M SK Activity and H3 Phosphorylation Mediate Chromatin

Remodeling Required for Expression of Immediate-Early Genes

by

Bojan Drobic

A Thesis submitted to the Faculty of Graduate Stsidif
The University of Manitoba

in partial fulfilment of the requirements of thegilee of

Doctor of Philosophy

Department of Biochemistry and Medical Genetics
University of Manitoba

Winnipeg, Manitoba, Canada

Copyright © 2010 by Bojan Drobic



ACKNOWLEDGEMENTS

| would like to thank my supervisor, Dr. Jim Dava providing me with a great and
exciting project. He has been a great source ofcadand information throughout my Ph.D.
studies. His enthusiastic support and guidanceph@asded a very rewarding experience during
my graduate studies. An excellent professor andnsst, | am grateful to have had the
opportunity to learn from one of the leaders in¢heomatin field.

Also, | would like to thank all my committee memgebDr. David Eisenstat, Dr. Spencer
Gibson and Dr. John Wilkins for helpful advice ggards to my project. They have been very
supportive and their technical advice has pushegnopect further.

| would like to thank all past and present meminéiSr. Davie’s lab for all the fun times
in the lab. Specifically, 1 would like to acknowlgel Paula Espino, who has helped me
tremendously from the very beginning. She has tealyched my experience in graduate studies.
| feel fortunate for her friendship, humour and dswf wisdom over the years. Also, | would
like to thank Dr. Beatriz Pérez-Cadahia, who haskea very hard with me on a number of
experiments that were included in this thesis. liienor can cure any dull moment.

| am very grateful for the financial support frometCancerCare Manitoba Foundation
and the National Cancer Institute of Canada.

Finally, | would like to thank my family and friesdfor providing endless sources of
support over the years. Especially, my parentsjalasd Vladimir, as well as my sister Vanja,

who have been very supportive and encouraging theecourse of my graduate studies.



TABLE OF CONTENTS

Page

LIST OF FIGURES ...cuuiiiiiiiiinsuinsnisenssissenssesssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssass iv
LIST OF COPYRIGHTED MATERIAL/OBTAINED PERMISSIONS.......coccevvieversrensucsnnes ix
ABBREVIATIONS ..ouoiiiiiiinniinsinsnisssnssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssss X
ABSTRACT ..uuuiiiiiiiinniicssnnicsssnncsssnecsssnesssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses Xvi
1.0 INTRODUCGTION ..cuuiiiiiinninnninsnicssensssncssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssessssses 1
1.1 Mitogen-activated protein kinase (MAPK) signal transduction pathways ................. 1
L.1.1T Cellular SIZNAlING ...c..eeeeiieiiiieeiee ettt e e e e e eeaae e esaeeebaeesneeas 1

1.1.2 MAPK signaling casCades ........ccccciieriiieeiiiieeiiieeiieeeiieesieeesteeesaeeessveeeseseesnaeesnnnees 3

1.1.3 The RAS/RAF/ERK/MEK signaling cascade ........c..cccceoerieniriiiniininieneecnieneene 3

1.1.4 RAS-MAPK signaling in human diseases/diSOrders ..........cccccoueveevenieneencnieneenens 4

1.2 Chromatin: a dynamic SUDSEIAte .......cccovveieiirnicisrnncssencssnncssnnicssanesssassssssssssssssssssssssssssssns 7
1.2.1 Chromatin organizZation .........c.cceceereereeriereeneerientenieetesitesreetesaeesteeeeseeesseesesarenaeens 7

1.2.2 THE NUCICOSOIME ...uviiiiiiiiieiiieieeie ettt ettt ettt st sb et ettt et beeaeenaeens 9

1.2.3 Chromatin mOdifiCatiONS ........c.ceoueruieriiriirieieriesceeet et 12

1.3 Chromatin remodeling .........cccooveiiciicsniicsissnniecssssnnecssssssssssssssssesssssssssssssssssssssssssasssssssss 13
1.3.1 ATP-dependent chromatin remodeling cCOmMPIEXES ........cccvverereriierieenieenieeieeereene 13

1.3.2 The mechanism of ATP-dependent chromatin remodeling ..........c.cccoceeverieniencnnn 16

1.4 Histone post-translational modifiCations ..........coeiievveiciiricisnicssnnissnnessnncsssencssssncsanns 20
1.4.1 HiStone aCetylation ........c.ccceuieeiuiiiiiiiieeiiee et eee et vee e sae e s veeesevaeenaeeensseeenseeenes 24

1.4.2 Histone Methylation ..........ccceeeiiiiiiiieeiieeeiee et 28

1.4.3 Histone phoSphorylation ...........cceeccuieiiiieeiiie ettt eeee s e e e e eenee e 31

1.4.3.1 Histone H3 phosphorylation ...........ccceeeiiieiiieiiiieeeceeee e 32



1.4.3.2 Phosphorylation of histone H3 at Ser10/28 during mitosis/meiosis ..................... 33

1.4.3.3 Mitotic histone H3 Ser10/28 kinase and phosphatase ...........c.cccccevvvvevieriieneennen. 36
1.4.3.4 Phosphorylation of histone H3 at Ser10/28 during interphase ...........ccccceeeruveenee. 39

1.5 Mitogen- and stress-activated protein kinases 1 and 2 (MSK1/2)......cceevueeruersnccseeennne 45
1.5.1 Activation of MSKs through signaling transduction pathways ...........cccceeevveerveennns 46
1.5.2 MISK SUDSEIALES ...eeecuvieiiiieiiiieeiieeeiieeeieeeeiee e teeeiaeeeteeestaeesssaeesaseeesaseeeaseeesseeennns 48
1.5.3 FUNCLION OF MISKS ..eviiiiiiiiiie ettt e eaa e 50
1.5.4 Physiological roles 0f MSKS .....ccoiiiiiiiiiiiiiiiicecceeeece e 52
1.5.5 MISKS 1N IMMUNIEY ©eovtitiiiiniiiieeieet ettt sttt ettt st sae e 53
1.5.6 MSKS and DEhavIOUT .......cc.coiiiiiiiiiiiiiiieieeeeee et 54
1.5.7 MSKS N tUMOTIZENESIS ...veevveeurieriieeiieniieeitesieeteensteeseessseeseessseenseessnesnseesssessseessns 56

2.0 OBJECTIVES, RATIONALE AND HYPOTHESES ......ccccccvvnvunnunsunsunsanssisncsnssessessesseses 58
3.0 MATERIALS AND METHODS ....uuuiiiiniiinniinsnicssnicsssssssssssssssssssssssssssssssssssssssssssssssssssssss 60
3.1 Cell lines and cell culture CONditions ..........ccceevuerierierierienieeieseeeeeeseee e 60
3.2 Generation and maintenance of MSK 1 stable knockdown mouse fibroblasts .......... 61

3.3 Flow cytometric analysis 0f CEILS .......cccuvviieriiiiiiiiiiciicce e 62
3.4 Preparation of cellular @Xtracts ........ccceeeeiieiiiieeiiieeie et e 62

3.5 IMMUNOPTECIPILALIONS ..vveeevieieiieiieriieeieeeieeteesiteeeteestteebeeseaeeseessaeesseesssesseessseesseensnas 62
3.6 Polyacrylamide gel electrophoresis (PAGE) ......ccccoeiiiiiiiiiiiiieeceeeeee e 63
3.7 Detection of proteins by immunoblotting ...........cccceevueeriieiiieriiienieeie e 64

3.8 Chromatin immunoprecipitation (ChIP/reChIP) assay ..........ccccceeveviercvienvenieeneenen. 65
3.9 RNA isolation and real time RT-PCR analysis ..........ccccocevviiiiiiniiienieniicieeie e, 67
3.10 H3 KINASE @SSAY ..vveeevveeeiiieeiriieeiiieeeiieeeiteeesteeesseeesseeessseeessseeessseeessseeesssesssssessssesanns 67
3.11 MSKIT KINASE ASSAY ..vvveevrieeiiieeiiieniieesieeesteeessteeessseesssseesseesssseeessseesssseesssseessseeennnes 68
3.12 Lysine acetyltransferase (KAT) @SSaY ...cc.ceceerieeriieeiieniieeieenieeeieesreereesereeneesnneenens 68

i



3.13 Cellular Fractionation .......c.oooeeeeeeeieeeeeeeeeeeee e, 69

4.0 RESULTS .uiiviiiuiiuinnisnissssssssssssssassssssssssssssssssssssssssssssssssssssossosssssssssssssssssssssosssssssssssssssssssssnses 70
4.1 RAS-MAPK signaling is upregulated in Hras-transformed mouse fibroblasts .......... 70
4.2 H3 kinase (MSK1) activity is elevated in Hras-transformed mouse fibroblasts ........ 72

4.3 MSK1 cellular distribution in parental and Hras-transformed mouse fibroblasts ...... 76

4.4 MSK1 associates with chromatin modifying/remodeling enzymes ............ccccccueeueee. 77
4.5 MSK1 complex contains KAT aCtiVItIes .....ccc.eveevieeiiniinieriinecieeecseeieseeseeeeeeiee e 82
4.6 14-3-3-mediated MSK1 interactions with chromatin remodelers ..............cccceeruennee. 86

4.7 RAS-MAPK-induced MSK1 recruitment and H3 modifications at the regulatory
regions of IE genes in parental and Hras-transformed mouse fibroblasts................... 88
4.8 Recruitment of phospho-H3 binding proteins and chromatin remodeling/modifying
enzymes to regulatory regions of IE genes in response to RAS-MAPK signaling .....95
4.9 RAS-MAPK-induced formation of multi-protein complexes at the promoter regions
(o) B U S5 s Tt SRR 97
4.10 The effect of MSK1 inhibition on IE gene transcriptional induction in response to
RAS-MAPK SIZNAIING ....cccviiiiiiieeiieecite ettt vee e e s eeennaeas 99
4.11 The effect of H89 on the recruitment of MSK 1, 14-3-3 isoforms, chromatin

remodelers/modifiers, the resulting H3 modifications and transcription factors at

the regulatory regions of IE enes ........c.ccooouieiiiiiiiiiiiiiieeeeeee e 103

4.12 MSK1 regulates TPA-induced expression of Jun, Cox-2 and Fos/I ....................... 112

5.0 DISCUSSION .uuioiiiiiisnisnisnissessessissessessassscsssssessessessessassassassssssesssssssssssssssssasssssssssssssssssssases 118
5.1 The activity of MSK1 is upregulated in Hras-transformed mouse fibroblasts ......... 118

5.2 MSK1 associates with transcription factors, phospho-H3 binding proteins and

chromatin modifying/remodeling enzymes .........c..ccoceveeruerieneerieniienieneeeseenieenne 120

il



5.3 TPA-induced MSK1 recruitment is crucial for establishment of H3 modifications

at regulatory regions of immediate-early Senes ..........ccccceevviieeiiiiniieeniieceiee e 123
5.4 “Readers” of H3 phosphorylation marks are recruited to regulatory regions of

IE genes in response to RAS-MAPK signaling .........ccccceeeveeeiivinciiencieceie e, 129
5.5 Chromatin modifying and remodeling enzymes are recruited to regulatory

regions of IE genes in response to RAS-MAPK signaling .......c..cccceeceeniiviniincnnen. 131
5.6 Recruitment of JUN transcription factor to regulatory regions of IE genes

increases in response to RAS-MAPK signaling ..........cocceeeeviniininicnicncnncnecnenn 133

5.7 MSK1 is important for the expression of IE genes in response to RAS-MAPK

SIZNALINE ..ttt e et e et e et e et e et e e b e e taeenbeebeeenseenneans 135
6.0 CONCLUSIONS 138
7.0 FUTURE DIRECTIONS ...ucoouiniiiiisrinsensessasssnssssssssissssssssssssssssssssssssssssssssssssssssssssssssssssssnss 142
8.0 REFERENCES .....coiiiiiniintinininnisissessssssssssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssanes 144

v



LIST OF FIGURES

Page
Figure 1: MAPK signaling cascades in mammalian CellS ..........ccccoevieriieiieniieiieniecieeeeeeeeen 2
Figure 2: Schematic illustration of chromatin fiber condensation .............ccccoeceeveeniniienenennennens 8
Figure 3: Nucleosome COre PArtiCle ........cccuveeiiieeiiieeiiieeie ettt evee s ee e e e ereeeeaeeeenreeens 10
Figure 4: Post-translational modifications of nucleosomal hiStones ...........c.ccceevveeevciieiicieeennenns 21
Figure 5: Histone H3 phosphorylation sites and the known kinases/phosphatases ...................... 32
Figure 6: MSKT QCtIVATION ...cccviiiiiiieiiieeciieeciiee et e et eeeiteeeiveesaeeesteeessbaeessseeesnseeessseeensseesnsseeens 47
Figure 7: Increased levels of phosphorylated ERK1/2 in Hras-transformed mouse
FIDTODLASTS. ...ttt ettt ettt ettt et ettt e e naeebee 71
Figure 8: Histone H3 kinase activity in parental and Hras-transformed mouse
FIDTODIASTS ...t ettt 72
Figure 9: MSK1 kinase activity in 10T1/2 and Ciras-3 mouse fibroblasts ...........c..cccceevuereenenee. 74
Figure 10: MSK protein levels in parental and Hras-transformed mouse fibroblasts .................. 75
Figure 11: Cellular distribution of MSK1 in 10T1/2 and Ciras-3 mouse fibroblasts ................... 77
Figure 12: MSK1 association with chromatin modifying and remodeling enzymes .................... 79
Figure 13: MSK1 association with chromatin remodelers, histone modifying enzymes,
transcription factors and phospho-H3 binding proteins .............ccceeveeeieeniienieeciiennnne 80
Figure 14: Association of chromatin remodelers/modifiers, transcription factors and
phospho-H3 binding proteins with MSKI .......cccoooiiiiiiiiieiieeeeee e 81
Figure 15: MSK1 protein complex contains lysine acetyltransferase (KAT) activity .................. 83
Figure 16: Reverse-phase HPLC purification of individual histone proteins ..........ccccceceveeeenee. 84
Figure 17: MSK1-associated KAT activity has broad histone substrate specificity .................... 85
Figure 18: MSK1-associated KAT activity is inhibited with curcumin ...........cccccoeveveeviieennnnns 86



Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

Figure 24:

Figure 25:

Figure 26:

Figure 27:

Figure 28:

MSKI1 associates with 14-3-3 proteins and BRGI1 in parental mouse
FIDTODIASES ...ttt ettt sttt a et a e e 87

Genomic structures of murine Jun, Cox-2 and Fosl1 geNes ........c.ccccveeveecreeecveenrvennnnnn 89
The MNase-generated chromatin fragments are predominantly

MONONUCICOSOMAL ......oviiiiiiiiiitiiiictee ettt 90
TPA-induced MSK1 recruitment at the Jun, Cox-2 and FoslI regulatory

regions in parental and Hras-transformed mouse fibroblasts ..........ccccoceeveriiniennene. 91
TPA-induced phosphorylation of H3 at Ser10 and Ser28 at the regulatory

regions of Jun, Cox-2 and FoslI in parental and Hras-transformed mouse

FIDTODIASTS ...t 93
TPA-induced H3 acetylation and methylation along Jun, Cox-2 and Fos/1

genes in parental and Hras-transformed mouse fibroblasts ............ccccoeceeveriiinienennne. 94
TPA-induced recruitment of 14-3-3 proteins to regulatory regions of Jun,

Cox-2 and Fos!1 in parental and Hras-transformed mouse fibroblasts ............c.c.c...... 96
TPA-induced recruitment of chromatin remodelers/modifiers to regulatory

regions of Jun, Cox-2 and FoslI in parental and Hras-transformed mouse
FIDTODIASES ...ttt 97

TPA-induced co-occupancy of MSK1, 14-3-3 proteins and chromatin
remodelers/modifiers at the proximal regulatory regions of Jun, Cox-2

AN FOSIT ..ottt e 99
H89 inhibits the TPA-induced expression of Jun, Cox-2 and FoslI genes in

parental and Hras-transformed mouse fibroblasts ...........ccccceeeveieeiiienciieeniie e, 101

Vi



Figure 29: H89 reduces the levels of TPA-induced RNAPII S5ph at proximal
promoters of Jun, Cox-2 and FoslI in parental and Hras-transformed mouse
FIDTODIASTS ...t 102

Figure 30: H89 has no effect on the levels of RNAPII S5ph in 10T1/2 and Ciras-3

Figure 31: H89 inhibits TPA-induced nucleosomal response and chromatin

remodeler/modifier recruitment to 5’ proximal regulatory regions of Jun, Cox-2

and FoslI in parental mouse fibroblasts ...........cccceevieriiieiiiiiiienecieee e 105
Figure 32: H89 inhibits TPA-induced nucleosomal response and chromatin

remodeler/modifier recruitment to 5° proximal regulatory regions of Jun, Cox-2

and Fosl/l in Hras-transformed mouse fibroblasts ............ccccccevivininiininicicncnene. 106
Figure 33: H89 reduces TPA-induced H3 methylation at regulatory regions of Jun,

Cox-2 and FoslI in parental and Hras-transformed mouse fibroblasts....................... 107
Figure 34: H89 inhibits TPA-induced nucleosomal response and chromatin

remodeler/modifier recruitment to 5° distal regulatory regions of Jun, Cox-2

and FoslI in parental mouse fibroblasts ...........ccceruieiiiiiieniiiieeeeee 108
Figure 35: H89 inhibits TPA-induced nucleosomal response and chromatin

remodeler/modifier recruitment to 5° distal regulatory regions of Jun, Cox-2

and Fosll in Hras-transformed mouse fibroblasts ...........ccecceeriieniiniieniiiicenieee, 109

Figure 36: H89 abolishes TPA-induced recruitment of JUN to regulatory regions of

Jun, Cox-2 and Fosl1 in parental and Hras-transformed mouse fibroblasts ............. 110
Figure 37: H89 has no effect on MSK1 association with BRG1 and 14-3-3C ........cccoeevveneennee. 111
Figure 38: MSK1 knockdown in parental and Hras-transformed mouse fibroblasts ................. 112

vii



Figure 39: MSK1 knockdown reduces TPA-induced expression of Jun, Cox-2 and

FosllI in parental and Hras-transformed mouse fibroblasts .............cccceeveevierirenenne.
Figure 40: Protein levels of COX-2, FRA-1 and JUN are elevated in Hras-transformed

MOUSE FIDIODIASES ...oueiiiiiiieiieieeee e
Figure 41: MSK1 is required for the TPA-induced nucleosomal response ...........cccccveeeeuveenee.

