; *: p<0.05; **: p<0.01; ***: p<0.001 by
student’s t-test]

Since Znf563, Apoc4, Tcf4 and Gata2 were identified as putative RUNX1 targets, we wanted
to investigate the expression of these genes following siRNA-mediated knockdown of
Cdknlb and Runxl in both PC12 and WT rat adrenomedullary primary cells. Cells were
transfected, collected 24 h later (optimized time point) and RNA was analyzed by qRT-PCR.
Primary adrenomedullary cells from WT animals are difficult to cultivate, since they are
highly sensitive, and are difficult to transfect, thereby leading to low transfection efficiency.
Furthermore, the total number of isolated primary cells is low (around 1 million cells per
animal, when both adrenal glands are pooled). Therefore, cells were treated with siRNA
against Cdknlb and/or Runxl to have enough cells for subsequent RNA extraction; the
number of primary cells was not enough to collect them for protein extraction. In PC12 cells,

the expression level of Cdknlb and Runx1 was reduced in average by around -80 % upon
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transfection of the appropriate siRNAs (Figure 32 A). On average, around -50 % reduction of
Cdkn1b expression and around -40 % reduction of Runx1 level could be achieved in WT
primary cells following siRNA transfection. When we performed Cdknlb-Runxl-double
knockdown in PC12 cells, the expression level of Cdkn1b was not further reduced, whereas
the level of Runx1 reached a -60 % reduction (Figure 32 B). Znf563 expression was increased
1.75 fold upon Cdknlb and Runxl double knockdown in PC12 cells, whereas the single
knockdowns had no effect on Znf563 levels. In contrast, in WT rat primary cells, Znf563 is
overexpressed (22-43 %) upon single and double knockdown of Cdknlb and Runx1 (Figure
32). In case of Apoc4 expression, we observed no altered expression pattern in WT rat
primary cells, but a 3.8 fold overexpression in PC12 cells when Cdknlb or Runxl were
knocked down and up to an 11 fold increased upon Cdknlb-Runx1-double knockdown (Figure
32). These data confirm the microarray analyses. Gata2 and Tcf4 were identified as de-
regulated in microarray analyses of adrenal tissues (see 3.3.1). Moreover, they were fished
out as promising predicted RUNX1 targets by database analyses. Although better
transfection efficiency for siRNAs was achieved in PC12 cells, the influence of the knockdown
of Cdkn1b and Runx1 expression levels of Gata2 and Tcf4 was lower in PC12 compared with
primary cells (Figure 32). Gata2 expression was reduced only -22.4% after Cdknlb
knockdown in PC12 cells and no remarkably de-regulated Gata2 expression was seen
following Runx1 knockdown (Figure 32 A). Cdkn1b-Runx1-double knockdown led to a slightly
more reduced level of Gata2 when compared with Cdkn1b single knockdown in both cell
models. Tcf4 expression was only suppressed by siCdkn1b in PC12 cells (reduction of -10 %)
(Figure 32 A). In WT primary adrenomedullary cells, Gata2 was reduced to -50.9 % due to the
silencing of Cdknl1b and -35.8 % due to that of Runxl1. Tcf4 showed a reduced expression
level of only -22.1 % after siCdknlb transfection or -14.4 % after Runxl knockdown in

primary cells (Figure 32 B).
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Figure 32: Expression analysis of putative p27/RUNX1 targets in PC12 cells with down-regulated
Cdkn1b or/and Runx1. (A) In PC12 cell experiments [n=2], Znf563 and Apoc4 showed an increased
expression level after Cdknlb-Runxl-double knockdown. Additionally, Apoc4 was overexpressed
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upon Cdknlb and Runxl single knockdown, whereas Tcf4 and Gata2 showed no differential
expression upon gene silencing. (B) In WT rat adrenomedullary tissues [n=2], Apoc4 and Gata2 were
down-regulated following Runx1 or Cdkn1b-Runx1-double knockdown. Silencing of Cdkn1b decreases
Gata2 levels. Znf563 showed a slightly increase in expression when Cdknlb and Runxl1 were down-
regulated. In contrast, Tcf4 could be observed as slightly down-regulated upon Cdknlb and Runx1
knockdown. [scr: scrambled transfection negative control]. As overview, the table below shows all
four validated genes and their differential expression under certain conditions in adrenal
cells/tissues. Blue arrows indicate an up-regulation (more than 50 %) of the displayed genes. Dark
red arrows indicate a down-regulation (-50 % and more), whereas light red arrows describe a slight
reduction of gene expression up to -50 %.

Since the p27 mutation in MENX rats leads exclusively to the development of
neuroendocrine tumors, we checked the expression level of the putative p27/RUNX1 target
genes in adrenal and non-endocrine tissues (liver and kidney) of WT rats compared with
MENX rats. In addition, expression levels of these genes were checked on
http://www.ncbi.nlm.nih.gov/, where RNA-Seq studies on different tissues are available
(Figure 33). Znf563 showed in consideration of all displayed tissues no different expression in
endocrine versus non-endocrine tissues. Similarly, Apoc4 is relatively equally expressed in all
tested tissues without any significant difference between endocrine and non-endocrine
tissues. Tcf4 and Gata2 are more expressed in adrenal tissues of rats in comparison with
liver and kidney (Figure 33 A). In the overview including other validated organs, the
expression profile in endocrine and non-endocrine tissues is similar. But in general, Tcf4 and
Gata2 showed an overexpression when p27 is mutated like in tissues of MENX rats, what

indicates a p27-dependent expression pattern.
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Figure 33: Expression profiles of RUNX1 target genes. (A) qRT-PCR results of Znf563, Apoc4, Tcf4 and
Gata2 on rat tissue samples; in comparison of MENX rats with WT rats. [n=2] (B) RNA-Seq

transcriptomic

BodyMap

from

weeks old

Fischer 344 rats available on

http://www.ncbi.nlm.nih.gov/. [RPKM: reads per kilobase per million mapped reads]
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It has been reported that the TF GATA2 can regulate Runx1 expression in some cells (Shi et
al., 2014). Therefore, we decided to check whether this also occurs in our cell systems. PC12
cells were treated with siRNA against Gata2 and expression levels of Runx1 and Cdkn1b were
investigated by qRT-PCR and western blotting. The silencing of Gata2 had no effect on
protein levels of p27 or RUNX1 (Figure 34). Runx1 was not affected by the Gata2-Cdkn1b-
double knockdown (Figure 34 A). Similarly: when both Gata2 and Runx1 were silenced, no
changes in the levels of Cdknlb could be detected by qRT-PCR (Figure 34 A) or of p27 by
western blotting (Figure 34 B). Noteworthy, in the double knockdown experiments the
degree of down-regulation of Cdkn1b (-54 %) and Runx1 (-33.3 %) was significantly reduced

compared to the single knockdown (Figure 34 A).
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Figure 34: Expression studies of Cdknib/p27 and Runx1/RUNX1 in dependency of Gata2 level
modulation. (A) gRT-PCR analysis revealed no differential mRNA expression of Cdknlb and Runxl
transcripts upon Gata2 knockdown. [n=2] (B) At the protein level, the modulation of Gata2
expression had no effect on the level of p27 and RUNX1 as detected by western blotting. The house
keeping gene B-Actin (bAct) was used as loading control. [scr: scrambled negative transfection
control; GATA2: 1:1000, 51 kDa; RUNX1: 1:1000, 49 kDa; p27: 1:500, 27 kDa; bAct: 1:1000, 42 kDa]

To check whether GATA2 co-localizes with RUNX1 or p27, co-IF experiments were
performed. Unfortunately, no anti-Runx1 antibody produced in a different species compared
with the available anti-Gata2 antibody (a-rabbit) could be found. Therefore, a putative co-
localization could only be investigated by IF for GATA2 and p27, using primary antibodies
made in different species. p27 and GATA2 are localized to the nuclei of rat adrenomedullary

cells and in many of them they co-localized (Figure 35).

90



Results

WT

Mut

Figure 35: Co-IF of GATA2 and p27 in adrenomedullary tissues from WT and MENX mutant (Mut)
rats. p27 could be shown to be expressed in the cell nuclei of adrenomedullary WT rat tissues. In rat
mutant tissues, no p27 could be detected by IF, as expected. Gata2 was expressed in the nuclei of
WT rat adrenal cells and co-localized with p27 (merge picture). In homozygous mutant rat tissues
(Mut), GATA2 is expressed in cell nuclei but with lower level compared with WT adrenal cells. [scale
bars: 30 um; p27: 1:400; GATA2: 1:500]

GATA2 is an interaction partner of RUNX1 in AML and hematopoietic cells (Lizama et al.,
2015; Loke et al., 2017; Pippa et al., 2016). To validate a possible interaction of GATA2 with
p27 or RUNX1 in PC12 cells and in WT rat adrenomedullary tissues, we conducted co-IP
experiments (Figure 36). The IP was performed with a specific anti-Gata2 antibody and then
p27 or RUNX1 were detected by western blotting. Figure 36 B shows the result of GATA2-IP
then probed against GATA2 itself, p27 or RUNX1. In both, PC12 cells and WT rat
adrenomedullary tissues, a signal could be shown for GATA2 - indicating a successful IP. In
PC12 cells, a band for RUNX1 was observed, which confirmed a GATA2-RUNX1 interaction.
For p27, no signal could be detected by western blotting after GATA2-IP in PC12 cells, nor in
WT rat tissues. We also performed the reverse experiment: IP using an anti-p27 antibody for
the pull-down and anti-Gata2 antibody for western blotting (Figure 36 B). Surprisingly, GATA2
was detected in the p27-IP sample (Figure 36 B). Based on these experiments, the co-
localization of GATA2 with p27 and RUNX1 could be determined in PC12 cells, and even an
interaction of GATA2 with RUNX1 could be observed in these cells as well as in WT rat
adrenomedullary tissue. Unfortunately, no anti-Runx1 antibody generated in any species

other than rabbit was available. Thus, we could not perform PLA for RUNX1 and GATA2.
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Figure 36: Interaction of GATA2 with p27 and RUNX1. (A) In GATA2-IP experiments, RUNX1 was
pulled-down together with GATA2 in PC12 cells and in WT rat adrenomedullary tissues. For p27, no
signal was detected in PC12 cells and rat tissues. (B) In p27-IP experiments performed in PC12 cells,
GATA2 could be observed as interacting with endogenous p27 or with an overexpressed HA-tag p27
(p27-HA). [GATA2: 1:1000, 51 kDa; RUNX1: 1:1000, 49 kDa; p27: 1:500, 27 kDa]
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4 DISCUSSION

4.1 p27 is a chromosomal binding protein

The classical role of p27 relates to its function as cell cycle inhibitor. Specifically, p27 binds to
and inhibits CyclinE/CDK2 complexes thereby blocking the progression from G1 to S phase of
the cell cycle (Larrea et al., 2009). In 2012, a novel role for p27 was identified in quiescent
MEF cells having high levels of the protein, a role as an indirect transcriptional regulator of
specific target genes (Pippa et al., 2012). In MEF cells, p27 interacts with the transcription
factors p130 and E2F4 and suppresses gene expression. Several studies had previously
suggested a cell cycle-independent role for nuclear p27 in quiescent cells (Mufioz-Alonso et
al., 2005; Nguyen et al., 2007; Pippa et al., 2012). Although the molecular mechanisms still
need to be elucidated, this role of p27 might involve the transcriptional repression of specific

target genes.