Figure 42: Schematic model representing the role of MSK1 and 14-3-3 in IE gene

remodeling and induction in response to MAPK signaling .........cccccccoveevvieeniieennnn.

viii



LIST OF COPYRIGTHED MATERIAL FOR WHICH PERMISSION WAS OBTAINED

Page
MAPK signaling cascades in mammalian cells (Figure 1) reproduced with permission
(Elsevier) from Gerits, N., ef al. (2008). Relations between the mitogen-activated protein kinase
and the cAMP-dependent protein kinase pathways: comradeship and hostility. Cell Signal 20,

I592-TO007. ettt sttt st 2

Schematic illustration of chromatin fiber condensation (Figure 2) reproduced with permission
(Annual Reviews, Inc.) from Hansen, J.C. (2002). Conformational dynamics of the chromatin
fiber in solution: determinants, mechanisms, and functions. Annu Rev Biophys Biomol Struct 3/,

BO01-302. e et et 8

Nucleosome core particle (Figure 3) reproduced with permission (Nature Publishing Group)
from Luger, K., Mader, A.W., Richmond, R.K., Sargent, D.F., and Richmond, T.J. (1997).

Crystal structure of the nucleosome core particle at 2.8 A resolution. Nature 389, 251-260. ...... 10

Post-translational modifications of nucleosomal histones (Figure 4) reproduced with
permission (Nature Publishing Group) from Bhaumik, S.R., Smith, E., and Shilatifard, A. (2007).
Covalent modifications of histones during development and disease pathogenesis. Nat Struct Mol

B0l 714, TOOB-T0T6. ..coneiiiiiieieet ettt ettt sttt et st b et e 21

MSKI1 activation (Figure 6) reproduced with permission (Portland Press Ltd.) from McCoy,
C.E., Macdonald, A., Morrice, N.A., Campbell, D.G., Deak, M., Toth, R., Mcllrath, J., and
Arthur, J.S. (2007). Identification of novel phosphorylation sites in MSK 1 by precursor ion

scanning MS. Biochem J 402, 401-501. .....ccoouiiiiiieeeieeeeeeeee ettt ree e e eeae e 47

iX



ABBREVIATIONS

A260
ACF
ADP
a-MEM
AP-1
ATP
ATF1
BAF155/170
BMK1
bp
BPTF
BRM
BRGI1
CARMI
CBP
cDNA
C/EBP
CHDI1

ChIP

Absorbance at 260 nm

ATP-dependent chromatin assembly and remodeling factor
Adenosine diphosphate

Alpha-minimal essential medium

Activator protein-1

Adenosine triphosphate

Activating transcription factor-1

BRGI1/BRM-associated factor-155/170

Big MAP kinase-1

Base pair

Bromodomain and PHD finger-containing transcription factor
Brahma

Brahma-related gene-1

Coactivator-associated arginine methyltransferase-1
CREB-binding protein

Complementary deoxyribonucleic acid
CCAAT/Enhancer-binding protein

Chromodomain helicase DNA binding protein-1

Chromatin immunoprecipitation



CHRAC

COMPASS

COX-2

CREB

DMEM

DNA

EDTA

EGTA

EGF

EHMT2

elF-4F

EKLF

ELP3

ERK

ESET

ETS

EZH2

FBS

FGF

FRA-1

Chromatin accessibility complex

Complex proteins associated with SET1
Cyclooxygenase-2

cAMP response element-binding protein
Dulbecco’s modified eagle medium
Deoxyribonucleic acid

(Ethylenedinitrilo) tetraacetic acid

[Ethylenebis (oxyethylenenitrilo)] tetraacetic acid
Epidermal growth factor

Euchromatic histone-lysine N-methyltransferase-2
Eukaryotic translation initiation factor 4F
Erythroid Kruppel-like factor

Elongator protein-3

Extracellular signal-regulated kinase
ERG-associated protein with a SET domain
E-twenty six, transcription factor

Enhancer of zeste homolog-2

Fetal bovine serum

Fibroblast growth factor

Fos-related antigen-1

xi



GAP

GCN5

GDP

GEF

GLC7

GRB2

GTP

H89

HDACI1

HMGNI

HP1

IE

IFN-a

IKK-a

ING2

IPL1

ISWI

IMID2A

JNK1/2/3

KAT

GTPase activating protein

General control nonderepressible-5
Guanine nucleotide diphosphate
Guanine nucleotide exchange factor
GLyCogen-7

Growth factor receptor binding protein-2
Guanine nucleotide triphosphate

N-[2-[[3-(4-Bromophenyl)-2-propenyl]amino]ethyl]-5-
isoquinolinesulfonamide dihydrochloride

Histone deacetylase-1

High mobility group nucleosomal binding domain-1
Heterochromatin protein-1

Immediate-early

Interferon-alpha

IkappaB kinase-alpha

Inhibitor of growth family, member 2
Increase in ploidy-1

Imitation switch

Jumonji domain containing 2A demethylase
c-Jun N-terminal kinase-1/2/3

Lysine acetyltransferase

xii



LSDI

MAP

MAPK

MBT

MEF2

MEK1/2/5

Min.

MKK3/4/6/7

MLL

MMLV

MNase

MSK1/2

MSTI1

MYST

NGF

NuRD

NURF

PAGE

PBS

PCAF

Lysine-specific histone demethylase-1
Mitogen-activated protein

Mitogen-activated protein kinase

Malignant brain tumor repeat/domain

Myocyte enhancer factor-2

MAP/ERK kinase-1/2/5

Minutes

MAPK kinase-3/4/6/7

Mixed lineage leukemia-protein complex
Moloney Murine Leukemia Virus

Micrococcal nuclease

Mitogen- and stress-activated protein kinase-1/2
Mammalian Sterile20-like 1 kinase

MOZ, Ybf2/Sas3, Sas2 and TIP60

Nerve growth factor

Nucleosome remodeling and deacetylase repressor
Nucleosome-remodeling factor

Polyacrylamide gel electrophoresis

Phosphate buffered saline

p300/CBP-associated factor

xiii



PCR Polymerase chain reaction

PHD Plant homeodomain

PKA Protein kinase A

PKB Protein kinase B

PKC Protein kinase C

PP1 Protein phosphatase type 1

PP2 Protein phosphatase type 2

PRMT1 Protein arginine methyltransferase-1

PTM Post-translational modification

RAR Retinoic acid receptor

RB Retinoblastoma protein

RNA Ribonucleic acid

RNase Ribonuclease

RT Reverse transcriptase

SAPK?2 Stress-activated protein kinase-2

SDC Sodium deoxycholate

SDS Sodium dodecyl sulfate

SETI1 Supressor of variegation, enhancer of zeste and trithorax-1
SET2 Supressor of variegation, enhancer of zeste and trithorax-2
SOS Son of sevenless

X1V



Sp1/Sp3
SuC2
SUMO
SUV39H1/2
STAT3
SWI/SNF
TBP

TE
TEMED
TIP60
TGF-B
TNF-a
TNM
TPA

Tris

TBS
TTBS

VEGF-A

Specificity protein 1/3

Sucrase-2 gene (yeast)

Small ubiquitin-like modifier

Suppressor of variegation 3-9 homolog-1/2
Signal transducer and activator of transcription-3
Switch/sucrose non-fermentable
TATA-binding protein

Tris-EDTA
N,N,N’,N-tetramethylethylenediamine
Tat-interactive protein

Transforming growth factor-beta

Tumor necrosis factor-alpha
Tris-NaCl-MgCl, buffer

12-tetradecanoate 13-acetate
Tris(hydroxylmethyl)aminomethane

Tris buffered saline

Tris buffered saline with Tween-20

Vascular endothelial growth factor-A

XV



ABSTRACT

Normal cellular behaviour in multicellular organisms is achieved by tight control of
signaling pathway networks. The mitogen-activated protein kinase (MAPK) signaling cascade is
one of these signaling networks, that when deregulated can lead to cellular transformation.
Activation of the RAS-RAF-MEK-MAPK (ERK) signal transduction pathway or the
SAPK2/p38 pathway results in the activation of mitogen- and stress-activated protein kinases 1
and 2 (MSK1/2). Subsequently, MSKs go on to phosphorylate histone H3 at Ser10 and Ser28.
Here, we demonstrate that the activities of ERK and MSK1, but not p38, are elevated in Hras-
transformed cells (Ciras-3) relative to these activities in the parental 10T12 cells. Analyses of
the subcellular distribution of MSK1 showed that the H3 kinase was similarly distributed in
Ciras-3 and 10T12 cells, with most MSK1 being present in the nucleus. In contrast to many
other chromatin modifying enzymes, MSK1 was loosely bound in the nucleus and was not a
component of the nuclear matrix. Our results provide evidence that oncogene-mediated
activation of the RAS-MAPK signal transduction pathway elevates the activity of MSKI,
resulting in the increased steady-state levels of phosphorylated H3, which may contribute to the
chromatin decondensation and aberrant gene expression observed in oncogene-transformed cells.

Furthermore, upon activation of the ERK and p38 MAPK pathways, the MSK1/2-
mediated nucleosomal response, including H3 phosphorylation at serine 28 or 10, is coupled
with the induction of immediate-early gene transcription. The outcome of this response, varying
with the stimuli and cellular contexts, ranges from neoplastic transformation to neuronal synaptic
plasticity. Here, we wused sequential co-immunoprecipitation assays and chromatin
immunoprecipitation (ChIP) assays on mouse fibroblast 10T1/2, Ciras-3 and MSK1 knockdown

10T1/2 cells to show that H3 serine 28 and 10 phosphorylation leads to promoter remodeling.

XVvi



MSKI1, in complexes with phospho-serine adaptor 14-3-3 proteins and BRG1 (the ATPase
subunit of the SWI/SNF remodeler) is recruited to the promoter of target genes by transcription
factors such as ELK-1 or NFxB. Following MSK1-mediated H3 phosphorylation, BRG1
associates with the promoter of target genes via 14-3-3 proteins, which act as scaffolds. The
recruited SWI/SNF remodels nucleosomes at the promoter of immediate-early genes enabling
the binding of transcription factors like JUN and the onset of transcription. Since RAS-MAPK
activated MSKs mediate H3 phosphorylation that is required for expression of various
immediate-early gene products involved in cellular transformation, inhibition of MSK activity
may be a therapeutic target that could be exploited in cancers with upregulated RAS-MAPK

signaling.
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1.0 INTRODUCTION

1.1 Mitogen-activated protein kinase (MAPK) signal transduction pathways

1.1.1 Cellular signaling

An essential way that guarantees harmonious functioning of cells in a multi-
cellular organism lies in the ability of cells to properly communicate with each other.
Communication at a cellular level occurs by exchanging signals that bind specifically to
surface or intracellular receptors. Merging of a signal to its receptor results in a cascade
of events that amplifies and transmits the incoming signal. This signal transduction
requires the orchestrated action of protein kinases, which by sequential phosphorylation
events enable conduction and ultimately translation of the signal into a cellular response.
Since cells are constantly exposed to environmental signals, various signaling networks
within the cells have evolved to allow for appropriate distribution of the incoming signals
in order to control gene expression, cell growth, motility, differentiation, survival and
apoptosis. Alterations in cellular signaling caused by mutations and/or abnormal
activities of the signaling proteins are underlying causes of numerous human diseases,
including cancer. Therefore, major experimental focus has been put forward on
deciphering the molecular mechanisms of altered signaling cascades that lead to
abnormal cellular phenotypes.

1.1.2 MAPK signaling cascades

Mitogen-activated protein kinase (MAPK) signaling pathways are among the
most widely used mechanisms of eukaryotic cell regulation (Krishna and Narang, 2008).
MAPKSs are a conserved family of protein kinases that respond to a plethora of stimuli

(Edmunds and Mahadevan, 2004). These enzymes are activated by MAPK kinases



(MAPKKSs), which in turn are activated by MAPKK kinases (MAPKKKSs), proteins that
are linked to cell-surface receptor activation. MAPKs exert their effects via
phosphorylation, thus these kinases can activate or inactivate a spectrum of either
cytosolic or nuclear protein substrates, such as specific enzymes, transcription factors,
cytoskeletal proteins and downstream signaling proteins. In mammals, four groups of
MAPKSs have been well characterized: extracellular regulated kinases (ERK1 and ERK?2),
Jun N-terminal kinases (JNK1, JNK2 and JNK3), p38 kinases (p38 a/B/y/6) and Big

MAP kinase 1 (BMK1) or ERKS5 (Figure 1).
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Figure 1: MAPK signaling cascades in mammalian cells.

The typical MAPK pathway consists of a tripartite module in which a MAPKKK phosphorylates a
MAPKK, which in turn phosphorylates a MAPK. The nature of the signals that activates the different
MAPK cascades is shown at the top of the figure, while some of the substrates are indicated at the
bottom of the figure. The text and the figure were reproduced with permission from (Gerits et al.,
2008).

These are activated by specific upstream MAPKKs: MEK1/2, MKK3/6, MKK4/7 and
MEKS, respectively (Krishna and Narang, 2008). There are two additional MAPK
groups, namely ERK3/4 and ERK7/8; however, these are atypical MAPKs that have not

been extensively defined (Raman et al., 2007).

1.1.3 The RAS/RAF/ERK/MEK signaling cascade

One of the most studied signaling pathways is the ERK/MEK cascade. Numerous
stimuli can activate this cascade, including growth factors, mitogens and tumor
promoting phorbol esters. The RAS-MAPK pathway can be initiated by ligand-bound
growth factor receptor tyrosine kinase activation via intrinsic tyrosine kinase activity and
subsequent receptor dimerisation (Pearson et al., 2001). The SH2-domain containing
proteins (e.g. GRB2) are then recruited to the receptor and bind to specific
phosphotyrosine residues. GRB2 protein is constitutively bound to an effector kinase
activator, termed SOS and is usually localized to the cytoplasm (Rajalingam et al., 2007).
Re-localization of GRB2 activates SOS, which in turn activates a small guanine
nucleotide binding protein, p21 RAS. The RAS proteins belong to a family of small
guanine nucleotide binding proteins (G-proteins) that are activated when GTP-bound and
inactivated when GDP-bound (Mitin et al., 2005). Two different classes of proteins
control the activity of RAS proteins: GTPase activating proteins (GAPs) and guanine

nucleotide exchange factors (GEFs). RAS GAP proteins reduce the pool of GTP-bound



RAS molecules by increasing the intrinsic GTPase activity of RAS. Therefore, GAPs act
as “off” switches and reduce RAS activity. In contrast, GEFs facilitate the exchange of
GDP for GTP, increasing the activity of RAS (Mitin et al., 2005). Three isoforms of
RAS exist in mammals, namely H-RAS, K-RAS and N-RAS. At the C-terminal domains,
RAS proteins contain a CAAX motif, in which cysteine is followed by two aliphatic
amino acids (A) and any other amino acid (X). This motif is farnesylated by farnesyl
transferase, causing RAS to be localized to both the plasma and internal membranes (Mor
and Philips, 2006). Activated GTP-RAS recruits RAF kinase to the membrane where
RAF catalyzes phosphorylation and activation of MEK1 and MEK2, which in turn are
responsible for activation of ERK1 and ERK2 (Roux and Blenis, 2004). Once activated,
ERKs dimerise and can translocate into the nucleus to phosphorylate various
transcription factors, including ELK-1, ¢c-FOS, c-MYC and STAT3 (Raman et al., 2007).
ERKSs can also be retained in the cytoplasm where they can phosphorylate numerous
substrates in multiple compartments (Roux and Blenis, 2004).

1.1.4 RAS-MAPK signaling in human diseases/disorders

The MAPK signaling pathway is important for organismal development and has
been elucidated through various genetic and biochemical approaches over the past several
decades. RAS proteins are involved in mediating MAPK pathway signaling and have
been shown to be critical for normal cell growth (Aoki et al., 2008). The three RAS
isoforms share 85% amino acid sequence identity, with K-RAS being expressed in all cell
types. Mouse knockout studies have shown that Kras is essential for development,
whereas Nras and Hras are not required (Johnson et al., 1997). It has been shown that in

Hras-transformed cells, the RAS-MAPK signaling is enhanced, contributing to aberrant



features of oncogene-transformed cells (Chadee et al., 1999; Drobic et al., 2004). Further,
the importance of RAS-MAPK pathway in neoplasms was emphasized with the
discovery of mutant alleles that hyperactivate the pathway in numerous human cancers.
Mutations in receptor tyrosine kinases abnormally activate RAS and its downstream
substrates (Gschwind et al., 2004). Also, activating point mutations in RAS genes have
been observed in up to 30% of human tumors (Downward, 2003), the prevalence being
the highest in adenocarcinoma of the pancreas (90%), colon (50%), thyroid (50%), lung
(30%) and melanoma (25%) (Malumbres and Barbacid, 2003). These activating
mutations occur in exons 12, 13 and 61 and significantly decrease intrinsic RAS GTPase
activity, thereby rendering RAS in the GTP-bound active state. The most frequent
mutations are found in K-RAS (~ 85%), less in N-RAS (~ 15%) and the least in H-RAS (~
1%) (Aoki et al., 2008). Interestingly, each of the RAS family members is mutated in a
specific subset of human malignancies: K-RAS is frequently mutated in epithelial cancers
of the pancreas, lung and colon; N-RAS mutations are often present in melanoma, liver
and myeloid malignancies and H-RAS mutations have been found in bladder cancers
(Downward, 2003). Furthermore, deregulation of RAS-MAPK signaling observed in
various cancers can be achieved through alterations in other components of the cascade.
For example, activating mutations in B-RAF, a member of the RAF family of genes
encoding effector kinases, have been observed with a high frequency in melanoma and to
a lesser extent in thyroid, ovarian and colon cancers (Brose et al., 2002). Single amino
acid substitutions are sufficient to promote the active B-RAF conformation, thereby
constitutively activating the MAPK pathway. The loss of negative regulators of the RAS-

MAPK signaling, such as GAPs, can indirectly hyperactivate the RAS-MAPK signaling



cascade (Downward, 2003). In addition, RAS-MAPK signaling is active in tumors that
have overexpressed growth factor receptor tyrosine kinases, such as epidermal growth
factor receptor (EGFR) and human epidermal growth factor receptor 2 (HER2)
(Mendelsohn and Baselga, 2000). It is suggested that most human tumors display
deregulation of RAS-MAPK signaling (Aoki et al., 2008), making this pathway an
attractive target for therapeutic intervention.