MENX rats represent a unique animal model of multiple endocrine neoplasias available in
our lab. Affected rats develop among others bilateral PCCs, which are tumors of the adrenal
medulla (Fritz et al., 2002). MENX rats harbor an eight-bp tandem duplication in Cdknlb
exon 2, which causes a frameshift mutation leading to an encoded protein having a C-
terminus different from the WT protein. Because of this mutation, the variant p27 protein is
rapidly degraded in vitro and in vivo. Therefore, the levels of p27 in the rat tissues depend on
the number of Cdknl1b functional alleles that varies when analyzing homozygous mutant
animals (Mut (hom.)), heterozygous mutants (Mut (het.)) or WT rats in a gene-dosage-
dependent manner (Figure 37). The identification of the germline Cdkn1b mutation in MENX
rats demonstrated that p27 can act as tumor suppressor in neuroendocrine cells and that its
inactivation leads to multi-tissue tumor formation in this model. Subsequently, different
mutations (to date 12 different mutations are known (Lee and Pellegata, 2013)) in the
human homologue CDKN1B were also identified and a new MEN syndrome was discovered

(MEN4) caused by p27 mutation (Pellegata et al., 2006).
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Figure 37: p27 IHC stainings of adrenal glands (medullary part) of MENX rats having different
Cdknlb genotypes. WT rats show a normal expression level of p27 in cell nuclei of most
adrenomedullary cells. In Mut (het.) rats, p27 expression is reduced in intensity and is seen in less
cells. Due to the described Cdkn1b-mutation, p27 is almost absent in the adrenomedullary tissues of
p27 homozygous mutants (Mut (hom.)). [scale bar: 20 um; Mut (het.): heterozygous mutant; Mut
(hom.): homozygous mutant; p27: 1:500, 27 kDa]

p27’s function is reduced or lost in many human cancers (Chu et al., 2008), including PCC
(Pellegata et al., 2007). This, combined with the observation that mice deficient for p27
develop PCC (Fero et al., 1998; Kiyokawa et al., 1996; Nakayama et al., 1996) and MENX rats
harboring a loss-of-function mutation in p27 also develop these tumors, point toward a role
for p27 in adrenomedullary tumorigenesis. The molecular mechanisms mediating this role

are still unknown.

As indicated above, p27 was discovered to be able to bind to DNA and regulate gene
transcription in MEF cells (Pippa et al., 2012). Based on these findings, a basic question
arose: Is p27 able to regulate gene transcription in adrenomedullary cells as well? And Can

this mediate some of the functions of p27 in the neoplastic transformation of these cells?

To address these questions, we performed p27 ChlIP-Seq experiments. Because p27 is
supposed to bind DNA indirectly, it needs to interact with DNA-binding proteins, such as
p130 and E2F4 in MEF cells, in order to regulate transcription (Pippa et al., 2012). To identify
novel putative genome-wide binding sites of p27-containing complexes, ChIP-Seq
experiments were carried out using an anti-p27 antibody to pull-down DNA sequences
bound by the above mentioned complexes. As a first step, we needed to verify whether p27
is part of protein complexes binding to the DNA in adrenomedullary cells (the cells of
interest for further p27 ChIP-Seq studies), as this was never reported. After crosslinking of
proteins with DNA and separation of the different adrenomedullary cell compartments, cell

nuclei were separated in euchromatin, heterochromatin and the nuclear matrix. Proteins
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were then extracted from the different fractions and p27 was detected by western blotting.
Indeed, p27 could be found in the nuclear matrix fraction, also known as insoluble portion of
the chromatin, of adrenomedullary tissues (Figure 15). This validation allowed us to
demonstrate that p27 interacts with DNA in adrenomedullary tissues, thereby making

worthwhile to proceed the ChIP-Seq method with a specific anti-p27 antibody.

For p21, another member of the same family of cell cycle inhibitors like p27, an indirect
binding to the DNA was reported (El-Deiry, 2016; Harper et al., 1993; Matsuoka et al., 1995;
Musgrove et al., 1995; Polyak et al., 1994). Besides functional similarities between p27 and
p21, such as their ability to block the kinase activity of CDKs, both proteins show structural
similarities (Toyoshima and Hunter, 1994). To bind to the DNA, p21 binds to PCNA
(proliferating cell nuclear antigen), an auxiliary factor for DNA polymerases 6 and € that is
essential for both DNA replication and DNA repair (el-Deiry, 1997). Based on that finding, the

suggestion of an indirect DNA-binding role of p27 is well conceivable.

4.2 ChIP-Seq revealed that p27-containing complexes bind DNA

4.2.1 Determination of specific transcription factor binding sites by p27 ChIP

Based on the findings that p27 can indirectly bind to the DNA in adrenomedullary cells, we
wanted to investigate the binding sites of putative DNA-binding p27 interaction partners at
the genomic level. Therefore, p27 ChIP-Seq experiments were conducted in rat and human
adrenomedullary tissues. Figure 18 revealed p27 to be specifically pulled-down in
adrenomedullary tissue lysates by the use of a monoclonal anti-p27 antibody (BD
Transduction Laboratories™). Sequencing analysis confirmed the successful pull-down of
DNA sequences by p27 ChIP-Seq in these cells (Table 15). The human sample was excluded
from further bioinformatics” analyses since the total number of p27 peaks was unusually
high (30695) and simultaneously of low significance. These findings indicate a lower
specificity of the anti-p27 antibody in the human adrenomedullary sample compared with

the rat samples (total number of p27 peaks: 1 294).