It is important to note that carcinogenesis is a multi-step phenomenon, requiring
not only mutations in oncogenes, but also mutations in the other components of cellular
signaling. A mutation in an oncogene (e.g. RAS), along with an inactivating mutation of a
tumor suppressor gene (e.g. T7P53) and a DNA damage repair gene (e.g. MLHI) can lead
to an enhancement of the pre-cancerous cell’s ability to adapt to its microenvironment
and eventually can lead towards uncontrolled malignant phenotype observed in human
cancers (Rieger, 2004).

Germline mutations in the components of RAS-MAPK signaling cascade have
been reported to cause several human disorders. It has been known for some time that
inactivating mutations in NF'/ gene are responsible for neurofibromatosis type 1 (Legius
et al., 1993). NF1 protein contains GAP related domain that regulates RAS through
activation of RAS GTPase, Neurofibromin. NF'/ mutations disturb this GAP activity of
Neurofibromin resulting in more active RAS and increased signaling through the RAS-
MAPK pathway (Denayer et al., 2008). Furthermore, a study in 2005 described de novo
heterozygous missense mutations of HRAS in patients with Costello syndrome, which
illustrated for the first time that germline mutations of oncogenic RAS family member

were responsible for a human disorder (Aoki et al., 2005). Mutations in RAFI (or CRAF),



a RAF isoform not usually mutated in human cancers, are found in patients with Noonan
and LEOPARD syndromes (Pandit et al., 2007). All of the above mentioned disorders
share a variable degree of mental retardation or learning disabilities, cardiac defects,
facial dysmorphism, short stature and skin abnormalities. Moreover, an increased risk for
malignancy has been described in these patients. The significant phenotypical overlap
between these disorders is now attributed by the common deregulation of RAS-MAPK

signaling pathway (Denayer et al., 2008).

1.2 Chromatin: a dynamic substrate

Signaling cascades control important biological outcomes through alterations of
chromatin structure within the nucleus of the cell. Initiation of RAS-MAPK signaling
activates various downstream kinases and enzymes that ultimately converge on specific
nuclear substrates that affect the state of chromatin (Davie et al., 1999). Therefore, the
chromatin architecture dynamically responds to cellular signaling and is involved in
various cellular events, including replication, recombination, repair and gene expression.
Eukaryotic chromatin is a physiological substrate that is necessary for proper
interpretation of the DNA code; therefore it is an integral determinant of normal cellular
functioning.

1.2.1 Chromatin organization

The enormous amount of genetic information that is contained in the nucleus of
cells is integrated into a highly organized structure, termed chromatin. This nucleoprotein
complex, consisting of DNA, histones and non-histone proteins functions as a

physiological template of all eukaryotic genetic information (Figure 2).
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Figure 2: Schematic illustration of chromatin fiber condensation.

Shown are the steps involved in the folding of extended nucleosomal arrays into maximally
folded chromatin fibers. The functional roles of the core histone tail domains and linker histones
are discussed in the text. The text and the figure were reproduced with permission from (Hansen,
2002).

From mitosis to regulated gene expression, chromatin acts as a flexible structure
necessary for proper functioning of the genome. Chromatin can be characterized into two
main states: heterochromatin, which is densely compacted, inaccessible and for the most
part, transcriptionally inert (Trojer and Reinberg, 2007) and euchromatin, which is
decondensed, accessible and transcriptionally active (Jenuwein and Allis, 2001).
Interplay between the different chromatin states dictates the biological outcomes at a
cellular level; therefore, alterations of chromatin via chromatin remodeling and/or histone

modifications play an important role in eukaryotic function.



1.2.2 The nucleosome

The basic repeating unit of chromatin is the nucleosome, consisting of 146 base
pairs of DNA sharply bent and tightly wrapped approximately 1.65 times around a
histone octamer (Luger et al., 1997). The histone octamer itself is composed of four core
histone proteins, H2A, H2B, H3 and H4 (Figure 3). The octamer is organized as a (H3-
H4), tetramer with two H2A-H2B dimers located on both sides of the tetramer (Davie
and Spencer, 2001). The core histone proteins contain a basic unstructured N-terminal
domain, a globular histone fold domain, which mediates histone-histone and histone-
DNA interactions, and a C-terminal unstructured tail (Luger et al., 1997). Sharp DNA
bending has been found to occur at every helical turn (~ 10 base pairs) when the major
groove of the DNA faces inwards towards the histone octamer and again ~ 5 base pairs
away, with the opposite direction when the major groove faces outwards (Richmond and
Davey, 2003). Neighbouring nucleosomes are separated by 10-50 base pairs of
unwrapped linker DNA, that a fifth class of histone proteins (H1) can bind in order to
connect the proximal nucleosomes (Davie et al., 1999). Histone H1 proteins differ in their
structure when compared to core histones; HI proteins have a tripartite structure
composed of a central globular domain and lysine-rich N- and C-terminal domains

(Davie and Spencer, 2001).



Figure 3: Nucleosome core particle.

Ribbon traces for the 146-bp DNA phosphodiester backbones (brown and turquoise) and eight
histone protein main chains are shown (blue: H3; green: H4; yellow: H2A; red: H2B. The views
are down the DNA superhelix axis for the left particle and perpendicular to it for the right
particle. For both particles, the pseudo-twofold axis is aligned vertically with the DNA centre at
the top. The text and the figure were reproduced with permission from (Luger et al., 1997).

The nucleosome core particles connected via histone H1 proteins and other chromatin-
associated proteins can be further folded, resulting in a dense, relatively inaccessible,
highly compact arrangement, referred to as higher order chromatin structure (Figure 2).
The N-terminal tails of histones emanate from the nucleosome (Rhodes, 1997) and it has
been shown that HI and the N-terminal tails of core histones stabilize higher order
compacted chromatin fibers (Davie et al., 1999). It has been shown that the N-terminal
histone tails undergo an induced folding when in contact with other proteins or DNA,
therefore these inter- and intra-chromatin fiber interactions could mediate higher order

folding of the chromatin (Richmond and Davey, 2003). The DNA within the nucleosome
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core particle is relatively inaccessible to most regulatory protein complexes; yet specific
proteins that either remodel or covalently modify the nucleosome can be recruited to the
chromatin core particle via interactions with the core histone tails (Jenuwein and Allis,
2001). Modifications of core histone N-terminal tails may affect the tail folding and
interactions with other proteins or DNA, destabilizing the nucleosome structure and
ultimately the higher order chromatin architecture (Hayes et al., 1991); (Davie et al.,
1999). Histone-DNA interactions within the nucleosome core particle are formed by
hydrogen bonding of the histone main chain amide and the phosphate oxygen of the
DNA. These bonds are reinforced by electrostatic interactions between the basic side
chains and negatively charged phosphate groups and other nonpolar interactions (Davey
et al., 2002). Theoretically, these interactions may allow formation of a nucleosome at
any given DNA sequence; however, there might be an underlying sequence specificity in
regard to nucleosomal positioning along DNA (Mellor, 2005). The nature of the DNA
sequence wrapped around the histone octamer may be an important determinant of the
nucleosome dynamics under the influence of ATP-dependent chromatin remodeling
complexes, histone modifying enzymes and sequence-specific transcription factors
(Vicent et al., 2004). Thus, the alterations of nucleosome structural features may have
crucial inhibitory or permissive roles in regulating molecular events, such as gene

expression.
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1.2.3 Chromatin modifications

Experimental advances in the field of chromatin biology have unraveled many
details regarding the organization of the core histone proteins within the nucleosome core
particle, as well as the characterization of various enzymatic activities that influence
chromatin structure. As previously mentioned, packaging of genomic DNA into
chromatin represents a major obstacle for DNA binding proteins, this also being true for
chromatin and histone modifying enzymes (Berger, 2007). There are three main
categories of chromatin modifying enzymes: histone modifying enzymes, which
covalently acetylate, phosphorylate, methylate or ubiquitinate histone proteins; DNA
modifying enzymes that methylate CpG-rich sequences and ATP-dependent chromatin
remodeling enzymes that physically disrupt histone-DNA contacts within the nucleosome
to allow access of regulatory enzymes to DNA sequences and histones. Interestingly, a
number of histone modifications exist on the nucleosome lateral surface, implying that
the histone modifying enzymes are working in concert with ATP-dependent remodeling
complexes in order to modify these residues (Cosgrove et al., 2004). The presence of
histone modifications on the lateral surface of the nucleosome indicates that these
modifications could play a direct role in modulating histone-DNA contacts within the
nucleosome, thereby influencing the stability of nucleosome positioning and the ease
with which the nucleosome could be translocated along DNA (Cosgrove et al., 2004),

therefore significantly affecting various molecular processes.
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1.3 Chromatin remodeling

Since chromatin presents a barrier to processes involving DNA, eukaryotic cells
rely on multiple mechanisms to regulate the compaction state of chromatin. When
specific regulatory proteins (e.g. transcription factors) are not able to bind to their
specific sequences due to steric hindrance of histones or when torsional stress induced by
RNA polymerase is not enough to displace nucleosomes, the action of chromatin
remodeling complexes can contribute to the disruption of DNA-histone contacts within
the nucleosome (Cosgrove et al., 2004). These disruptions can alter nucleosomal DNA
accessibility, enhancing or restricting the ability of regulatory proteins to associate with
necessary components that influence transformation of chromatin from a nonpermissive
repressed state into a more open or transcriptionally active conformation, or vice versa
(Racki and Narlikar, 2008). Furthermore, chromatin-remodeling factors are required to
counteract the repressive nature of chromatin by displacing individual or multiple core
histones (Whitehouse et al., 1999). The mode of action of the chromatin remodeling
complexes is intricately associated with hydrolysis of ATP. The result of the remodeling
is alteration in the structure and/or position of nucleosomes within the chromatin, through
dissociation, sliding or relocation of individual nucleosomes (Langst et al., 1999);
(Hamiche et al., 1999); (Lorch et al., 1999). Furthermore, the chromatin remodeling
complexes have the ability to modulate single nucleosome stability in response to
external stimuli; therefore, these remodeling factors can ultimately be considered as
potent regulators of both nucleosome distribution and regulation of chromatin fluidity

(Simone, 2006).
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1.3.1 ATP-dependent chromatin remodeling complexes

The two best-characterized classes of chromatin remodeling complexes are the
SWI/SNF- and ISWI-based families. The SWI/SNF complex is evolutionarily conserved
and was first discovered in yeast (Racki and Narlikar, 2008). The individual subunits of
yeast SWI/SNF were originally identified through two screens. The first screen was for
mutants with faulty mating-type switching (SWI) because of the defective transcriptional
activation of a gene that encodes for an endonuclease that initiates the switching process.
The second screen was for mutants that were unable to grow on sucrose because of
defective SUC2 gene transcription (sucrose non-fermenting/SNF) (Winston and Carlson,
1992). Various genes were identified from both screens, designated as SWI or SNF, and
ultimately it was determined that many of those genes were members of a multiprotein
complex, later termed the SWI/SNF complex (Peterson et al., 1994). Further, the
proteins within the SWI/SNF complex were shown to enhance transcriptional activation
of numerous genes in response to various extracellular cues (Hirschhorn et al., 1992).
Conserved complexes in Drosophila (Brahma) and human (hSWI/SNF) were also
identified (Kwon et al., 1994). The critical subunit in the SWI/SNF complex is the
SWI2/SNF2 motor subunit (e.g. BRG1, BRM), which has the ATPase/helicase motif and
possesses chromatin-remodeling activity in the absence of other subunits (Phelan et al.,
1999). This subunit also contains additional structural motifs that provide other functions.
Firstly, SWI2/SNF2 and its homologues all harbor a bromo-domain, which can bind
acetylated histone tails (Dhalluin et al, 1999). Such binding to histone tails could
stabilize and retain the SWI/SNF complex on acetylated nucleosomes near promoters, an

event important for transcriptional activation (Hassan et al., 2001b). Secondly,
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SWI2/SNF2 homologues contain a DNA binding region homologous to AT-hooks
present in high mobility-group I/Y binding domains. This motif can bind DNA in the
minor groove, with a certain preference for AT-rich sequences (Hassan et al., 2001a). In
mammalian systems, this region is important for tethering of BRM to chromatin
(Bourachot et al, 1999). Thirdly, SWI2/SNF2 homologues contain regions that directly
interact with transcription factors. BRG1 contains regions that interact with RB and
HDAC (Dunaief et al, 1994; Zhang et al, 2000) and it has been shown that BRG1
interacts with EKLF and nuclear hormone receptors (Ichinose et al., 1997). With the use
of biochemical assays, it has been demonstrated that the SWI/SNF complex, once
recruited to regulatory regions, can disrupt nucleosome structure and increase
accessibility to DNA in an ATP-dependent manner (Cote et al, 1994; Lusser &
Kadonaga, 2003). Although, the 2 MDa SWI/SNF complex consists of 9-12 subunits,
only four of these, BRG] or BRM (mutually exclusive ATPase subunits that are human
homologues of the yeast SWI2/SNF2 ATPase subunit), SNF5 (also known as INII),
BAF155 and BAF170, are able to remodel nucleosomes in vitro at a rate that is
comparable to the entire remodeling complex (Phelan et al, 1999). The role of the other
subunits is not as well defined as for the above-mentioned four proteins; however, there
is emerging evidence to suggest that the other SWI/SNF subunits are likely to assist in
directing the specificity of the complex through protein-protein interactions (Schnitzler et
al., 1998). Also, SWI/SNF complex heterogeneity has been implicated into providing the
specificity of the transcriptional regulation that is performed by the complex, by altering
protein-protein interactions (Peterson and Logie, 2000). Furthermore, the ISWI (imitation

switch) family of enzymes, first identified in Drosophila, includes ISWI-based
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remodeling complexes NURF (nucleosome-remodeling factor), ACF (ATP-dependent
chromatin assembly and remodeling factor) and CHRAC (chromatin accessibility
complex) (Becker and Horz, 2002). These complexes contain the ISWI ATPase subunit,
which, like the SWI/SNF shares a homology with the yeast SWI2/SNF2 subfamily of
ATPases. In contrast to the SWI/SNF-based remodeling complexes, the similarities are
restricted to the ATPase subunit. Members of the ISWI-based family of chromatin
remodeling factors are smaller when compared to the SWI/SNF counterparts and these
complexes contain fewer subunits (up to 4) (Peterson and Logie, 2000). The SWI/SNF-
and ISWI-based remodeling complexes are functionally diverse in that each type of the
complex remodels chromatin using a different mechanism. The ATPase core of the
SWI/SNF complex can use either naked DNA or nucleosomes as a substrate, whereas
ISWI ATPase is optimally induced by intact nucleosomes with undisturbed histone N-
terminal tails (Cote et al., 1998). Although fairly similar in structure, ISWI remodelers
may have different functions. CHRAC and ACF complexes tend to cluster and assemble
nucleosomes in vitro and consequently promote transcriptional deactivation (Dirscherl
and Krebs, 2004). In contrast, the ISWI-based NURF complex has been shown to act in a
similar manner as the SWI/SNF complex, in that it acts to perturb and destabilize the
chromatin structure (Lusser and Kadonaga, 2003).

1.3.2 The mechanism of ATP-dependent chromatin remodeling

The process of chromatin remodeling can be divided into a 3-step mechanism.
The initial binding of the complex to the nucleosome may involve either diffusion or
scanning along a chromatin substrate or a more target-mediated model. After the

nucleosome to be modified is identified, physical alteration of nucleosomal structure
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takes place. The exact mechanism used to couple ATP hydrolysis to structural changes in
chromatin remains unclear. Finally, after ATP hydrolysis and/or the histone
displacement, the chromatin-remodeling complex needs to be released in order to reach
its next target (Langst and Becker, 2004).

SWI/SNF complexes must recognize and bind to their chromatin substrate before
stimulating ATPase activity. Binding of chromatin remodelers to both DNA and
nucleosomes through associations with the minor groove of DNA and the core histones
has been shown in numerous in vitro studies (Cote et al., 1998). Further, it has been
shown that SWI/SNF has a higher affinity for core histones than DNA, suggesting that
the interactions with the histone core induce dissociation of histones in trans (i.c.
transferring the histones to alternative DNA regions or to histone chaperone proteins)
(Georgel et al., 1997). The yeast SWI/SNF remodeling activity has been linked to
changes in rotational phasing of DNA (i.e. relative position of histone contacts in relation
to the major or minor groove of DNA), which results in perturbation of histone-DNA
contacts and variations in nucleosome stability, as evident from generation of new
DNAse I hypersensitive sites from SWI/SNF-remodeled chromatin (Lorch et al., 1999).
As a consequence of SWI/SNF binding and ATP-dependent chromatin remodeling, the
histone-DNA contacts are modified, increasing the accessibility of DNA-binding proteins
to nucleosomal DNA (Utley et al., 1997). In order for SWI/SNF to remodel specific
nucleosomes (e.g. on promoter regions), additional factors may be required for the
recruitment. The SWI/SNF complex has been found to be associated with the RNA
polymerase II complex, suggesting that this holoenzyme might recruit SWI/SNF to

promoter regions (Alen et al., 2002). Moreover, SWI/SNF subunits, such as SWI3, SWI5
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and SWI2/SNF2 ATPase are stably associated with the Mediator complex, which acts as
an interface between specific regulatory proteins and the general transcription machinery
of eukaryotes (Kim et al, 1994; Wilson et al, 1996; Myers & Kornberg, 2000) and is
securely associated with the C-terminal domain of RNA polymerase II (RNAP II)
holoenzyme complex (Wilson et al, 1996). Furthermore, specific post-translational
modifications of core histones at specific loci may act as nucleosomal tags for
remodeling, providing further specificity required for transcriptional regulation by
SWI/SNF and ISWI complexes (Simone, 2006). The bromo-domain of the SWI/SNF
ATPase subunit can recognize acetylated histone H4 tails (Winston and Allis, 1999), and
the ability of SWI/SNF to bind chromatin is enhanced in the presence of hyperacetylated
nucleosomes (Hassan et al., 2001b), support the idea that SWI/SNF recruitment might be
modulated by the contact of SWI2/SNF2 ATPase bromo-domain and acetylated histones.
In contrast, the ISWI members lack a bromo-domain, but can still bind chromatin, since
they contain SANT and SLIDE domains, which are putative DNA- and nucleosome-
binding motifs (Grune et al, 2003). The ability of ISWI to regulate specific genes has
been linked to methyltransferase SET1-dependent methylation of histone H3 in vivo
(Santos-Rosa et al, 2003), providing a link between ISWI-based chromatin remodeling
and histone modifications. The targeted recruitment of chromatin remodeling complexes
to specific nucleosomes may be also accomplished through interactions with various
transactivation domains of transcription factors (Simone, 2006). Collectively, all of the
above-mentioned modes of recruitment to chromatin may play a role in ensuring
appropriate specificity of the recruited remodeling complex. Once the remodeling

complexes are on the chromatin, ATP-dependent alterations in DNA-histone contacts
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occur in order to initiate specific cellular events. The intrinsic ATPase activity of
SWI/SNF complexes is critical for activation and function of chromatin remodeling
complexes. The indispensible role of the ATPase subunit has been established both in
vivo and in vitro, where mutations in the catalytic core of ATPase subunit abolish the
SWI/SNF chromatin remodeling activity (Cote et al, 1994; Peterson & Logie, 2000),
suggesting that ATP hydrolysis is key to rearranging and reducing DNA-histone contacts.
The observation that the nucleosomes become accessible only when ATP is present
indicates that the physical presence of SWI/SNF ATPase subunit near its target region
may be required to maintain chromatin in permissive remodeled state (Gavin et al.,
2001). One of the proposed models for SWI/SNF chromatin remodeling is the 2-step
model, where the initial binding of SWI/SNF to its substrate is ATP hydrolysis-
independent and may or may not cause alterations in chromatin structure (Vignali et al.,
2000). The second step involves ATP-dependent disruption of DNA-histone contacts,
resulting in alterations of DNA topology and nucleosome sliding (Lusser and Kadonaga,
2003). The torsional stress, introduced by SWI/SNF complex may induce formation of a
small bulge or loop in the DNA, which could propagate throughout the nucleosome
structure, destabilizing histone octamer-DNA contacts (Fry and Peterson, 2001). It has
been suggested that the initial disruption of the histone octamer, followed by transfer in
both cis and trans to different DNA locations uses the thermal release of energy from
ATP hydrolysis (Panigrahi et al., 2003). Such remodeling of chromatin may involve the
formation of altered nucleosomes, where the two adjacent nucleosomes would cluster
together, changing the spacing and enhancing the accessibility of DNA (Lorch et al.,

2001). Similar mechanistic models have been proposed for ISWI-based disruption of
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chromatin structure (Fyodorov and Kadonaga, 2002). The final step of chromatin
remodeling is the release of remodeling complexes from the chromatin template. It has
been suggested that after ATP hydrolysis and the release of reaction product, SWI/SNF-
and ISWI-based complexes may undergo conformational changes (e.g. due to post-
translational modifications) that are sufficiently significant to lower the affinity for
nucleosomes (Racki and Narlikar, 2008). Also, the dynamic turnover of transcription
factors or other chromatin-associated proteins may dictate the release of remodeling
complex from the altered nucleosome (Nagaich et al, 2004). It is important to note that
higher-order folding of chromatin plays a crucial role in the accessibility of chromatin-
remodeling complexes to DNA and histones, adding another layer of complexity. Higher-
order unfolding of chromatin may be required for proper binding of SWI/SNF- and
ISWI-based complexes, as studies have shown that the presence of linker histones and
polynucleosomal templates affect the remodeling process (Schnitzler et al, 2001; Boeger
et al, 2004). Studies in yeast strains with Sin mutations (specific mutations in histone
residues that alleviate the requirement of the yeast SWI/SNF chromatin remodeling
complex) have linked disruption of higher-order chromatin structure with transcriptional
regulation, where remodeling complexes may act as modulators of dynamic alterations in
chromatin folding (Wechser et al, 1997; Cosgrove et al, 2004) and in turn regulate
important molecular outcomes.
1.4 Histone post-translational modifications

Histones are evolutionarily conserved proteins with a flexible amino-terminal tail
and a histone fold, a globular domain that mediates substantial interactions between

histones to form the nucleosomal scaffold (Luger et al., 1997). Structural studies have
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revealed that the N-terminal tails protrude outward from the nucleosome, thus influencing
interactions with other nucleosomes, as well as with regulatory factors (Luger et al.,
1997). The post-translational modifications (PTMs) of histones (Figure 4), such as
acetylation, methylation, phosphorylation, ubiquitination, SUMOylation, ADP-
ribosylation, deimination and proline isomerization can occur on the N-terminal tails as

well as on recently defined residues in the globular domain (Cosgrove et al., 2004).
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Figure 4: Post-translational modifications of nucleosomal histones.

The modifications include acetylation (ac), methylation (me), phosphorylation (ph) and
ubiquitination (ubl). Most of the known histone modifications occur on the N-terminal tails of
histones, with some exceptions including ubiquitination of the C-terminal tails of H2A and H2B
and acetylation and methylation of the globular domain of H3 at K56 and K79, respectively.
Globular domains of each core histone are represented as colored ovals. The text and the figure
were reproduced with permission from (Bhaumik et al., 2007).
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Globally, histone modifications may mediate the establishment of distinct chromatin
environments, partitioning the genome into heterochromatin and euchromatin domains.
Heterochromatin is an important component of eukaryotic genomes, since it can provide
protection of chromosome ends and influence separation of chromosomes in mitosis
(Dimitri et al., 2009). Silent heterochromatin in mammals is generally associated with
low levels of histone acetylation and high levels of histone methylation (H3K9, H3K27
and H420), whereas actively transcribed euchromatin regions contain high levels of
histone acetylation and trimethylation of H3K4, H3K36 ad H3K79 (Rando and Chang,
2009). Furthermore, histone modifications may account for the disruption between
nucleosome contacts, which would have effects on the higher-order chromatin structure.
Histone acetylation has the most potential to alter chromatin structure since it neutralizes
the basic charge of lysine residues (Choi and Howe, 2009). Biophysical studies have
shown that inter-nucleosomal contacts are important for higher-order chromatin structure;
therefore, any alterations in histone charges will undoubtedly have structural
consequences on chromatin folding (Rando and Chang, 2009). Recent development of
strategies to make recombinant nucleosomes modified at specific residues has allowed
investigators to address the notion that histone modifications affect higher-order
chromatin folding. Studies utilizing chemical ligation of modified tail peptides onto
recombinant histone core preparations have shown that acetylation of histone H4 at K16
had a negative effect on the formation of 30-nanometer chromatin fiber and the
generation of higher-order structures (Shogren-Knaak et al, 2006). Another mechanism
by which histone modifications could alter chromatin structure would be through

recruitment of non-histone proteins containing enzymatic activities, which would further
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modify chromatin. It has been shown that certain histone modifications are recognized
and bound by domains present within specific proteins. Histone methylation is
recognized by chromo-like domains of the Royal family (chromo, tudor, MBT) and
nonrelated PHD domains, acetylation is recognized by bromo-domains, while
phosphorylation is recognized by a domain present within 14-3-3 proteins (Rando and
Chang, 2009). Furthermore, specific proteins are recruited to these modified histone
residues to provide further functions. For example, BPTF, a component of the NURF
chromatin-remodeling complex, recognizes trimethylated K4 of H3 via a PHD domain,
tethering the SNF2H ATPase and activating the expression of the HOXCS8 gene
(Wysocka et al, 2006; Li et al, 2006). Equally important function of histone
modifications may be prevention of protein binding to chromatin. Methylation of histone
H3 at K4 deterred binding of NuRD complex (Nishioka et al, 2002), whereas
phosphorylation of H3 at T3 and acetylation at K9/K14 prevented binding of INHAT
complex (Schneider et al, 2004). Both of these complexes have repressive functions;
therefore, their chromatin occlusion via histone modifications may promote
transcriptional activation (Margueron et al., 2005). The presence of various modifications
on histone N-terminal tails creates an environment in which cross-talk between different
modifications can occur. Binding of a protein could be inhibited by an adjacent
modification, as it is the case of H3 phosphorylation at S10 affecting the binding of HP1
to methylated K9 of H3 (Fischle et al, 2005). Enzyme catalytic activity could be altered
by modification of its substrate recognition site. For example, isomerization of H3P38
compromised methylation of H3K36 by SET2 methyltransferase (Nelson et al, 2006). In

contrast, an enzyme could recognize its substrate more efficiently if an adjacent

23



modification is present, as the studies have shown that yeast GCNS5 acetyltransferase
recognized H3K 14 acetylation more efficiently if H3S10 phosphorylation was present, in
order to promote transcriptional activation (Lo et al, 2000; Clements et al, 2003). Cross-
talk among histone modifications can also occur if the modifications are present on
different histone tails, as in the case of H2B ubiquitination being required for
trimethylation of H3K4 (Shilatifard, 2006). Therefore, communication between different
histone modifications may modulate important molecular outcomes.

1.4.1 Histone acetylation

Histone acetylation can occur on all of the four core histone proteins (Figure 4).
This histone modification is catalyzed by lysine acetyltransferases (KATs), which
transfer an acetyl moiety from acetyl-coenzyme A to the g-amine of lysine resides. These
enzymes are regarded as transcriptional coactivators and include GCNS5/PCAF and
CBP/p300 (Nagy & Tora, 2007). The action of KATs is counter-balanced by histone
deacetylases (HDACs); therefore, histone acetylation levels are controlled by the
interplay of KATs and HDACs. Since histone acetylation can neutralize the positive
charge of lysine residues and possibly weaken the interactions with DNA, many studies
have focused on the effects of histone acetylation on chromatin structure. Most studies
suggest that histone acetylation generates subtle changes in the structure of
mononucleosomes. It has been shown that nucleosome preparations with hyperacetylated
histone tails induced a modest increase in transient unwrapping of DNA from the edge of
the nucleosome (Anderson et al, 2001). Furthermore, chemical acetylation of histone H3
generated a more open mononucleosome structure, as shown by measuring the distances

between linker DNA (Toth et al., 2006). Acetylation of histones in vitro by CBP
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destabilized individual nucleosomes, as determined by measuring the tensional force of
the nucleosomal arrays undergoing continual stretching (Morales and Richard-Foy,
2000). Chemical ligation of synthetic tetra-acetylated H3 tails onto histone globular
domains and further incorporation into mononucleosome structures resulted in a 2-fold
increase of the intrinsic mononucleosome sliding (Ferreira et al., 2007). Furthermore,
histone acetylation has been implicated in altering the structure of nucleosomal arrays.
Using linear nucleosomal arrays, it was shown that histone acetylation induced an
extended chromatin conformation, albeit in the absence of the linker histone H1 (Garcia-
Ramirez et al., 1995). With crystallization of the nucleosome core particle came the
observation that amino acids 16-19 of histone H4 made extensive contacts with the H2A-
H2B dimer on an adjacent particle (Luger et al., 1997). Since K16 of H4 is subject to
acetylation, it has been suggested that this modification might disrupt internucleosomal
contacts and unravel higher-order chromatin structures. Indeed, with the use of chemical
peptide-ligation to generate nucleosomal arrays that are singly acetylated at H4K16, it
has been demonstrated that this H4 modification inhibited the formation of compact 30-
nanometer chromatin fibers (Shogren-Knaak et al, 2006). The role of acetylation of
H4K16 in regard to chromatin structure and transcription has been confirmed by multiple
genetic studies in yeast (Vaquero et al., 2007). Thus, experimental evidence suggests that
H4K16 acetylation has a role in regulation of chromatin fiber compaction; however,
whether acetylation of other histone residues has similar effects has not been elucidated.
In addition, histone acetylation has been linked to transcriptional activation of genes
(Nagy & Tora, 2007). The hallmark of transcriptionally active genes is the acetylation of

histone N-terminal tails, which occurs predominantly at promoters and 5’ ends of
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transcribed units, where the level of acetylation corresponds with the rate of transcription
(Liu et al., 2005). Upon initiation of MAPK signaling, a large population of nucleosomes
at gene promoters becomes highly acetylated on histones H3 and H4 (Thomson et al,
2001), providing evidence that histone acetylation is a dynamic event during
transcriptional activation. Targeted histone acetylation is achieved by interactions of
KATs with transcription factors, components of the transcription machinery and the RNA
polymerase holoenzyme (Utley et al, 1998; Sterner & Berger, 2000). In yeast, it has been
shown that histone acetylation facilitates binding of TBP and RNA polymerase II to
various promoter regions, suggesting that histone acetylation is a necessary step in
transcriptional initiation (Bhaumik & Green, 2002; Qiu et al, 2004). Moreover, loss of
histone deacetylase activity in yeast resulted in transcription initiation from cryptic
intragenic promoters, implying that histone acetylation promotes enhanced nucleosomal
DNA accessibility (Carrozza et al, 2005). It is important to note that histone acetylation
has been observed not only at promoter regions of genes, but also throughout the
transcribed unit (H3K14ac, H3K23ac, H4K12ac and H3K16ac), suggesting that histone
acetylation is involved in transcription elongation (Wang et al, 2008). The loss of two
H3-specific KATs (GCN5 and ELP3) in yeast resulted in a transcriptional decrease of
numerous genes, which showed normal TBP binding (Kristjuhan et al, 2002), indicating
that the loss of acetylation disrupted a step downstream of transcription initiation.
Furthermore, yeast GCN5 has been found throughout gene regions, modulating
nucleosome eviction and RNA polymerase II processivity during transcription of long
genes (Govind et al, 2007). Interactions between KATs and components of the

transcription elongation machinery have also been observed (Cho et al, 1998; Wery et al,
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2004), further supporting the role of histone acetylation in transcription elongation.
However, there is accumulating evidence to suggest that histone acetylation on its own is
not able to support transcription, but that the process of transcriptional activation requires
additional mechanisms, such as the action of chromatin remodelers (Suganuma and
Workman, 2008). Histone acetylation has been linked with facilitating alterations in
nucleosome structure via recruitment of chromatin remodeling complexes that contain
bromodomains (Barbaric et al, 2001). It has been shown that tetra-acetylated H3
enhanced binding of yeast chromatin-remodeling complex to nucleosomes, and that tetra-
acetylated H4 promoted histone octamer transfer by destabilizing the nucleosome
structure (Ferreira et al.,, 2007). Also, there are numerous demonstrations of co-
recruitment of KATs and chromatin remodeling complexes by the same DNA-bound
transcriptional activator (Amati et al., 2001). These studies suggest that histone
acetylation promotes the binding of chromatin remodeling complexes and renders
nucleosomes more sensitive to the action of chromatin remodelers. In this context histone
acetylation may act as a molecular “tag” to be specifically recognized by proteins that
contain bromodomains, thereby recruiting transcription machinery and chromatin-
modifying enzymes to specific regions of the genome. Furthermore, histone acetylation
has been implicated in the histone code, in which multiple histone modifications, acting
in a combinatorial fashion, specify unique downstream outcomes (Strahl and Allis, 2000).
However, genome-wide studies have shown that cells display a small subset of all
possible histone acetylation patterns (Liu et al., 2005). There are over 60 possible
acetylation patterns on the H3 tail, but a low number of distinct patterns are observed in

vivo. With the use of ChIP and subsequent massively parallel DNA sequencing (ChIP-
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Seq) it has been revealed that acetylation of K9, K18, K27 and K36 of H3 is
predominantly observed at promoters of human CD4+ T-cells, while acetylation of K14
and K23 of H3, which also localized at promoters, extended significantly downstream
(Wang et al, 2008). Similar patterns were observed with acetylation of H4, with
acetylated K5 and K8 being localized at promoters, while acetylation of K12 was
detected throughout the transcribed unit (Wang et al, 2008). Although an extremely
powerful tool, the ChIP technique possesses possible disadvantages that might confuse
the interpretation of data. This is especially relevant to acetylation levels and its turn
over, when modification-specific antibodies are used during the ChIP procedure (Clayton
et al., 2006). The issues of the precise specificity of antibodies used, the random
occlusion of antibodies that may occur and the drift of antibody specificity may
contribute to variability in the recovery of particular chromatin fragments during the
ChIP procedure (Edmondson et al, 2002). These issues may make ChIP data misleading,
especially where clear quantititative and statistically tested information is crucial to
interpretation. Nevertheless, whether the above mentioned histone acetylation signatures
have unique functional readouts or whether they are simply due to substrate specificities
of various KATs recruited during transcription initiation or elongation is still unclear.
Although the use of the histone code would be helpful to define the outcome of a specific
subset of histone modifications, it is unlikely to reflect the true presence of a predictable
code.

1.4.2 Histone methylation

Histones can be methylated on arginine and lysine residues. Histone methylation

can occur in mono-, di- and trimethylated forms on K4, K9, K27, K36 and K79 of H3
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and K20 of H4 (Shilatifard, 2006). The lysine residues on histones are methylated on the
e-nitrogen by SET domain or non-SET domain containing lysine methyltransferases
(KMTase). The mammalian KMTases, SUV39H1, SUV39H2, EHMT2 and ESET are
known to methylate H3K9. EZH2 catalyzes the methylation of H3K27 and PR-SET7 can
methylate H4K20 (Trojer P, 2006). SET1 and SET2 enzymes have been shown to
catalyze methylation of H3 K4 and K9, respectively (Hublitz et al., 2009). Methylation of
H3K4 is another hallmark of transcriptional gene activation (Ruthenburg et al., 2007);
therefore, extensive research has been focused on identifying complexes that mediate this
histone modification. The yeast Setl associates with seven other polypeptides to form a
complex termed COMPASS (Miller et al, 2001). COMPASS can catalyze the mono-, di-
and trimethylation of H3K4 (Wu et al, 2008). Human MLL is homologous to Setl and
has been found in a complex containing H3K4 methyltransferase activity (Steward et al.,
2006). Furthermore, histone arginine methylation can be either mono- or dimethylated.
The dimethylation of histone arginine residues is found in either symmetrical or
asymmetrical configurations (Shilatifard, 2006). The transfer of methyl groups on
specific arginine residues of H3 and H4 proteins is catalyzed by CARM1 and PRMT1
enzymes (Shilatifard, 2006). Histone methylation is a reversible process, performed by
two classes of enzymes, amine oxidases such as LSD1 and hydroxylases of the JmjC
family (Klose and Zhang, 2007). Histone methylation has been implicated in various
biological processes, depending on the site and type of histone modification. Arginine
methylation of H3 and H4 has been shown to regulate transcriptional activation of
steroid-responsive genes (Lee et al., 2005). Also, various studies have shown that H4R3

methylation is responsible for the establishment and maintenance of a wide range of other
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histone modifications (Huang et al., 2005). As previously mentioned, COMPASS
catalyzes methylation of H3K4, and this complex has been found associated with RNA
polymerase II at transcriptionally active genes (Gerber and Shilatifard, 2003). Numerous
studies have shown that H3K4 methylation is an integral mark of transcriptionally active
gene regions in mammalian cells (Shilatifard, 2006). Histone methylation of H3 at K4
and K36 may cooperate with the dynamic H2B ubiquitination at promoters of genes
during the onset of transcription (Henry et al., 2003). Furthermore, histone methylation
does not directly affect transcription; rather, it recruits other additional components
required for downstream effects (Lee et al., 2005). Several factors required for active
transcription, such as chromatin remodelers NURF and CHDI, have been shown to
interact with di- and trimethylated H3K4 (Sims and Reinberg, 2006). In contrast, proteins
associated with gene silencing, such as histone demethylase JMJD2A and HDAC-
associated protein ING2, can also bind di- and trimethylated H3K4 (Shi et al, 2006).
Furthermore, H3K9 methylation has been associated with heterochromatin formation
(Shankaranarayana et al., 2003); (Grewal and Moazed, 2003), which differs from the
functions that have been associated with H3K4 and H3K36 methylation. H3K9
methylation is catalyzed by SUV39H, which has been found at transcriptionally silent
heterochromatin, leading to recruitment of the transcriptional repressor HP1 (Ayyanathan
et al, 2003). HP1 and SUV39H have been also implicated in transcriptional repression at
euchromatic loci, since the co-repressor protein RB recruited HP1 and SUV39H to cell
cycle control genes, including CyclinE (Nielsen et al, 2001; Vandel et al, 2001).
Similarly, H3K27 and H4K20 methylation events are involved in heterochromatin

formation and heterochromatic gene silencing (Sims and Reinberg, 2006). Therefore,
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depending on which histone residues are methylated, different cellular outcomes can
occur via recruitment of specific factors.