By the Genomatix Tool, significantly overrepresented TF binding sites were identified among
the pulled-down sequences and sorted by their Z-scores for their promoters’

overrepresentation (Table 16). The Z-score represents the degree of overrepresentation; the
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higher the Z-score, the higher the overrepresentation of the TF family (significant when the
Z-score is above 2). A negative Z-score means an underrepresentation of the TF, which is
significant when the Z-score is below -2. The most enriched TFs identified by the MEME Suite
(Znf423 and Runx1) (Figure 20, Table 15) could be also identified by Genomatix (Table 16).
Nonetheless, many other TF binding sites could be observed as more overrepresented based
on Z-scores in the p27 ChIP data by Genomatix: e.g. VSGCF2, VSNDPK, VSBEDF, VSMAZF,
VSPLAG, VSCTCF and VSSP1F. All the seven TF families have Z-scores higher than thirteen
over the genome background and higher than four for the Z-scores over the promoter
background. The following paragraph serves to discuss correlations between the named

genes with p27 as perspective for further studies.

The gene NDPK encodes for a nucleoside diphosphate kinase. NDPK binds to a common DNA
fragment in cMYC gene promoters (Cervoni et al., 2003, 2006; Egistelli et al., 2009).
Interestingly, analyses of our p27 ChIP experiments identified the motif for the Myc/MAX
heterodimer as significantly enriched, indicating a binding site for p27 to Myc/MAX and
potential regulation of Myc/MAX by p27 (Table 15). MAZF (MYC-associated zinc finger
protein) promotes proliferation in breast cancer and prostate cancer and interacts with
cyclinE/A/p27/SKP2 to modulate the expression of p27 (Chandramohan et al., 2008).
Simultaneously, p27 was reported to antagonize MYC by binding and inhibiting MYC
independently of CDK2, but possibly by interacting with other TFs (FBX028, HUWEI1 and
SIRT1) (Bahram et al., 2016; Hydbring et al., 2017). Based on the function of p27 as repressor
of gene transcription (Pippa et al., 2012) and on the fact that MYC and p27 can activate each
other, it is conceivable that the interaction of both proteins could create a time window
where transcriptional repressor proteins are recruited by p27 to target gene promoters prior
to destruction of MYC and subsequent loss of p27 from the promoter; as it is described for
the MYC interaction partner SKP2 (Hydbring et al., 2017; Kim et al., 2003; von der Lehr et al.,
2003). The crosstalk between p27 and MYC is also supported by p27 knockout mice, which
develop lymphomas because of MYC activation; this strengthens the hypothesis that p27
provides a negative feedback to MYC (Amente et al., 2010). CTCF (CCCTC-binding factor) has
a cell cycle regulatory role in breast cancer and endometrial carcinoma (Marshall et al.,
2017; Oh et al., 2017). CTCF can associate with the Sin3-HDAC complex, which is associated
with HDAC1 and HDAC2. The same interaction with the Sin3-HDAC complex was reported for

p27 in MEF cells by Pippa et al. (2012). Furthermore, in Ctcf knockout mice, increased levels
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of p27 and p21 could be observed (Heath et al., 2008; Marshall et al., 2017; Oh et al., 2017;
Qi et al., 2003). The SP1 TF is reported to control cell proliferation in nasopheryngeal
carcinoma and breast cancer by activating p27 and p21 (Chen et al., 2005; Huang et al.,
2008a; Wei et al., 2013; Zhang et al., 2014). For GCF2 (GC-Rich Sequence DNA-Binding
Factor 2), BEDF (ZBED; BED-type zinc finger putative TF) and PLAG (PLAG zinc finger) no

direct association with p27 regulation is reported by now.

4.2.2 p27 ChlIP-Seq identified significantly enriched p27-binding partners

4.2.2.1 ZNF423

ZNF423 could be identified as putative binding partner of p27 since the TF binding site for
ZNF423 was specifically overrepresented after p27 ChIP-Seq experiments in
adrenomedullary tissues from rats (Figure 20, Table 15). To further investigate this finding, we
analyzed the expression profile and correlation of both proteins and could show that p27
and ZNF423 co-localize in adrenal cell nuclei (Figure 22, Figure 23). We could not observe a
direct binding of p27 and ZNF423, but an affiliation of ZNF423 to p27-complexes cannot be

ruled out.

The Kriippel-like C2H2 zinc finger factor ZNF423 (also ZFP423 or OAZ; OMIM #604557) is a
transcriptional modulator that has an effect on several signaling pathways and plays an
essential role in cerebellar development, olfactory neurogenesis and midline patterning of
the central nervous system (Cheng et al., 2007; Hata et al., 2000; Tsai and Reed, 1997,
Warming et al., 2006). In general, ZNF423 is expressed in lung, heart, skeletal muscles, brain,
pancreas and kidneys of healthy adults, but plays no role in healthy hematopoiesis (Hata et
al., 2000; Tsai and Reed, 1997). In contrast, in many ALL patients ZNF423 is overexpressed,
which leads to maturation arrest of B cells - a hallmark of ALL (Harder et al., 2013). ZNF423 is
the human homolog of the transcription modulator Roaz (rat O/E-1 associated zinc finger),
which was discovered in the olfactory system of the rat. Hence, its other name is: OIf1/EBF
(olfactory factor-1/early B-cell factor)-associated zinc finger protein (Hata et al., 2000; Tsai
and Reed, 1997; Turner and Crossley, 1999). ZNF423 is a multifunctional protein composed
of 20 zinc finger domains divided in different clusters: zinc finger domains 2-8 act as DNA-
binding domain for GC rich regions of the DNA. Zinc finger domains 9-13 are responsible for