1.4.3 Histone phosphorylation

Histone phosphorylation occurs on all core histone proteins (Nowak and Corces,
2004) and the biological ramifications are very context dependent. For example, histone
H4 S1 phosphorylation is an evolutionary conserved event with a role in chromatin
condensation in the later stages of gametogenesis (Krishnamoorthy et al, 2006).
Phosphorylation of H2B (on Serl4 in human; on Serl0O in yeast) by MST1/ySTE20
kinase correlated with chromosome condensation and disappeared during meiotic
divisions (Ahn et al., 2005). This H2B phosphorylation event is also linked to chromatin
compaction during apoptosis in human and yeast cells (Ahn et al, 2005).
Phosphorylation of H2A has been associated with mitotic chromosome condensation
(Barber et al, 2004). However, when mammalian cells are exposed to DNA damaging
agents, S139 of H2A.X is phosphorylated and required for the proper process of non-
homologous end-joining DNA repair (Rogakou et al., 1998). Thus, H2A phosphorylation
may mediate localized structural changes in chromatin that initiate DNA repair.
Furthermore, histone phosphorylation is implicated in the process of transcription.
Phosphorylation of H310 has been linked to RAS-MAPK mediated gene activation in
mammalian cells (Nowak and Corces, 2004). Also, it has been demonstrated that a small
fraction of H3 is both acetylated (K14) and phosphorylated (S10) on the same H3 tail of
immediate-early genes; thus, these two H3 modifications may mediate cross-talk required

to stimulate gene activation (Clayton et al., 2006).
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1.4.3.1 Histone H3 phosphorylation

Histone H3 is decorated with the most PTMs out of the four core histone proteins
(Espino et al., 2005). Phosphorylation of histone H3 was observed more than thirty years
ago (Shoemaker and Chalkley, 1978) and today there are several fairly well characterized

and conserved phospho-H3 residues: Thr3, Ser10, Thrl1 and Ser28 (Figure 5).
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Figure 5: Histone H3 phosphorylation sites and the known kinases/phosphatases.

Kinases and phosphatases responsible for H3 N-terminal tail phosphorylation and
dephosphorylation during mitosis and interphase reported to date. Indicated between brackets are
stimuli reported to activate the specific kinases.

All of these phospho-H3 marks are present during mitosis, suggesting a possible role in
chromatin condensation. Furthermore, phospho-H3 Ser10, Thr11 and Ser28 are known to
be involved in transcriptional activation of specific genes (Cerutti and Casas-Mollano,
2009). Therefore, histone H3 phosphorylation is associated with two opposed chromatin
states: the highly condensed mitotic chromosomes and the more accessible chromatin
structure observed at active genes during interphase (Prigent and Dimitrov, 2003). This
apparent paradox implies that the effect of H3 phosphorylation on chromatin structure

might be context-dependent and influenced by other histone PTMs. The two most studied
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H3 phosphorylation events are the S10 and S28 phospho-modifications, which globally
occur during mitosis and are minimally present in interphase cells.

1.4.3.2 Phosphorylation of histone H3 at Ser10/28 during mitosis/meiosis

Phosphorylation of histone H3 throughout different stages of mitosis is conserved
in eukaryotes and numerous studies have characterized H3 Ser10 phosphorylation during
this phase of the cell cycle (Gurley et al., 1978). In mammalian cells, phosphorylation of
H3 at Serl0 is first evident in pericentromeric heterochromatin in late G2-interphase
cells. Subsequently, the phosphorylation of H3 Serl0 spreads along the chromosomes
and is completed at prophase, and is still evident at the metaphase plate (Hendzel et al.,
1997). The temporal and spatial relationship between chromosome condensation and
phosphorylation of H3 at SerlO is clearly evident from immunofluorescence studies
(Goto et al., 2002). On the other hand, dephosphorylation of H3 at Ser10 begins in late
anaphase and is completed in early telophase before detectable post-mitotic
decondensation of chromosomes (Hendzel et al., 1997). This finding suggested that
phosphorylation of H3 at Serl0 coincides with the condensation of chromosomes.
Nevertheless, a subsequent study showed that H3 Ser10 phosphorylation is necessary for
the initiation of chromosome condensation rather than its maintenance during mitosis
(Van Hooser et al., 1998) since mammalian cells could be arrested in late G2 phase by
saturating the mitotic H3 kinase with H3-Serl10-sequence containing peptides. In
Drosophila, attenuation of H3 Serl0 phosphorylation led to partially condensed
chromosomes during mitosis (Giet & Glover, 2001). Furthermore, in the ciliated
protozoan, Tetrahymena thermophila, the H3 S10A mutant strain showed abnormal

chromosome segregation and extensive chromosome loss during mitosis and meiosis
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(Wei et al., 1999). These findings implicate H3 Ser10 phosphorylation as an important
event in chromosome condensation and segregation. However, H3 Ser10 phosphorylation
is not required for chromosome condensation and mitosis in all organisms. In S.
cerevisiae, the S10A mutation does not alter mitotic and/or meiotic chromosome
transmission (Hsu et al, 2000). Hsu JY and colleagues propose that the functional
redundancy of H2B phosphorylation might be able to compensate for the missing H3
Ser10 phosphorylation during mitosis in budding yeast (Hsu et al, 2000). This
observation, along with other features related to chromosome structure and chromosome
segregation that S. cerevisiae presents, suggest that this organism might not be a suitable
model for the study of H3 Serl0 phosphorylation during mitosis. In Drosophila,
attenuation of H3 phosphorylation was correlated with abnormal mitotic chromosome
morphology although there was a weak correlation with chromosome condensation
(Adams et al, 2001; Prigent & Dimitrov, 2003). Furthermore, in maize meiocytes the
distribution of H3 phosphorylated at Serl0 correlated mainly with sister chromatid
cohesion at different meiotic stages, suggesting that H3 Ser10 phosphorylation might not
have a direct role in chromosome condensation (Kaszas and Cande, 2000). Therefore, the
correlation between H3 Ser10 phosphorylation and chromosome condensation is evident
in some cases, but the absolute connection between the two events is not universal; thus,
the exact cellular consequence of H3 SerlO phosphorylation during mitosis is not
completely resolved.

In addition to phosphorylation of H3 at Serl10, the H3 N-terminal tail can also be
phosphorylated at serine 28 during mitosis and meiosis (Prigent and Dimitrov, 2003).

The distribution of H3 Ser28 phosphorylation is very similar to that observed of H3
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Ser10 (Goto et al., 1999). H3 Ser28 phosphorylation appears at the onset of mitosis in
prophase and is maintained until early anaphase. However, the H3 Ser28 signal starts
disappearing during late anaphase and early telophase (Goto et al., 1999). Interestingly,
H3 Ser28 phosphorylation was shown to coincide with chromosome condensation in
mammalian cells (Goto et al., 1999). The relative abundance of phospho-H3 Ser10 and
Ser28 appears to be different during mitosis. The level of phosho-H3 Ser28 was not as
prevalent as that of phosho-H3 Ser10, implicating differential spatiotemporal regulatory
mechanisms for the two phospho-sites on the H3 tails (Goto et al., 2002). Overall, H3
Ser28 phosphorylation during mitosis/meiosis coincides with the phosphorylation of H3
Ser10 in most of the organisms examined. However, the onset and the abundance of
phosphorylation of Ser10 and Ser28 residues might differ depending on the organism.
Furthermore, immunofluorescence results provided evidence of both Serl0 and Ser28
phosphorylation occurring along the same chromosomes during mitosis (Goto et al.,
1999), although it is not known if both the H3 Ser10 and Ser28 phosphorylation events
simultaneously occur on the same H3 tail within the same nucleosome on the
mitotic/meiotic chromosomes.

It is interesting to note that several other in vivo modifications co-exist with
phospho-H3 Ser10 or Ser28 on the same H3 tail during mitosis (Garcia et al., 2005). A
tandem mass spectrometry (MS) study in mitotic HeLa cells revealed that acetylation of
H3 at Lys9 or Lys14 was present on the same H3 tails as H3 Serl0 phosphorylation
(Garcia et al., 2005). Co-existence of phospho-H3 Ser10 with Ser28 could not be detected
in this study due to specific tryptic digestion of peptides used for tandem MS. Moreover,

the co-existence of mono, di- or tri-methylated H3 at Lys27 and/or Lys36 along with
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phosphorylated H3 at Ser28 during mitosis was also observed (Garcia et al., 2005).
Further, this study demonstrated that the H3 phosphopeptides containing methyl marks
on Lys residues were in greater abundance than the H3 phosphopeptides containing Lys
acetyl marks. These observations imply that H3 phosphorylated at Ser10 and/or Ser28
could regulate binding of effector molecules to methylated Lys9 or Lys27. Indeed, it has
been shown that mitotic H3 Ser10 phosphorylation compromised association of HP1 to
H3 methylated at Lys9, ejecting HP1 from chromatin (Fischle et al, 2005). This could
have an effect on rearrangement of higher-order mitotic chromatin structure that may
require the release of tightly associated proteins, such as HP1, during mitosis.

1.4.3.3 Mitotic histone H3 Ser10/28 kinase and phosphatase

The relative abundance of H3 Ser10 and Ser28 phosphorylation during mitosis is
tightly regulated by the corresponding kinase and phosphatase activities specific for the
two residues within the N-terminal domain of H3. Numerous studies have identified
members of the Aurora kinase family as the enzymes responsible for phosphorylation of
H3 Ser10 and Ser28 during the M phase of the cell cycle (Crosio et al, 2002; Goto et al,
1999; Hsu et al, 2000). The unicellular S. cerevisiae contains only one protein belonging
to this kinase family, called Ipll (Glover et al., 1995), known to phosphorylate H3 at
Ser10 during mitosis. Caenorhabditis elegans and Drosophila have two aurora kinases,
Aurora A and Aurora B (Reich et al, 1999); (Schumacher et al, 1998a; Schumacher et al,
1998b), while mammals possess an additional kinase, Aurora C (Adams et al, 2001).
Mammalian aurora kinases contain 67-76% homology within their catalytic domains,
respectively, and are regulated in a cell-cycle dependant manner with peak expression

profiles at the G2/M transition phase (Bischoff et al, 1998; Kimura et al, 1999; Terada et
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al, 1998). The intracellular localization of the three Auroras has revealed association of
these kinases with chromatin structures (Crosio et al, 2002). Aurora A has been localized
to centrosomes of interphase cells and at the spindle poles of metaphase cells, whereas
Aurora B has been localized at the midbody of anaphase cells and at the post-mitotic
bridge evident in telophase cells (Crosio et al, 2002). In addition, Aurora C, a
spermatogenesis-dedicated kinase (Prigent and Dimitrov, 2003), has been observed at
centrosomes of anaphase cells (Crosio et al, 2002). Even though in vitro experiments
showed that Aurora A was able to phosphorylate H3 Serl0 (Crosio et al, 2002), the
knock down of Aurora A kinase showed no reduction of H3 Serl0 phosphorylation
during mitosis in C. elegans and Drosophila. This suggested that Aurora A is not directly
involved in mediating this phosphorylation event in the two organisms (Giet & Glover,
2001; Hsu et al, 2000). In Xenopus, the in vitro results suggest that both Aurora A and
Aurora B might have a role in mitotic H3 Ser10/28 phosphorylation (Murnion et al.,
2001). On the other hand, experimental results in mammalian cells provide evidence
implicating Aurora B as the mitotic H3 Ser10/28 kinase (Prigent and Dimitrov, 2003).
Co-localization of Aurora B and H3 phosphorylation was observed from late G2 phase
until metaphase in mammalian cell lines (Crosio et al, 2002). Inhibition of Aurora B by
hesperadin, ZM447439 or siRNA knock down caused a dramatic reduction in H3 Ser10
phosphorylation during mitosis (Loomis et al, 2009; Kang et al, 2007). Further, the over-
expression of a kinase dead Aurora B in HeLa cells caused abolishment of mitotic H3
Ser10/28 phosphorylation and abnormal mitosis characterized by incomplete
chromosome condensation and misalignment of chromosomes at the metaphase plate

(Goto et al., 2002). This effect on chromosome condensation could be due to the role of
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mitotic kinase or the corresponding PTM on recruitment of condensin proteins (Giet &
Glover, 2001). Interestingly, over-expression of Aurora kinases has been observed in
many human cancer cell lines suggesting an important role of Aurora enzymes in the
regulation of cell proliferation. For example, Aurora A over-expression led to cell
transformation (Bischoff et al, 1998), whereas over-expression of Aurora B caused an
increase in H3 Ser10 phosphorylation that was associated with chromosome instability
often seen in malignant cells (Katayama et al, 2003). A potent and selective Aurora
kinase inhibitor, VX-680, has been shown to decrease H3 phosphorylation at Ser10 in
MCEF-7 cells and inhibit tumor growth in vivo leading to regression of leukemia, colon,
and pancreatic tumors. Since VX-680 exerts its effects in various types of cancers, it
could offer a new approach for the treatment of multiple malignancies (Harrington et al,
2004).

The mitotic H3 kinase activity is counterbalanced by specific phosphatases.
Identification of Ipll as the mitotic H3 Ser10 kinase in budding yeast paved the way for
deciphering the counteracting phosphatase, GLC7, a type 1 protein phosphatase (PP1)
(Hsu JY, 2000). PP1 was reported to dephosphorylate H3 Serl0 in vivo in yeast,
C.elegans and vertebrates (de Carvalho et al, 2008; Hsu et al, 2000). It has been
demonstrated that Aurora B is activated by the PP1/PP2A inhibitor, okadaic acid, and
that human Aurora B kinase forms a complex with PP1 in order to regulate
spatiotemporal features of H3 phosphorylation during mitosis (Sugiyama et al, 2002). In
mammalian cells, PP1 dephosphorylates H3 at Ser10 and Ser28 residues; however, H3
Ser28 residue seems to be more sensitive to PP1 activity (Goto et al., 2002). In late G2

cells, H3 Ser28 phosphorylation is absent, but when mammalian cells are pretreated with
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the PP1/PP2A inhibitor calyculin A, the H3 Ser28 phosphorylation becomes detectable at
late G2 heterochromatin (Goto et al., 2002).

Therefore, Aurora B likely phosphorylates both H3 Serl0 and Ser28 residues
during late G2 phase to aid in the initiation of chromosome condensation. Upon entry
into mitosis (from prophase to metaphase) the levels of H3 Ser10 and Ser28 increase via
the activity of Aurora B. It has been proposed that phosphatase activity of PP1 is
abolished once PP1 is phosphorylated by Cdc2 prior to entry into mitosis (Goto et al.,
2002). After chromosome segregation, Aurora B dissociates from chromosomes (Terada
et al, 1998) and H3 phosphorylation at both Ser10/28 starts to gradually decrease. The
level of H3 Ser28 phosphorylation during mitosis decreases faster when compared to H3
Ser10 phosphorylation, presumably due to a differential preference of PP1 for Ser10 and
Ser28 residues of H3 (Goto et al., 2002).

1.4.3.4 Phosphorylation of histone H3 at Ser10/28 during interphase

Phosphorylation of histone H3 occurs in interphase cells; however, it is restricted
to a significantly smaller fraction of nucleosomes (Goto et al., 2002). Inducible
phosphorylation of H3 at Ser10 and Ser28 at interphase has been linked to transcriptional
activation of a specific set of genes (Cerutti and Casas-Mollano, 2009). Stimulation of
mammalian cells with growth factors and phorbol esters has been shown to cause a rapid
immediate-early (IE) gene induction with accompanying phosphorylation of H3 on serine
residues within its highly charged, basic N-terminal domain (Mahadevan et al., 1991). IE
genes (e.g. JUN, FOS, FOSLI, COX-2) are transiently activated in response to
intracellular signaling cascades and encode for inducible transcription factors, such as

JUN, FOS and FRA-1 that have been implicated in cellular transformation (Herdegen and
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Leah, 1998; Sng et al., 2004). Concomitant timing of IE gene induction and H3
phosphorylation was termed the “nucleosomal response” and was the first link between
gene induction and H3 phosphorylation. Further studies confirmed this correlation with
the use of the chromatin immunoprecipitation (ChIP) assay to directly assess the presence
of phosphorylated H3 at IE genomic regions (Chadee et al, 1999; Thomson et al, 2001). It
is noteworthy to mention that H3 phosphorylation is tightly linked with acetylation of H3
Lys9 and Lys 14 on the same H3 tails within nucleosomes of IE genes via independent
mechanisms (Thomson et al, 2001). Pathway-specific activated downstream kinases lead
to rapid increase in the levels of H3 Ser10/28 phosphorylation that have been correlated
with transcriptional activation of a number of genes (Dunn et al., 2005). A phorbol ester,
12-O-tetradecanoylphorbol-13-acetate (TPA), is known to bind the catalytic domain of
PKC and induce membrane translocation and activation of the PKC enzyme (Hurley and
Meyer, 2001), thus initiating RAS/ERK/MAPK signaling and the activation of
downstream targets, such as mitogen-and-stress-activated protein kinases 1 and 2
(MSK1/2), which are known to phosphorylate H3 at Ser10 and Ser28 (Drobic et al.,
2006). H3 phosphorylation was shown to be required for proper Fos gene induction in
response to TPA (Soloaga et al, 2003). It has been shown that H3 Ser10 phosphorylation
at the Fos promoter can be regulated by more than one kinase depending on the
activating stimulus: EGF-induced MSK1/2 or TNF-a-induced IKK-o (Anest et al, 2004;
Duncan et al, 2006). To make matters more complex, the interplay of different kinases
responding to the same stimulus and acting on the same gene regions was recently
reported. In human umbilical-vein endothelial cells (HUVECs) exposed to VEGF-A,

PIM1 kinase was recruited to the FOSLI enhancer region along with an increase of H3
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Ser10 phosphorylation (Zippo et al, 2007). Interestingly, H3 phosphorylation was
observed at a more upstream region of the FOSLI enhancer where PIM1 kinase did not
associate, suggesting that another kinase might be responsible for this upstream H3
phosphorylation. Pre-treatment of HUVECs with a MSK preferential inhibitor, H89, had
no effect on VEGF-A induced H3 Ser10 phosphorylation at the FOSLI enhancer region,
but dramatically reduced H3 Ser10 phosphorylation at the upstream region (Zippo et al,
2007) suggesting that MSK1/2 could regulate H3 phosphorylation at this region of
FOSLI. Thus, it seems that more than one kinase could regulate H3 Serl0
phosphorylation at different regions of the same gene in response to the same stimulus in
order to achieve proper transcriptional gene activation. The impact of H3 kinase activity
and subsequent H3 Ser10 phosphorylation on gene expression could be explained by
recruitment of factors necessary for transcription. MSK1 was shown to modulate
phosphorylation of H3 at Ser10 as well as recruitment of transcription factors, chromatin
remodeling enzymes and RNA polymerase II to target genes (Vicent et al., 2006).
Inducible phosphorylation of H3 at Ser28 on the nucleosomes of specific genes
with regard to transcriptional activation has not been as well studied as H3 Serl0
phosphorylation. Recently, in GO phase chicken erythrocytes, the ChIP assay was utilized
to provide direct evidence of H3 Ser28 phosphorylation at the promoter regions of
transcriptionally active genes where this H3 phosphorylation event may act as an active
mark of gene activation (Sun et al., 2007). Furthermore, in Hras-transformed mouse
fibroblasts, TPA-induced phosphorylation of H3 Serl0 and Ser28 co-localized with a
transcriptionally initiated form of RNA polymerase II in interphase (Dunn et al, 2009). In

the same cells, it was shown that TPA-induced H3 Ser28 phosphorylation was present at
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the immediate early Jun promoter, providing further evidence that this H3 modification is
associated with transcriptional gene activation (Dunn et al, 2009).

Genome wide transcriptome analysis in yeast revealed that H3 SerlO
phosphorylation may not be universal for transcription at all promoters; rather, it is
required at a specific set of gene promoters (Lo et al, 2005). During heat shock in
Drosophila, global phosphorylation of H3 decreased at interphase (Johansen & Johansen,
2006). Upon closer inspection, it was observed that at transcriptionally active heat shock
loci, H3 phosphorylation significantly increased along with the increased recruitment of
heat shock transcription factors to these regions (Nowak and Corces, 2000). JIL-1 has
been described as the kinase responsible for regulating the level of H3 phosphorylation at
interphase cells in Drosophila (Johansen & Johansen, 2006). Moreover, it was shown that
JIL-1 mediated H3 Ser 10 phosphorylation plays a role in early transcriptional elongation
of a broad range of genes in Drosophila (Ivaldi et al, 2007). However, this study was
recently challenged by another group that reported involvement of JIL-1 mediated H3
Ser10 phosphorylation in structural features of chromatin necessary to counteract
heterochromatization and gene silencing at active loci (Cai et al, 2008). However, the in
vitro evidence suggests that H3 S10 phosphorylation on its own has no significant effect
on the structural features of nucleosomes (Fry et al., 2004).

The functional relevance of H3 phosphorylation at Ser10 and Ser28 in interphase
cells has been linked with gene expression as previously mentioned. However,
experimental evidence suggests that these two phosphorylation events occur
independently at distinct chromatin regions (Dunn et al., 2005). In TPA-induced mouse

fibroblasts, immunofluorescence clearly demonstrated that most foci of phosphorylated
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H3 Ser10 did not co-localize with foci of H3 phosphorylated at Ser28 in interphase,
suggesting that these two phosphorylated H3 residues are not targeted to the same
chromatin regions (Dunn et al., 2005). In addition, sequential immunoprecipitation
studies using formaldehyde cross-linked chromatin fragments (200-300 bp in size) from
anisomycin-treated mouse fibroblasts demonstrated that anti-phosphoH3Ser10 antibody
was able to recover all of the phosphoH3Serl0 epitope without depletion of
phoshoH3Ser28, implying that the two H3 phosphorylation modifications are not located
on the same H3 tail in vivo (Dyson et al, 2005). These observations imply that H3
phosphorylated at Ser28 has a distinct spatial distribution compared to that of H3
phosphorylated at Ser10, which is quite interesting, since both serine residues are
phosphorylated by the same kinases, MSK1 and MSK2 in response to TPA and
anisomycin. Other proteins already bound on the nucleosomes, such as HMGN1 may
regulate this differential phospho-H3 localization (Lim et al, 2004). Also, recruitment of
the kinase by a specific protein or multiprotein complex might dictate which of the two
serine residues will be phosphorylated on the H3 tail, which most likely contains pre-
existing modifications, such as acetylation and/or methylation.

The correlation of H3 Serl0 and Ser28 phosphorylation and gene activation is
based on the presence of these H3 phospho-marks at the promoters of transcriptionally
active genes (Cerutti and Casas-Mollano, 2009). What functional roles could these
phospho-marks be involved in at these promoters? Experimental data suggest that phos-
H3Ser10 might have a role as part of the binary switch process, as proposed during
mitosis. It has been shown that in response to cellular stimulation the recruitment of

MSK1 and the levels of H3S10ph and H3K14ac increased at a transcriptionally active
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gene promoter (Vicent et al., 2006). Interestingly, this increase was paralleled by a
reduction in HP1y binding at the promoter, without changes in the levels of H3K9me3.
Together these series of events might suggest that the establishment of phospho-H3Ser10
could influence gene induction by ejecting HP1y and previously placed repressive
complexes at the gene promoter (Vicent et al., 2006). Another possible role of the
phospho-H3 SerlO in transcriptional activation could involve the 14-3-3 family of
proteins, recently proposed as chromatin binding proteins. There are seven 14-3-3 protein
isoforms and in mammalian cells, specific 14-3-3 isoforms have been characterized as
phospho-H3Ser10 or Ser28 binding proteins (Macdonald et al, 2005). The binding
affinity for phospho-H3Ser10 is more stable if the Lys14 residue is acetylated (Walter et
al., 2008). Furthermore, 14-3-3 { proteins are recruited to promoters of Jun and Fos along
with an increase of H3S10phK14ac levels (Macdonald et al, 2005). Recruitment of 14-3-
3 at the HDACI promoter region was correlated with dissociation of HP1y and siRNA
knock down of 14-3-3 proteins abolished HDAC1I gene expression (Winter et al., 2008).
These observations indicate that 14-3-3 proteins recognize phospho-acetyl H3
modifications, and in turn may mediate transcriptional activation of genes. However, the
precise mechanism is unknown. It may be possible that 14-3-3 proteins are recruited
within a multiprotein complex to genomic regions where 14-3-3 could stabilize the
complex at the nucleosomal level by directly binding to pre-existing H3 modifications.
Also, binding of 14-3-3 proteins to phospho-acetylated H3 tails could recruit other
histone modifying and/or chromatin remodeling activities to aid in the initiation of gene
activation. Therefore, stimulus-specific activation of H3 kinase would lead to the

establishment of a phospho-H3 Ser10 mark at specific gene promoters, where H3K9me3-
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bound HP1 could be ejected and 14-3-3 isoforms may then bind the phosho-H3 Ser10
mark and recruit other critical components required for transcriptional activation of
specific genes.

While globally, the rest of the chromatin marks such as acetylation and
methylation are “read” by proteins that bear a known binding domain, as is the case of
chromo and bromodomains recognizing acetyl and methyl marks, respectively, the
domain recognizing phospho-marks remains unknown. Recently, 14-3-3 proteins have
emerged as a family of phospho-serine/threonine binding proteins that could have this
function. In this regard, preliminary evidence identified the 14-3-3 family of proteins as
the “readers” of both phospho-Ser10 and Ser28 under the frame of RAS-MAPK signaling
pathway activation (Macdonald et al, 2005). The exact mode of action and outcome of
14-3-3 binding remains to be determined; however, the recruitment of chromatin
remodeling complexes and the integrants of the transcriptional machinery downstream of
the signaling pathway may be the consequence of 14-3-3 phospho-H3 recognition.
Therefore, upon activation of RAS-MAPK signaling, MSK-directed phosphorylation of
H3 at Ser10 and Ser28 may act as a molecular tag to be “read” by 14-3-3 proteins, in turn
initiating transcriptional activation of specific genes by stabilizing and increasing the
residency time of transcriptional protein complexes at the regulatory gene regions (Perez-
Cadabhia et al., 2009).

1.5 Mitogen- and stress-activated protein Kinases 1 and 2 (MSK1/2)

The two kinase isoforms MSK1 and MSK2 are widely expressed proteins in
tissues, including heart, brain, placenta, lung, liver, kidney and pancreas (Deak et al,

1998). They belong to a group of structurally related kinases called the AGC kinase
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family. This group includes other kinases, such as p70 ribosomal S6 kinase (S6K),
protein kinase B (PKB), protein kinase C-related kinase (PRK), p90 ribosomal S6 kinase
(RSK) and serum- and glucocorticoid-inducible kinase (SGK) (Frodin M, 2002). MSKs
were identified as belonging to this kinase family by homology searching using the
MAPK-activated protein kinase-1 (MAPKAP-K1) N-terminal domain sequence (Deak et
al, 1998). The isoforms of MAPKAP-K1 are unique in that they possess 2 distinct kinase
domains within the single polypeptide, the N-terminal and C-terminal kinase domains.
The role of the C-terminal kinase domain is to initiate the activation of the N-terminal
kinase domain (Dalby et al, 1998; Vik & Ryder, 1997). The importance of the C-terminal
kinase domain for MSK activation is evident by the finding that an inactivating mutation
in the C-terminal kinase domain of MSK1 abolishes its activation (Deak et al, 1998).
Human MSK1 encodes an 802 amino acid protein, while mouse MSK1 encodes an 863
amino acid protein. On the other hand, human MSK2 protein is 705 amino acids long,
while mouse MSK2 encodes a 773 amino acid protein. Nevertheless, MSKs are fairly
conserved. Human MSK1 and MSK2 share 75% amino acid sequence identity, while
human and mouse MSK2 share 90% amino acid sequence identity (Deak et al, 1998).

1.5.1 Activation of MSKs through signal transduction pathways

MSKSs are activated in vivo by 2 major signaling cascades; the RAS-MAPK and
p38 stress kinase signal transduction pathways. Activation of the RAS-RAF-MEK-ERK
signaling pathway with stimuli such as growth factors (EGF) and phorbol esters (TPA)
leads to activation of MSK1 and MSK2. Using the inhibitors of TPA-induced RAS-
MAPK pathway such as PD-184352, PD-98059 and UO126, it has been elucidated that

MSKSs are directly phosphorylated by activated ERKs (Wiggin et al, 2002; Davie, 2003).
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On the other hand, MSK activation can be achieved through stimuli such as UV-
irradiation and anisomycin (Zhong et al, 2001; Soloaga et al, 2003). This MSK activation
is mediated by stress-activated protein kinase-2 (SAPK2)/p38 kinase as evident from
studies utilizing the inhibitor SB-203580, which blocks the activation of SAPK2 (Deak et
al, 1998; Davie, 2003). Once either the RAS-MAPK or p38 stress kinase signaling
pathways are triggered, MSK1 is phosphorylated by activated ERKs or p38 kinase at
threonine residues (Thr 581 and Thr 700 for hMSK1) in the activation loop of the C-
terminal kinase domain and a serine residue in the linker region (Ser 360). This
phosphorylation event leads to an autophosphorylation of a serine residue in the

hydrophobic motif of MSK1 (Ser 376) by the C-terminal kinase domain (Figure 6).

MAPK
NTKD Docking site
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Figure 6: MSK1 activation.

Inactive MSK1 (A) is not phosphorylated. Active ERK1/2 or p38 MAPK bind to the docking motif,
phosphorylating Ser360, Thr581 and Thr700 (red circles; B) Thr581 is in the activation loop of the C-
term. kinase domain and its phosphorylation may be required for active confirmation of the activation
loop. Thr700 is proposed to lie in a hinge region between the C-term. kinase domain. MSK1 is also
phosphorylated on four sites by an unidentified kinase (green circles). The activated C-term. kinase
domain then activates the N-term. kinase domain via the phosphorylation of Ser212, Ser376 and
Ser381 (yellow circles; C) Once activated, the N-term. kinase domain is able to phosphorylate
substrates, and additionally phosphorylates three sites, Ser750, Ser752 and Ser758 (blue circles; D) at
C-terminus of MSK 1. The text and the figure were reproduced with permission from (McCoy et al.,
2007).

This intramolecular phosphorylation of the serine residue in the hydrophobic motif
promotes phosphorylation of the serine residue in the activation loop of the N-terminal
kinase domain of MSK1 (Ser 212) leading to full activation of the enzyme (Wiggin et al,
2002). It can be assumed that MSK2 undergoes similar activation steps as MSKI.
Furthermore, stimuli such as FGF, NGF, TNF, TGF-B, neurotrophins, lysophosphatidic
acid, lipopolysaccharides, IFN-a and erythropoietin have all been reported to activate
MSK1 (Deak et al, 1998; Abecassis et al, 2004; Arthur et al, 2004; Schuck et al, 2003; Li
et al, 2004; Caivano & Cohen, 2000; Wierenga et al, 2003), and possibly MSK2; most of
these stimuli are believed to activate either the RAS-MAPK signal transduction pathway
and/or the p38 kinase signaling cascade or other signaling events. Activation of MSKs by
numerous stimuli indicates that these kinases have roles in modulation of multiple
cellular functions.

1.5.2 MSK substrates

MSKs are predominantly nuclear proteins; however, a portion of MSKs is
localized to the cytosol of mouse fibroblasts and HEK 293 cells (Deak et al, 1998).
Cytosolic MSK1 phosphorylates elF4E-binding protein 1 (4E-BP1) at Ser 64 after UV-
irradiation. Normally, 4E-BP1 binds strongly to eIF-4F on the mRNA cap impeding the
formation of a functional eIF-4F complex necessary for initiation of translation. Once 4E-
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BP1 is phosphorylated, it dissociates from elF-4F relieving the translational block.
Further experiments involving 4E-BP1 and MSKs need to be carried out to elucidate a
possible mechanism for UV-promoted tumorigenesis and the role MSKs could be
contributing to this process (Liu et al, 2002). Nuclear MSKs phosphorylate a range of
targets including histone H3 at Ser 10 and Ser 28 and HMGNI1 (formerly named HMG-
14) at Ser 6, 20 and 24 in response to mitogens and stress-stimuli. Studies with single
MSK1 or MSK2 knockout cells and double MSK knockout cells showed complete
abolishment of HMGN1 phosphorylation at Ser 6 in response to TPA and anisomycin,
while H3 phosphorylation at Ser 10 and Ser 28 was severely reduced. The remaining H3
phosphorylation detected in the MSK knockout was presumably due to mitotic
phosphorylation of H3 in late G2 phase of the cell cycle (Soloaga et al, 2003). Nuclear
MSKs have been shown to phosphorylate various transcription factors including cyclic
AMP-responsive element binding protein (CREB) and ATF1. Mitogen-mediated
activation of the RAS-MAPK signaling pathway or stress-induced p38 kinase pathway
leads to phosphorylation of CREB at Ser 133 and ATF1 at Ser 63. MSK1/2 double
knockout cells show complete abolishment of phosphorylation of CREB at Ser 133 and
ATF1 at Ser 63 after stress induction. In addition, MSK double knockout cells show great
reduction of CREB and ATF1 phosphorylation after mitogen induction; however, the
phosphorylation is not completely abolished. It has been shown that this residual
phosphorylation can be blocked by PD-184352 suggesting that this phosphorylation event
could be catalyzed by another ERK-activated kinase in the absence of MSKs (Wiggin et
al, 2002; Arthur & Cohen, 2000). As previously mentioned, MSKs, more specifically

MSK1, can be potently activated by the p38 stress kinase pathway. UV-irradiation of
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mouse epidermal JB6 cells stimulates activation of MSKI1 and subsequent
phosphorylation of targets, including AKT (PKB) at threonine 308 and Ser 473, BAD at
Ser 112 (in vitro) and STAT3 at Ser 727 (Nomura et al, 2001; She et al, 2002; Zhang et
al, 2001). Cells expressing N-terminal or C-terminal kinase dead mutants of MSKI
showed reduced phosphorylation of AKT, BAD and STAT3 after UV-irradiation.
Moreover, a preferential MSK1 inhibitor, H89, suppressed the phosphorylation of
STATS3 at Ser 727 (Zhang et al., 2001). Further, erythropoietin-activated-MSK 1 has been
reported to phosphorylate STAT3 at Ser 727 in erythroid cells. Erythropoietin activates
MSK1 via an ERK-dependent pathway as judged by inhibitor studies that elucidated the
p38 kinase pathway was not involved (Wierenga et al., 2003). Altogether, MSK1
mediates phosphorylation of STAT3 at Ser 727 via the RAS-MAPK and p38 stress
kinase pathways, implicating its role in mitogen- and stress-induced transduction of
signals that possibly will affect the DNA binding ability of STAT3, thereby contributing
to its transcriptional activity. Furthermore, nuclear MSK1 phosphorylates the p65 subunit
of NF-xB at Ser 276 in response to TNF (Vermeulen et al., 2003), as well as the
transcription factor ER81 at Ser 191 and Ser 216 (Janknecht, 2003).