the binding to the BMP2 (bone morphogenetic protein 2)-responsive element, which is
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essential for the recruitment of the ZNF423-SMAD1-SMAD4 complex to promoter
sequences. Zinc finger 14-19 are responsible for the protein-protein-interaction with SMAD1
and SMADA4; zinc finger domains 28-30 mediate the protein-protein-interaction with EBF. To
date, the functions of zinc finger 1 and zinc fingers 20-27 are unknown (Hata et al., 1997,

1998, 2000).

BMPs belong to the TGFB (transforming growth factor) superfamily and regulate
differentiation and cellular processes such as proliferation, morphogenesis and apoptosis
(llle et al., 2007; Pajni-Underwood et al., 2007; Pan et al., 2013). Interestingly, in our lab,
BMP7 was identified as overexpressed in rat and human PCC, which promotes cell
proliferation, migration and invasion in adrenal cells (Leinhduser et al., 2015). BMP7
activates the SMAD complex by binding to BMP-Receptors, and thus leads to transcription of
BMP target genes, including Znf423 (Harder et al., 2013). In human neuroblastoma cell lines,
accumulation of p27 is associated with BMP2-induced growth arrest, differentiation and
activation of the OIf-1/EBF pathway, in which ZNF423 is involved (Huang et al., 2009b;
Nakamura et al., 2003). In this context, it is known that BMP2/4 stimulation induces ZNF423
expression at the transcriptional level in cellular ALL models. In general, in human embryonic
stem cells, which express substantial amounts of BMPs, remarkably high levels of ZNF423

could be observed (Harder et al., 2013).

Recently, ZNF423 has emerged as critical transcriptional modulator in cancer. Consistent
with its multifunctional potential, ZNF423 is involved in a variety of pathways involved in
cancer development, such as retinoic acid signaling (Huang et al., 2009a), Notch signaling
(Masserdotti et al., 2010), and the DNA damage response (Chaki et al., 2012; Ku et al., 2003).
Low ZNF423 levels correlate with poor outcome of neuroblastoma, which indicates ZNF423
to be a marker for neuroblastoma - a tumor type that arises from the same type of cells as
PCC does (Harder et al., 2014; Huang et al., 2009b). In contrast, in human and rat PCC
samples (where p27 level is low), ZNF423 could be observed as overexpressed. Nonetheless,

no interaction between ZNF423 and p27 has been reported so far.

4.2.2.2 RUNX1

The second most enriched TF, which could be identified as putative interaction partner of
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p27 based on ChIP-Seq experiments in adrenomedullary tissues from rats, is RUNX1 (Figure
20, Table 15). Further studies revealed that p27 and RUNX1 co-localize in adrenal cells (Figure
22, Figure 23), and even interact in these cells as shown by co-IP and PLA experiments (Figure

25, Figure 26).

The runt-related transcription factor 1 (RUNX1;, OMIM #151385), also known as acute
myeloid leukemia 1 (AML1) or core-binding factor subunit alpha 2 (CBFA2), belongs to the
core-binding factor (CBF) family of TFs, which is able to bind to the core site of various
enhancers and promoters. RUNX1 is well known as master regulator of cell fate
determination in blood, bone, and neurons (Chuang et al., 2013). Human RUNX1 is located
at Chr. 21922.12, spans approximately 260 kilobases containing 12 exons and is transcribed
by two alternative promoters: P1 (distal) and P2 (proximal) (Levanon et al., 2001). P1 and P2
generate distal and proximal RUNX1 transcripts that differ in their 5’ untranslated regions
(UTRs) and N-terminal coding sequences, which influences in-exon and alternative splicing of
RUNX1 transcripts (Fujita et al., 2001; Ghozi et al., 1996; Pozner et al., 2007). RUNX1 consists
of three DNA-binding CBFa subunits (RUNX1, RUNX2, and RUNX3) and the non-DNA-binding
subunit CBFb (Speck and Gilliland, 2002). RUNX1 harbors an N-terminal highly conserved
Runt domain, which contains 128 aa and gives RUNX1 the ability to bind to the DNA of target
genes (Daga et al., 1996; Melnikova et al., 1993; Meyers et al., 1993). CBFb is a molecular
heterodimerization partner of RUNX1 carrying out its transcriptional activity through the
Runt homology domain (Meyers et al., 1993; Ogawa et al., 1993; Wang et al., 1993). The
binding of CBFb and RUNX1 is an essential feature of RUNX1 that enables it to exert its
biological function in the cell, and protects RUNX1 from proteasomal degradation (Huang et
al., 2001; Lu et al., 1995; Wang et al., 1996). Once RUNX1 and CBFb dimerize, they recognize
the optimal consensus sequence “PUACCPUCA” or “TGT/cGGT” on the target DNA (Kamachi
et al., 1990; Meyers et al., 1993). Therefore the characteristic of RUNX1 is to interact with

other proteins to form complexes that are able to regulate gene transcription.