1.5.3 Function of MSKs

As previously mentioned, MSK1 has been implicated in regulation of
translational control by phosphorylation of 4E-BP1, a crucial protein involved in the
release of translational block after UV-irradiation (Liu et al., 2002). Additionally, MSKs
are involved in the transcriptional activation of genes, including the inflammatory gene
interleukin-6 (/L-6) and IE genes such as Fos and Jun (Soloaga et al., 2003; Vermeulen et

al., 2003). H89, a member of the H-series of protein kinases and a potent inhibitor of
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MSKI1, inhibits TPA- and EGF-stimulated H3 phosphorylation and expression of
immediate-early genes, including Fos, Jun, Myc and urokinase plasminogen activator
(uPA) in mouse fibroblasts and Hras-transformed mouse fibroblasts (Thomson et al.,
1999). Interestingly, H89 inhibition of TPA-induced immediate early gene expression
and H3 phosphorylation at Ser 10 was particularly acute in oncogene-transformed cells
(Strelkov and Davie, 2002). H89 also inhibited MSK1-directed phosphorylation of H3 at
Ser 10 and Ser 28 in mouse epidermal JB6 cells treated with ultraviolet B (Zhong et al.,
2001). Although H89 inhibits MSK1’s ability to phosphorylate H3, it does not inhibit
MSK1 phosphorylation activity towards CREB (Thomson et al., 1999). However,
knocking out the expression or inhibiting the activation of MSK1/2 compromises the
expression of IE genes, suggesting that MSK-mediated phosphorylation of H3 is an
important step for proper IE gene expression (Strelkov and Davie, 2002). Mitogen-
induced recruitment of MSK1 to the promoter region of FOS is mediated by the
transcription factor ELK-1, suggesting that MSK is recruited to specific genomic regions
via transcriptional activators (Zhang et al., 2008). However, MSK recruitment might be
cell-type and context dependent and not dependent exclusively on transcription factors,
but rather by multiprotein complexes (Drobic et al., 2006). As transcription factors, non-
histone chromosomal proteins and histones are MSK substrates; activation of these
kinases may influence transcription at multiple levels. At the level of transcription
initiation MSKs may phosphorylate H3, which in collaboration with other histone
modifications, may promote remodeling of nucleosomes at regulatory DNA elements,
such as promoters and enhancers, allowing transcription factor access and formation of

the pre-initiation transcription machinery. Further, MSK phosphorylation of transcription
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factors (CREB, ATF1 and the p65 subunit of NF-«kB) may alter their ability to bind to
their target DNA and to recruit specific coactivators. Also, MSK-mediated
phosphorylation of the H3 tail may promote interactions with coactivators, other
chromatin modifying enzymes and SWI/SNF chromatin remodeling complexes (Arthur,
2008). It is still unclear how MSKs integrate various types of signals and account for
target gene and cell type-dependent specificity. As mentioned previously, it was reported
that MSKs mediate EGF-induced, but not TNFa-induced phosphorylation of H3S10 at
the Fos promoter (Anest et al., 2004) and VEGF-A-induced H3S10 phosphorylation of an
upstream, but not the enhancer region of FOSLI (Zippo et al., 2007). Also, some stimuli
preferentially activate one MSK isoform over the other. For example, in mouse dorsal
striatum, cocaine strongly activated MSK1, but not MSK?2, and the MSK 1 knockout was
sufficient to abolish CREB and H3 phosphorylation (Brami-Cherrier et al., 2005).

1.5.4 Physiological roles of MSKs

Activation of RAS-MAPK and p38 kinase signaling pathways results in
transcriptional induction of various immediate-early genes. Regulation of IE gene
induction by ERK and p38 cascades is partly achieved through direct phosphorylation of
transcription factors, such as ETS, MEF2 and AP1 complexes (Turjanski et al., 2007)
However, a proportion of these IE genes, such as Fos, Duspl and Nur77 are also
regulated by CREB (Mayr and Montminy, 2001). MSKs are known to regulate CREB-
dependent IE gene induction downstream of ERK and p38 signaling pathways (Arthur,
2008). Nevertheless, MSK knockout mice show no severe phenotype; in fact these mice
are fertile and have no obvious developmental problems (Wiggin et al., 2002). Despite

these observations, specific cell types from MSK knockout mice are deficient in mitogen
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or stress induced phosphorylation of CREB, ATF1 and histone H3, which in turn caused
reduction in transcription of specific IE genes (Wiggin et al., 2002). Misregulation of
MSK activity has been linked to only two disease states up to now. Increased activity of
MSK1 and MSK2 has been observed in lesional psoriatic epidermis, along with
corresponding increases in CREB and ATF1 phosphorylation levels when compared to
non-lesional skin (Funding et al., 2007; Funding et al., 2006); (Funding et al., 2007).
Inhibition of IL1B-induced MSK1/2 activation was achieved in human keratinocytes with
the use of dimethylfumarate (DMF), a reagent that is commonly used to treat psoriasis.
DMEF also abolished phosphorylation of CREB, ATF1 and NFxB p65 (Gesser et al.,
2007). On the other hand, MSK1 expression was reduced in the striatum of post-mortem
Huntington’s disease (HD) patients and R6/2 mice, an animal model used for studying
HD (Roze et al., 2008). Under these conditions, H3S10 phosphorylation was impaired,
but not CREB phosphorylation (Roze et al., 2008), suggesting an additional level of
control that might determine signal specificity. Furthermore, MSK activation has been
implicated in various other physiological events, including immunity and neuronal
function.

1.5.5 MSKs in immunity

The role of MSKs in the regulation of inflammatory genes, such as /L-1, IL-6, IL-
8 and Cox-2 is characterized by transcriptional activation of NFkB and CREB, as well as
phosphorylation of H3 at the nucleosomes of regulatory regions of inflammatory genes
(Vermeulen et al., 2003). It has been reported that anti-inflammatory agents, such as
glucocorticoids can alter the subcellular distribution of nuclear MSK1 to the cytoplasm.

This MSK1 redistribution prevents MSKI1 recruitment to promoter regions of
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inflammatory genes causing impaired phosphorylation of NFkB p65 and abolishment of
H3 phosphorylation (Beck et al., 2008). Furthermore, it has been shown that MSKs are
involved in negative feedback pathways required for prevention of uncontrolled
inflammation in macrophages (Ananieva et al., 2008). In response to LPS, the expression
of DUSPI (dual specificity phosphatases 1) and anti-inflammatory cytokine interleukin
10 (IL-10) is upregulated in macrophages derived from bone marrow of wild type mice
and not from the double MSK knockout mice (Ananieva et al., 2008). DUSPI1, also
known as MAPK phosphatase 1, regulates the activity of p38 MAPK, and is therefore
indirectly capable of mediating the activity of MSKs. Since MSKs target both pro- and
anti-inflammatory genes, these kinases might be important for regulation of equilibrium
in the immune system (Ananieva et al., 2008).

1.5.6 MSKs and behaviour

It has been well documented that both ERK signaling and CREB play crucial
roles in IE gene induction in neurons, affecting differentiation and survival of neurons, as
well as certain neuronal processes, such as long term potentiation (LTP) and memory
(Sweatt, 2004). These observations implicate that MSKs might mediate specific functions
in neurons, since ERKs directly activate MSKs in order to phosphorylate CREB. Indeed,
it has been shown that MSK1 can be activated in response to neurotrophins via ERK1/2
cascade in cortical neurons (Arthur et al., 2004). Interestingly, MSK2 does not appear to
be activated by neurotrophins in cortical neurons. The single MSK 1 knockout was able to
abolish neurotrophin-induced phosphorylation of CREB to the same extent as the double
MSK1/2 knockout, while the single MSK2 knockout had no effect (Arthur et al., 2004).

These observations are in contrast to other cell types, such as macrophages and
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fibroblasts, where single knockout of either MSK1 or MSK2 could partially impair
CREB phosphorylation, and where the double MSK1/2 knockout was required to
completely abolish phosphorylation of CREB (Wiggin et al., 2002). Furthermore, lack of
CREB phosphorylation in MSK1 or MSK2 knockouts reduced the BDNF-induced
transcription of CREB-dependent IE genes Fos, Nurrl and Duspl in cortical neurons
(Arthur et al., 2004). Furthermore, elevated cAMP levels and PKA activation can lead to
activation of ERK1/2 in neurons, where cAMP signaling and CREB phosphorylation
have been implicated in hippocampal-dependent memory (Mantamadiotis et al., 2002). It
has been reported that hippocampal-dependent tasks and long term potentiation (LTP)
inducing stimuli resulted in the induction of CREB-dependent IE genes (Pittenger et al.,
2002). Consistent with this, MSK1 can be activated via ERK1/2 in the hippocampus in
response to fear conditioning stimulus in mice (Sindreu et al., 2007). Furthermore,
histone H3 phosphorylation has been detected in neurons and has been suggested to act as
an epigenetic mark during LTP and memory formation (Chwang et al., 2006); (Levenson
and Sweatt, 2005). It has been shown that fear conditioning stimuli lead to increases of
CREB and H3S10 phosphorylation in the hippocampus and that these phosphorylation
events are abolished by the knockout of MSK1 (Chwang et al., 2007). Also, MSK1
knockout mice have been found to have impaired responses in fear conditioning, passive
avoidance and water maze tests, all of which require hippocampal long term memory
(Chwang et al., 2007). Moreover, MSKs have been shown to be involved in the response
to cocaine in mice. Phosphorylation of CREB and H3S10 in the striatum of MSK1
knockout mice was prevented following cocaine administration (Brami-Cherrier et al.,

2005). Further, the locomotor sensitization, which measures increased activity of mice
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following repeated cocaine injections, was reduced in MSK1 knockout mice (Brami-
Cherrier et al., 2005). These observations imply that MSK1 might have a role in
addiction; however, more research is required to determine whether MSK1 inhibition can
promote or block addiction.

1.5.7 MSKs in tumorigenesis

Steady-state levels of phosphorylated H3S10/S28 are elevated in Hras-
transformed mouse fibroblasts, and this correlated with increased activity of MSK1 in the
transformed cells (Drobic et al., 2004). Also, Hras-transformed mouse fibroblasts exhibit
a higher metastatic potential when compared to parental mouse fibroblasts (Egan et al.,
1987). Furthermore, it has been established that EGF-mediated phosphorylation of
H3S10 is indispensible for neoplastic cell transformation (Choi et al., 2005). In mouse
epidermal-JB6 cells that over-express wild type H3, EGF-induced cell transformation
was promoted, whereas in cells over-expressing S10A or S28A H3 mutants, cell
transformation was suppressed (Choi et al., 2005). Consistent with these observations, it
has been shown that MSK1 has a role in cell proliferation and transformation. The two
tumor promoting agents, TPA and EGF, which are widely used to study cell potential for
malignant transformation, were able to induce transformation of JB6 mouse cells via
MSK1 activation (Kim et al., 2008). Inhibition of MSK1 activity by H89 or knockdown
with siRNA resulted in impaired TPA- and EGF-mediated JB6 cell colony formation.
Cell proliferation was inhibited in MSK1 knockdown cells when compared to MSK1
wild type cells. Further, TPA- and EGF-induced phosphorylation of H3S10, as well as
AP-1 activation was increased in cells over-expressing wild type MSK1; however, these

phosphorylation/activation events were abolished in MSK1 knockdown cells (Kim et al.,
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2008). Therefore, MSK1 was shown to play an important role in cell transformation

through phosphorylation of H3S10 and AP-1 activation (Kim et al., 2008).
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2.0 OBJECTIVES, RATIONALE AND HYPHOTHESES

The main objective of the studies presented in this thesis was to determine the role
of the MAPK-activated H3 kinase, MSK1 in the expression of inducible immediate-early
genes. Since MSK1 is activated by the RAS-MAPK signaling pathway (Davie, 2003), the
project focused on two major areas: deciphering the effects of upregulated RAS-MAPK
signaling on the activation status of MSK1 and examining the role of MSK1 in chromatin
remodeling that leads to expression of RAS-MAPK responsive genes.

Previous studies from our lab have shown that upregulated RAS-MAPK signaling
in oncogene-transformed cells causes altered chromatin structure with elevated
phosphorylation levels of MSK1 substrates, histone H3 and HMGN1 (Chadee et al.,
1999). To understand the effects of upregulated RAS-MAPK signaling on the chromatin
structure in oncogene-transformed cells, MSK1 activity was examined in parental and
Hras-transformed cells. Also, we investigated the protein expression and sub-cellular
localization of MSK1. We hypothesized that oncogene-mediated activation of the RAS-
MAPK pathway elevates the activity of MSK1, resulting in the increased steady-state
levels of phosphorylated H3, which may contribute to the chromatin de-condensation and
aberrant gene expression observed in these cells.

We chose the parental (10T1/2) and Hras-transformed (Ciras-3) mouse fibroblasts
as the cell systems to test the above stated hypothesis. The parental 10T1/2 cells were
stably transformed with T-24 Ha-ras in order to generate the Ciras-3 cell line (Egan et al.,
1987). The parental 10T1/2 cells are not tumorigenic or metastatic, whereas Hras-

transformed Ciras-3 cells are highly tumorigenic and metastatic (Egan et al., 1987).
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Therefore, these two cell lines are useful for studying the effects of RAS-MAPK
signaling in a “normal” versus “cancer-like” scenario.

The other major area of interest was the role of MSK1 in the expression of IE
genes. Previous studies have implicated MSK1 in regulation of IE genes, such as Jun,
Fos and Myc (Strelkov and Davie, 2002). However, the mechanism of IE gene regulation
by MSKI1 is not clearly defined. Therefore, the objectives for this part of the project
were: 1) to examine the associations of MSK1 with other chromatin modifying and
remodeling enzymes that have been implicated in transcriptional activation of genes; 2)
to determine if MSK1 is recruited to genomic regions of IE genes under the frame of
RAS-MAPK signaling; 3) to assess the importance of MSK1 on the recruitment of other
factors required for transcriptional activation and 4) to directly assess the role of MSK1
in the expression of IE genes in parental and Hras-transformed cells. We hypothesized
that MSK1 establishes H3 phosphorylation at the regulatory regions of IE genes, which is
crucial for subsequent recruitment of factors necessary for proper transcriptional gene
activation.

The genes chosen for the study were Jun, Cox-2 and Fosll. Cell type- and
stimulus-dependent expression of Jun and Cox-2 has been reported to be under MSK1
regulation (Soloaga et al., 2003), whereas Fos// strongly responds to RAS-MAPK
signaling (Verde et al., 2007) and was chosen as a candidate gene for our study. The gene
products of Jun, Cox-2 and Fos/1 have all been implicated in tumorigenesis (Verde et al.,
2007); thus, deciphering the extent of MSK involvement in their expression is beneficial

to understanding cancer.
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3.0 MATERIALS AND METHODS

3.1 Cell lines and cell culture conditions

The parental mouse fibroblast 10T1/2 cell line was obtained from the American
Type Culture Collection (ATCC) (Rockville, MD). The Ciras-3 cell line was derived
from 10T1/2 by transfection with the T24 H-ras oncogene (Egan et al., 1987). The Ciras-
3 cell line contains a constitutively overexpressed T24 H-ras oncogene.

Mouse fibroblast 10T1/2 and Ciras-3 cells were grown at 37°C in a humidified
atmosphere containing 5% CO, in a-MEM medium supplemented with 10% (v/v) fetal
bovine serum (FBS), penicillin G (100 units/mL), streptomycin sulfate (100 pg/mL) and
amphotericin B (250 ng/mL). Human embryonic kidney (HEK) 293 cells were grown in
DMEM medium supplemented with 10% (v/v) fetal bovine serum. When cells reached
80-90% confluence they were trypsinized and an aliquot containing one tenth the number
of cells was added to a new plate containing fresh medium. For 150 mm cell culture
plates, cells were seeded at approximately 4 x 10’ cells per plate.

To induce RAS-MAPK signaling, 90-95% confluent 10T1/2 and Ciras-3 cells
were serum starved for 24 and 48 hours, respectively, in o-MEM medium supplemented
with 0.5% FBS and treated with 100 nM 12- O-tetradecanoyl-phorbol-13-acetate (TPA)
[Sigma] for 15 or 30 min. When required, 10T1/2 and Ciras-3 cells were pre-treated with
10 pM H89 (Calbiochem) for 30 min or with 100 nM RpcAMP (Sigma) for 1 h prior to
TPA treatment.

When required, 75% confluent HEK293 cells were transfected with 0.5 ng of
pCMVS5-FLAG-MSK1 construct (gift from Dr. J.S. Arthur, University of Dundee, UK)

using DreamFect transfection reagent as per manufacturer’s instructions (OZ
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Biosciences, France). Non-transfected and transfected cells were harvested 48 hours post-
transfection and the resulting cellular extracts were used for subsequent
immunoprecipitation experiments.

3.2 Generation and maintenance of MSKI1 stable knockdown mouse fibroblasts

(collaboration with Dr. S KP Kung and Jenny Yu)

Empty GIPZ lentiviral vector and the GIPZ Lentiviral sARNAmir clones for the
mouse MSKI1 (clone V2LMM 54318-SENSE 2240, Thermo Scientific Open
Biosystems, USA) were obtained from the Biomedical Functionality Resource at the
University of Manitoba. To produce replication incompetent lentiviral vector particles for
mouse fibroblasts transduction, we transfected the GIPZ vector, the packaging vector and
the VSV-G env-expressing plasmid into HEK293T cells using the BD CalPhos™
Mammalian Transfection kit, as described previously (Kung et al., 2000; Laemmli,
1970). To generate stable MSK1 knockdown 10T1/2 and Ciras-3 mouse fibroblasts, we
seeded 5 x 10* cells in a 24-well plate 24 hours before transduction. Medium was
aspirated and replaced with 250 pl of the lentiviral supernatant (at 1 x 106 TU) and 8
ug/ml of Polybrene. After incubation for 2 hours at 37°C in 5% CO2, the culture medium
that contained the lentiviral vectors was removed. The transduced cells were cultured in 1
ml of fresh media for 3 days before they were selected for puromycin resistance (at a
final concentration of 8 pg/ml). Freshly prepared selective media was added every 2-3
days and the cells were monitored for cell survival by light microscopy, and/or for
TurboGFP expression by flow cytometry using BD FACSCalibur. After 10 days,
puromycin resistant cells were expanded in puromycin-containing media until the desired

confluence was reached.
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3.3 Flow cytometric analysis of cells

The percentage of cells in the different stages of the cell cycle was determined by
fluorescent-activated cell sorting (FACS). 3 x 10° cells were harvested by trypsinization
and washed twice with 5 ml of 1XPBS, pH 7.3. The cells were centrifuged at 1000 x g
and the cell pellet was resuspended in 2 ml of 1XPBS, pH 7.3. The cell suspension was
added drop-wise while vortexing to 4 ml of pre-chilled 70% ethanol. The ethanol-fixed
cells were pelleted at 1000 x g for 5 min and the supernatant was discarded. The cells
were resuspended in 2 ml of 1XPBS, pH 7.3 containing 5 pg/ml RNAse A (Sigma) and
incubated at 37°C for 30 min. After the incubation, 1 pl of the 10 mg/ml ethidium
bromide solution was added to the tube and the cells were vortexed. The tubes were
wrapped in aluminum foil and sent for FACS analysis (Dr. E. Rector).