Key roles of the RUNX family in epithelial cells and solid tumors recently started to emerge
(Chuang et al., 2013; Scheitz and Tumbar, 2013; Taniuchi et al., 2012). In general, RUNX1 has
tumor suppressive or oncogenic activity (Blyth et al., 2009; Taniuchi et al., 2012). In breast
cancer, whole-genome and whole-exome sequencing have identified point mutations and

deletions of RUNX1 and CBFP in human luminal breast cancers (Banerji et al., 2012; van
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Bragt et al., 2014; Ellis et al., 2012). Additionally, RUNX1 was identified as regulator of the
development of ER+ luminal breast cancer, oral SSC or oesophageal cancer (van Bragt et al.,
2014; Dulak et al., 2012; Scheitz et al., 2012; Zampino et al., 2009) (van Bragt et al., 2014;
Scheitz et al., 2012). In tumorigenesis, in the vast majority of cases the genetic changes of

RUNX1 and CBFB lead to a loss-of-function.

RUNX proteins show a context-dependent regulation of target gene expression. RUNX1 can
activate or repress target genes depending on its interaction with co-activators or co-
repressors (Blyth et al., 2005). For example, two well known targets of RUNX1 are CEBPa and
SPI-1 (also known as PU.1) (Kanno et al., 1998; Petrovick et al., 1998). CEBPa is a TF that
coordinates proliferation arrest and the differentiation of myeloid progenitors, adipocytes,
hepatocytes and cells of lung and placenta (Gombart et al., 2002; Pabst et al., 2001; Zhang et
al., 1997), whereas the TF SPI-1 is necessary for normal myeloid differentiation at the late
maturation stage (Friedman, 2002; Huang et al., 2008b; Wang and Friedman, 2002). Among
CBFb and SPI-1, known interaction partners of RUNX1 are PAX5 (Liebermann and Korf,
1999), Cyclin D3 (Bernardin-Fried et al., 2004), STAT5 (Ogawa et al., 2008), GATA1 (Elagib et
al., 2004), GATA2 (Pippa et al., 2016), C/EBPb (Tahirov et al., 2001; Wang et al., 1996) or AP-
1 (Frank et al., 1999). The number of these potential binding sites for different interaction
partners indicates the complexity of the regulatory network that determines the function

and activity of Runx1 (Chuang et al., 2013; Ito, 1999).

Since RUNX1 is a master regulator of cell fate determination in HSC and p27 limits the cell
division of these cells, a correlation of RUNX1 and p27 was probable (Chuang et al., 2013).
Down-regulation of p27 could be observed in ALL when Runx1 was mutated (chromosomal
translocation t(8;21)) (Haferlach et al., 2011). Runx1 is known to interact with p27 since low
expression of CDKN1B was significantly over-represented in AML with the reciprocal
t(8;21)/RUNX1-RUNX1T1 (p=0.001), t(15;17)/PML-RARA (p<0.001), and 11q23/MLL-
rearrangements (p=0.038) (Haferlach et al., 2011). Indeed, RUNX1 is known to repress the
transcription of members of the CIP/KIP family in HFSC in vivo: p21, p27, p57 and p15
(Haferlach et al., 2012; Lee et al., 2013; Lutterbach et al., 2000; Markus et al., 2007). RUNX1
and p21, for example, synergistically limit the extent of HFSC quiescence, which antagonizes
the role of p21 as a cell cycle inhibitor (Lee et al., 2013). RUNX1 is reported to be able to
affect stem cell, neural progenitor cell and human neuroblastoma (arise from the same type

of cells like PCC) cell proliferation (Inoue and Ito, 2011; Kim et al., 2014; Logan et al., 2015;
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Theriault et al., 2005). RUNX1 promotes the progression of G1 to S and S to G2/M phases of
the cell cycle in myeloid progenitors and hair follicle stem cells (HFSC). More precisely,
CCK1/cyclin B, CCK6/cyclinD3 and extracellular-regulated kinase (ERK) mediate
serine/threonine phosphorylation of RUNX1 and regulate cell proliferation (Biggs et al.,
2006; Hoi et al., 2010; Osorio et al., 2008). Since RUNX1 promotes the cell cycle progression
from G1 to S, but p27 inhibits the entry into the S phase, we checked cell proliferation in
PC12 cells when both proteins are down-regulated by siRNA. Figure 30 shows that, in
contrast to what was described before, PC12 cell proliferation increases two-fold following
Runx1 knockdown or Runx1-Cdknl1b double-knockdown. When p27 allone was silenced, the
proliferation rate was even higher (almost three-fold). Since Runx1-Cdknlb double-
knockdown lessened the over-activation of proliferation compared with the case when p27
allone was silenced, RUNX1 is indicated to have an anti-proliferative function in PC12 cells

with a probably higher ordinated proliferative function than p27.

Mutation of Runx1 at S249 or S266 prevents ERK-dependent phosphorylation, which leads to
RUNX1 association with the chromatin mediated by the mSin3A corepressor. This
association increases RUNX1 stability and protects it from proteosomal-mediated
degradation; thereby enhancing its transcriptional activity (Imai et al., 2004; Zhao et al.,
2008). Similar to other TFs, RUNX1 also modulates target gene expression through
recruitment of chromatin modifiers, such as histone acetylases (HATs) or histone
deacetylases (HDACs) (Cheng et al., 2016; Zhang et al., 2008). An interaction with the HDAC-
mSin3A complex was also described for p27 in MEF cells (Pippa et al., 2012). This finding
could indicate the formation of a complex containing p27 and RUNX1 with mSin3A and

HDACs having transcriptional regulator function.

4.3 Validation of putative RUNX1 target genes

4.3.1 Identification of RUNX1 target genes

Since the TF RUNX1 could be confirmed as direct interaction partner of p27 likly involved in
regulating gene transcription in adrenomedullary cells, we identified putative target genes of
RUNX1 (and p27) and investigated their expression profiles when RUNX1 and p27 levels

were modulated. Based on correlation studies of adrenal p27 ChIP-Seq data and adrenal
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tissue microarrays done by Dr. Juan Higareda Almaraz from the Institute of Diabetes and
Cancer (IDC, HMGU, Germany), Tcf4 and Gata2 were selected for further investigation since
they have a Runx1 consensus motif near their promoters and/or are differentially regulated
in tissue microarrays of tumors versus unaffected adrenals as mentioned in 3.3.1 (Figure 27).
In addition, Runx1 and Cdkn1b levels were modulated in PC12 cells to identify overexpressed
genes as transcriptionally regulated by a p27-RUNX1 complex (Table 17). Znf563 and Apoc4
were identified as overexpressed when Cdknlb or Runxl were silenced and therefore

selected for further investigation.

Znf563 was shown to be overexpressed in rat PCCs with low p27 levels. No altered
expression level could be observed in human PCCs however the level of p27 was not known
(Figure 31 A). Based on these findings, we expected Znf563 to be up-regulated in PC12 cells
and primary adrenal cells with silenced p27. Indeed, when p27 and RUNX1 were silenced in
these cells, Znf563 was overexpressed (Figure 32). So far, articles describing ZNF563 function
are missing and only GO annotations listed in the GeneCards® Human Gene Database
mention ZNF563 as having nucleic acid-binding ability. These preliminary results are
promising and further studies confirming the transcriptional regulation of ZNF563 by the

p27-RUNX1 complex are warranted.

Apoc4 was found not to be differentially expressed in MENX rat PCCs with low endogenous
p27 levels, whereas APOC4 was dramatically decreased in human PCCs (Figure 31 B). When
p27 and RUNX1 were silenced, Apoc4 was overexpressed in PC12 cells, but down-regulated
in primary adrenal cells (Figure 32). Although, APOC4 is reported to be overexpressed in
colorectal and breast cancer patients, the controversial results in adrenal cells make it
difficult to estimate the regulatory effects of p27 and RUNX1 on APOC4. So, further

validation needs to be done.

Tcf4 was shown to be over-expressed in rat and human PCCs by qRT-PCR (Figure 31 C). Similar
to that, Tcf4 is up-regulated in a HDAC-dependent manner in ETV6/RUNX1-positive lymphoid
leukemic cells compared with RUNX1-negative cells. As already mentioned in 4.2.2.2, Runx1
is known to modulate the expression of its target genes via the recruitment of HDACs (Cheng
et al., 2016; Zhang et al., 2008). In addition, TCF4 controls c-MYC transcription (Meyer et al.,
2012; Shah et al., 2015). We already described in paragraph 4.2.1 the link between c-MYC

and p27. TCF4 is characterized as direct target of PLAG, whose TF binding site was
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overrepresented in p27 ChIP samples as well (Table 16). Despite the link between TCF4 and
RUNX1, the expression of Tcf4 was not altered in PC12 cells or adrenal primary cells with
silenced Cdknlb and Runx1 (Figure 32). Therefore, we concluded no regulatory function of

the putative p27-Runx1 complex in adrenal cells.

Gata2 was over-expressed at mRNA level in rat and human PCCs when compared with
unaffected adrenal tissues (Figure 31 D). In addition, GATA2 is a downstream target of BMP
signaling (Dalgin et al., 2007; Maeno et al., 1996; Oren et al., 2005; Xu et al., 1999b) and
since BMP7 is overexpressed in MENX rat and human PCCs, an over-activation of Gata2
might be expected in these tumors (Leinhduser et al., 2015). In contrast, in adrenal
medullary cells of homozygous mutant rats GATA2 was under-expressed at the protein level
compared to WT rats (Figure 35). Furthermore, Gata2 (mRNA level) was under-expressed in
PC12 cells and primary adrenal cells after Cdkn1b and Runx1 knockdown (Figure 32). These
results indicate that the expression of Gata2 depends on p27 and Runxl level. Since the
MRNA level of Gata2 is high in mutant rats with low p27 level (Figure 31 D), but the GATA2
protein level is down-regulated in these rats (Figure 35) and PC12 cells or adrenomedullary
primary cells following Cdkn1b knockdown (Figure 32), a feedback loop between GATA2 and
p27 is conjecturable. GATA2 is known to negatively regulate the proliferation of neuronal
progenitor and urogenital cells (El Wakil et al., 2006; Zhou et al., 1998). The first hint to
support this function of GATA2 is that the protein participates in the differentiation pathway
of various types of neurons in the ventral hindbrain and spinal cord, namely cranial nerves
(Nardelli et al., 2003; Pata et al., 1999), serotoninergic neurons (Craven et al., 2004; Pattyn
et al., 2004) and V2 interneurons (Karunaratne et al., 2002; Zhou et al., 2000). Indeed, Gata2
expression could be shown to be sufficient to force cycling neural progenitors to switch to a
quiescent state and eventually differentiate in vivo, and to inhibit proliferation of embryonic
undifferentiated neuroepithelial cells in culture (El Wakil et al., 2006). GATA?2 is able to cause
transient upregulation of cyclin D1 in vivo in neuronal progenitors and neuroepithelial cells.
In fact, cyclin E was observed as down-regulated in these cells as consequence of the higher
expression of cyclin D1 (EI Wakil et al., 2006). This can result in the inhibition of events
underlying the progression towards the S phase, in particular the upregulation of cyclin E
(Meyyappan et al., 1998; Pagano et al., 1994). For the development and maintenance of
proliferation of stem cells migrating liver, spleen and bone marrow, RUNX1 and GATA2 could

be observed to be involved. A lack of one or both of these genes leads to a rudimentary
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hematopoiesis (Lancrin et al., 2009; Okuda et al., 1996; Porcher et al., 1996; Shivdasani et
al., 1995; Tsai et al., 1994; Wang et al., 1996). In addition, GATA2 is known to interact with
HDAC3 and HDACS in hematopoietic stem cells (Ozawa et al., 2001). The same interaction
with HDACs has been also reported for p27 and RUNX1 (Cheng et al., 2016; Pippa et al.,
2012; Zhang et al., 2008).

4.3.2 GATA2 interacts with RUNX1

Gata2 could be identified as overexpressed in adrenal tissue microarrays when MENX rat
tissues were compared with WT rat tissues and it was found as predicted p27/RUNX1 target
gene (Figure 27). Lizama et al. (2015) showed that SOX17 directly binds RUNX1 and GATA2
for repression of hematopoietic cell fate. Interestingly, Pippa et al. (2016) could draft a
model based on ChIP experiments where RUNX1 interacts with GATA2, MYC and SP1 to bind
to the SET minimal promoter region in AML (-318 bp before the transcription start site). They
could investigate DNA motifs for RUNX1 and GATAZ in the SET distal promoter region. More
precisely, MYC activates the expression of RUNX1, GATA2 and SP1, and RUNX1 and GATA2

increase the expression of MYC (Pippa et al., 2016).

In this work, we could show a direct interaction of GATA2 with RUNX1 (Figure 36) but
whether GATA2 also binds to p27 is not clear, since GATA2 was not detectable in p27-IP
lysates (Figure 36). Based on these findings, we propose the model shown in Figure 38, where
p27 ChIP pull-down could identify RUNX1 as direct interaction partner of p27, which enables
the binding to DNA and the regulation of target genes. GATA2 binds to RUNX1, and by doing
so may broaden the function of the p27 complex in regulating transcription in rat

adrenomedullary cells.

=\

p27
GATA2
RUNX1
- —
RUNX1 Znf563
binding site Apoc4
Gata2

Figure 38: Scheme of the putative p27-RUNX1-GATA2 complex to regulate target gene expression
in adrenal cells. By p27 ChIP-Seq experiments performed with adrenomedullary rat cells, RUNX1
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binding site was found enriched. Functional studies identified RUNX1 as direct interacting partner of
p27. GATA2 could be shown to interact with RUNX1. These three proteins could form a complex and
recruit each other to the chromatin to regulate the expression of potential target genes (such as
Znf563, Apoc4, Gata2, Tcf4, and other unknown genes).

4.4 Conclusions and outlook

ChIP-Seq experiments of this study revealed p27 to be a regulatory co-factor for the TF
RUNX1 in adrenomedullary rat tissues (Figure 20, Table 15). We propose a model where
RUNX1, bound to GATA2, associates with p27 and bind to chromatin of rat tissues of the
medulla of adrenal glands (Figure 38). Furthermore, this study observed that this

transcriptional complex regulates the target genes Apoc4, Znf563 and Gata2 (Figure 32).

p27 ChIP-Seq experiments could elucidate a novel role of p27 as transcriptional regulator in
adrenomedullary cells. RUNX1 could be demonstrated to be a direct interaction partner of
p27, which enables the association of p27-RUNX1 complexes to binding sites at target gene
promoters. Although shown by co-IP and PLA on endogenous protein levels (Figure 25, Figure
26), the interaction of p27 and RUNX1 should be further verified by using GST-p27 fusion
proteins for IP experiments performed with an anti-GST antibody. Furthermore, gel shift

assays could help to confirm the p27-RUNX1 interaction in adrenal cells.

Since the Znf423-binding motif is highly enriched in adrenal cells, but we could not
conclusively verify whether it interacts with p27, this putative binding should be further
studied by using new anti-Znf423 antibodies and other molecular tools to perform ZNF423-IP
experiments and IF stainings or PLAs. Additional potential p27 interacting partners identified
by p27 ChIP-Seq, such as GCF2, NDPK, BEDF, MAZF, PLAG, CTCF and SP1 (predicted by
Genomatix (Table 16)) or HNFA4/Rxrx/Esrrb, Spdef, Bhlhb2, Tcfe2a/Znf238, NFATC1/2 and
TBX1/5/15 (identified by the MEME Suite (Table 15) could be validated for their putative

association with p27 in adrenal cells.

To broaden the study, additional interesting potential p27 target genes should be
investigated for their role in tumor development. Potential p27 target genes, which could be
brought into focus for further studies are Dennd5a, Kcnj15, Irx5, Tox3, Pdlim5, Zfand6, Lnx1,
Gprc5b or Tdcld5 identified by correlating the p27 ChiIP-Seq data and adrenal tissue gene

expression microarray analyses. These genes have a p27 peak near their promoters and are
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overexpressed in rat PCCs (Figure 27). Functional assays, such as luciferase assays, and ChIP-
gPCR experiments should be established to validate these target genes. To clarify the
transcriptional regulatory activity of p27 specifically in endocrine tissues, target genes
should be analyzed for their expression levels in endocrine and non-endocrine tissues when
p27 levels are altered. For that, tissues from MENX rats could be used as model since they
have strongly reduced p27 levels with resulting development of neuroendocrine tumors as
we already did. Furthermore, p27'/' mice could be used to check the tumorigenic role of
putative p27 target genes in cells with p27-deficient background. Furthermore, a putative
transcriptional activator or repressor function of p27 should be elucidated by investigating

the expression levels of putative target genes following the modulation of p27 levels.
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