3.4 Preparation of cellular extracts

Cells were harvested and lysed in 400 pl of ice-cold Nonidet P40 (NP-40) buffer
[150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH 8.0), 0.5% Nonidet P40, 1 mmol/L
phenylmethylsulfonyl fluoride, 1 mmol/L sodium orthovanadate, 1.0 mmol/L NaF, 1.0
pg/mL leupeptin, 1.0 pug/mL aprotinin, and 25 pmol/L B-glycerophosphate]. The lysed
suspension was sonicated twice for 5 seconds. The resulting cell extracts were subjected
to centrifugation at 10,000 x g for 10 minutes at 4°C, and the supernatant was saved. The
protein concentration of the supernatant was determined using the Bio-Rad Protein Assay
as per manufacturer’s instructions (Bio-Rad Laboratories, Hercules, CA).

3.5 Immunoprecipitations

For immunoprecipitations in HEK293 cells, 500 pg or 1 mg of total cell extract

were incubated with 20 g of anti-MSK1 antibodies overnight at 4°C. 20 pl of protein G-
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Sepharose beads were added the following day and incubated for 2 h at 4°C. The beads
were washed with ice-cold NP-40 buffer two times. Input (20 pg), bound, un-bound and
nonspecific (no antibody IP, beads only) fractions were resolved on SDS-10%-PAGE and
immunoblotted with indicated antibodies. In some instances, non-specific antibodies
(anti-FLAG) were used in control immunoprecipitations. For immunoprecipitations in
cycling 10T1/2 and Ciras-3 cells or in untreated and 30° TPA treated 10T1/2 cells, 20 pg
of anti-MSK1, 15 pg of anti-BRG1 and 10 pg of anti-14-3-3C antibodies were incubated
with 1 mg of total cell extract overnight at 4°C. Further processing of the samples was as
described above. For sequential immunoprecipitations, 30 min TPA-treated 10T1/2 cells
were treated with the membrane-permeable protein cross-linking reagent dimethyl 3.3’-
dithiobisproprionamidate-2-HCI (DTBP, 2mM, Pierce) for 30 min at 37°C. The reaction
was stopped with ice-cold 0.1 M Tris-HCl (pH 7.5) and the cells were lysed and
incubated with anti-MSK1 antibodies as described above. The immunoprecipitated
proteins were eluted with 0.2 M glycine (pH 2.6) for 10 min at room temperature and re-
immunoprecipitated with antibodies against BRG1.

3.6 Polyacrylamide gel electrophoresis (PAGE)

Proteins were separated in SDS polyacrylamide slab gels (Laemmli, 1970). The
running gel was comprised of 10% or 15% acrylamide, which was added from a 30%
(w/v) stock, 0.1% (w/v) SDS and 375 mM Tris, pH 8.8. To this solution 0.15% (w/v)
ammonium persulfate and 0.03% (v/v) TEMED was added and the gel was poured in the
glass plates and allowed to polymerize for approximately 1 hour. The stacking gel was
comprised of 4% (w/v/) acrylamide, 0.1% (w/v) SDS and 125 mM Tris, pH 6.8, 0.15%

(w/v) ammonium persulfate and 0.08% (v/v) of TEMED. The stacking gel was poured on
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top of the running gel and allowed to polymerize for approximately 30 min. The gels
were run on a Mini-Protean® 3 Cell apparatus (BioRad) towards the anode at 125 V for
approximately 1 hour. The running buffer was comprised of 193 mM glycine, 1% (w/v)
SDS, 25 mM Tris, pH 8.3. The sample loading buffer for SDS-PAGE (6 x stock: 277 mM
SDS, 396 mM Tris, 402 mM dithiothreitol, 40% (v/v) glycerol, 0.4% bromophenol blue,
pH 6.8) was added to the samples prior to electrophoresis. Samples were boiled for 5
min, quickly spun down in a centrifuge and loaded on the gel. A protein standard
(Rainbow Marker, Amersham) was also run to track the migration of different molecular
weight proteins. Coomassie Blue staining was used to visualize the proteins analyzed by
SDS-15%-PAGE, while the transfer of proteins to nitrocellulose membrane and
immunochemical staining with various antibodies allowed analysis of the proteins
separated by SDS-10%-PAGE.

3.7 Detection of proteins by immunoblotting

Once the proteins were separated by SDS-PAGE and transferred to a
nitrocellulose membrane, immunoblotting with specific antibodies was used to detect
particular proteins of interest. Nitrocellulose membranes were blocked with 5% (w/v)
non-fat dry milk in 0.05% TTBS (0.05% Tween-20, 0.1M Tris-HCI, pH 8.0, 0.3 M NaCl)
for 1 hour at room temperature. The membranes were then incubated with antibodies
against MSK1 (1:2000; Sigma), MSK2 (1:700; Zymed), BRGI1 (1:2000-1:5000;
Milipore), PCAF (1:800; AbCam), HDAC1 (1:1000; ABR), Sp3 (1:1000; Milipore),
NFxB p65 (1:1000; Milipore), 14-3-3C (1:2000; SantaCruz), ERK1/2 (1:1000, Cell
Signaling) or phospho-p42/p44 MAPK (1:1000; Cell Signaling) overnight at 4°C. The

following day, the membranes were washed in 0.05% TTBS for 15 min. The membranes

64



were then incubated with a goat anti-rabbit antibody (1:3000) linked to horseradish
peroxidase in 0.05% TTBS for 45 min. The membranes were washed again with 0.05%
TTBS for 20 min. The Western Lightning™ Plus-ECL reagent (Perkin Elmer
Lifesciences) was used as per manufacturer’s instructions to detect the desired proteins.

3.8 Chromatin immunoprecipitation (ChIP/reChIP) assay

10T1/2 and Ciras-3 cells were treated with 1% formaldehyde for 10 min at room
temperature. After harvesting, the cells were pelleted and resuspended in cell lysis buffer
(5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride, 1
mM sodium orthovanadate, 1 mM NaF, 1 pg/mL leupeptin, 1 ug/mL aprotinin, and 25
mM B-glycerophosphate). After 10 min rotation at 4°C, the cellular material was spun at
2000 x g for 10 min to obtain the nuclei. The nuclear pellet was resuspended in MNase
digestion buffer (10 nM Tris-HCI pH 7.5, 0.25 M sucrose, 75 mM NaCl, plus above
indicated phosphatase/protease inhibitors) and the A260 was measured. In order to obtain
[1150bp DNA fragments, 2.5 units of MNase per A260 of nuclear suspension were added
in the presence of 3 mM CaCl, and incubated at 37°C for 20 min. The MNase reaction
was stopped by the addition of EDTA pH 8.0 (5 mM final concentration). In order to
release nuclear material, the samples were adjusted to 0.5% SDS and rotated for 1 hour at
room temperature. Insoluble material was pelleted at 2000 x g for 10 min and the soluble
material was diluted to 0.1% SDS with radio-immunoprecipitation assay (RIPA) buffer
along with the above mentioned phosphatase/protease inhibitors. 12 A260 of protein G-
Sepharose (Pierce) pre-cleared 10T1/2 lysate was incubated with 12 pl of anti-MSK1
(Sigma, M5437) or anti-H3S10ph (Santa Cruz, sc-8656-R), anti-H3S28ph (Milipore, 07-

145), anti-H3K9acK 14ac (Milipore, 06-599), anti-14-3-3¢ (Santa Cruz, sc-1020), anti-14-
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3-3C (Santa Cruz, sc-1019), anti-BRG1 (Milipore, 07-478), anti-PCAF (AbCam,
ab12188-50), anti-JUN (Santa Cruz, sc-1694), or anti-RNAPII S5ph (AbCam, ab5131-
50) overnight at 4°C. Magnetic protein G Dynabeads (Invitrogen) were added for 2 h at
4°C. The specificity of the antibodies against H3S10ph and H3S28ph was determined in
several ways. In immunoblot experiments, both antibodies only detected H3. Using
commercial (Abcam) H3 peptides with S10ph or S28ph, these antibodies only recognized
one or the other peptide. With regards to acetylation interfering with the detection of
phospho-H3 modifications, our lab has previously reported that these antibodies detected
S10ph or S28ph when H3 was hyperacetylated (Dunn et al., 2005). With regards to the
MSKI1 antibody, in immunoblot experiments we found that the antibody only detected
one band. We have also shown that in MSK1 knockdown experiments, the MSK1 signals
detected in immunoblot experiments were greatly diminished. For reChIP assays, after
the elution of the first ChIP assay, the samples were diluted 10 times with reChIP dilution
buffer (15 mM Tris-HCI pH 8.1, 1% Triton X-100, 1 mM EDTA, 150 mM NaCl) and
subjected to the ChIP procedure again. Negative controls included performing
ChIP/reChIP assays without adding antibody. DNA-protein fragments were processed as
previously described (He S, 2005). Input and ChIP/reChIP DNAs were quantified using
the PicoGreen assay. Equal amounts of input, ChIP (0.1 ng) or reChIP (0.05 ng) DNA
were used to perform SYBR Green real time PCR on the iCycler 1QS5 apparatus

(BioRad). The enrichment was calculated as follows: Fold enrichment = Rt Put ~ €t ChIP)

where R is the rate of amplification. Values for each time point were normalized to time

0 values. Primer sequences were designed using the Oligo5 software and are shown in

Table 1.

66



3.9 RNA isolation and real time RT-PCR analysis

Total RNA from untreated and treated 10T1/2 and Ciras-3 cells was isolated using
the RNeasy Mini Kit (QIAGEN). 10 ng/ul of RNA in 80 pl volume was used for cDNA
conversion (Invitrogen). Real time PCR reactions were performed on the iCycler 1Q5
(BioRad) using SYBR Green for labeling. The fold change was normalized to GAPDH

levels in untreated and treated samples.

Table 1: Primer sequences used to amplify ChIP DNA and cDNA

Jun (-711) Primer Sequence 5' to 3' Cox-2 (-493) Primer Sequence 5' to 3' Fosl1 (-1113) Primer Sequence 5' to 3'
Forward CGCAGCGGAGCATTACCTCA Forward AAATTAACCGGTAGCTGTGTG Forward TCACCAGACTCAGCCACTTAC
Reverse CCATTGGCTTGCGTCGTTCTC Reverse  CCGGGATCTAAGGTCCTAA Reverse GCCATCATAACCCCCACT

Jun (-146) Cox-2 (-111) Fosl1 (-187)

Forward TTACCTCATCCCGTGAGCCTT Forward AAGCCTAAGCGGAAAGACAGA Forward CCCCCGTGGTGCAAGTGGTT
Reverse CCATTGGCTTGCGTCGTT Reverse  GGCTGCTAATGGGGAGAAC Reverse  TGGCGGCTGCGGTTCTGACT

Jun (129) Cox-2 (903) Fosl1 (989)

Forward GGACTGTTCATCCGTTTGTCT Forward AAACCGTGGGGAATGTATGAG Forward ACACTCGCGCTCCACATTCTC
Reverse CAAATGCTCCCCAAAATACC Reverse  CCAGTCCGGGTACAGTCACA Reverse  CGCAGCTCCTTCCCTCCC

Jun (1115) Cox-2 (1982) Fosl1 (2249)

Forward CCAAGAACTCGGACCTTCTCA Forward  GCCTTCTCCAACCTCTCCTAC Forward  CCTATCCCCAGTACAGTCCC
Reverse GGTGATGTGCCCATTGCT Reverse  ACTCACCCTTCACACCCA Reverse  ATCGCTGTTTCTTACCTGCTC

Jun (2953) Cox-2 (4255) Fosl1 (7676)

Forward TGGTTGAAAGCTGTATGAAGT Forward GACCCAGAGCTCCTTTTCAAC Forward CAAGGGGTAAGGGTGTC
Reverse GGGTCCCTGCTTTGAGA Reverse  GGGGGTGCCAGTGATAGAGT Reverse  TCTAGAGCTGGCCTATCATAA

GAPDH Primer Sequence 5' to 3'
Forward TTCCGTGTTCCTACCCCCAATGTGT
Reverse GGAGTTGCTGTTGAAGTCGCAGGAG

3.10 H3 kinase assay

10T1/2 and Ciras-3 cells were lysed with NP-40 buffer, and the insoluble material
was removed by centrifugation for 10 min at 10,000 x g. Cell cycle-matched total cell
extracts (10 pg) were incubated with 2 ug of H3-H4 tetramer fraction isolated from
mature chicken erythrocytes as described previously (Strelkov and Davie, 2002), 10
mmol/L MgCl,, 1 pmol/L microcystin-LR and £ 10 umol/L H89 for 10 minutes at 4°C.
Reactions were started with the addition of 50 umol/L ATP and 5 pCi of [y-*P]-ATP
(3,000 Ci/mmol/L) and incubation at 30°C for 30 minutes. Reactions were stopped with
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the addition of SDS-PAGE loading buffer and incubation on ice for 20 minutes.
Furthermore, cell cycle—matched total cell extracts (500 pg) were incubated with 3.5 pg
of anti-MSK1 antibody coupled to 10 pl of protein G-Sepharose at 4°C for 24 hours. The
protein G beads were washed three times with 500 ul of buffer B and twice with buffer C
(Thomson et al., 1999). The beads were then resuspended in buffer C containing already
mentioned protease and phosphatase inhibitors, 5 ng H3-H4 tetramer and £ 10 umol/L
H89. Reactions were carried out as described above. The H3-H4 tetramer and MSK1
immunoprecipitates were analyzed by SDS-15%-PAGE, and visualization and

quantification of signals were analyzed by autoradiograph and phosphorimager analysis.

3.11 MSK1 kinase assay

50 ng of purified active MSK1 (Milipore) was incubated with 1 pg of histone H3
(Roche Diagnostics) or H3-H4 fraction along with Mg”/ATP solution and 5 pCi [y->2P]-
ATP at 30°C for 15 minutes. The reaction was stopped by the addition of SDS-PAGE
loading buffer and incubation on ice for 10 minutes. The samples were resolved by SDS-
15%-PAGE. The gel was stained with Coomassie Blue stain. Visualization of the
phosphorylation signal was detected by phosphorimager analysis and autoradiography.

3.12 Lysine acetyltransferase (KAT) assay

MSK1 immunoprecipitations from HEK293 cellular extracts were performed as
previously described. The beads were resuspended in 10 ul of NP-40 buffer and 1 x KAT
activity buffer (50 mM Tris-HCI pH 7.5, 50 mM sodium butyrate) in the presence of 0.5
uCi acetyl *"H CoA (Perkin Elmer Lifesciences) and 10 pg of mature avian erythrocyte
histone preparation (Strelkov and Davie, 2002). The samples were incubated at 37°C for

30 min. 500 pg of HEK293 cellular extract and no antibody (beads only) IP were also
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incubated with 0.5 pCi acetyl *H CoA and 10 pg of mature chicken erythrocyte histone
preparation, as positive and negative controls, respectively. Incubating the samples on ice
for 10 min stopped the KAT reaction. Each sample was spotted onto the P8I
phosphocellulose paper and washed with 50 ml of the 50 mM Na,COs solution. After air-
drying the samples for 20 minutes, each sample was placed in a vial containing 5 ml of
scintillation fluid. Incorporation of *H within the histones (KAT activity) was measured
by counting the amount of radioactivity as compared to blank and negative controls.
When required, MSK1 IP samples and HEK293 cellular extracts were treated with 60
1M curcumin (Sigma) for 30 min at 37°C prior to the addition of *H-labeled acetyl-CoA.
Furthermore, individual histone proteins, obtained by separating a total mature avian
erythrocyte histone preparation via C18 reverse-phase HPLC as previously described
(Shechter et al., 2007), were used as the substrates for KAT reactions.

3.13 Cellular Fractionation

Cellular fractionations were carried out with a slight modification as described
previously (Sun et al., 2001). In brief, 10T1/2 and Ciras-3 cells were resuspended in Tris-
NaCl-Mg®* (TNM) buffer [100 mmol/L NaCl, 300 mmol/L sucrose, 10 mmol/L Tris-
HCI pH 7.4, 2 mmol/L MgCl, and 1% thiodiglycol] containing the already mentioned
protease and phosphatase inhibitors in the NP-40 buffer. Lysis of cells was performed by
passage through a syringe with a 22-gauge needle. The cytosol and nuclei were isolated
from lysed cells by centrifugation at 6000 x g. Isolated nuclei were inspected by
microscopic analyses. The nuclei were resuspended in TNM buffer and nuclear extraction
was performed by the addition of Triton X-100 to a final concentration of 0.5% and

incubation on ice for 5 minutes. After centrifugation at 6000 x g for 10 minutes, the
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supernatant, termed the Triton X-100—soluble fraction, was saved. The nuclear pellet was
resuspended in TNM buffer with 0.5% Triton X-100, and this fraction was termed the
Triton X-100—insoluble fraction. The resulting fractions were run (equal volume) on
SDS-10%-PAGE gels, transferred to nitrocellulose membranes and immunochemically

stained with antibodies of interest.
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40RESULTS

4.1 RAS-MAPK signaling isupregulated in Hras-transformed mouse fibroblasts

In order to evaluate the extent of RAS-MAPK signglin parental andiras-
transformed mouse fibroblasts, cell cycle—-match@@d112 and Ciras-3 cells were used.
Figure 7A shows that the majority of the 10T1/2 &ichs-3 cells were in G1 phase of
the cell cycle. Expression of the constitutivelytiae c-Haras oncogenes in Ciras-3
mouse fibroblasts is thought to result in the mtesit stimulation of the RAS-MAPK
pathway (Chadee et al., 1999). The relative a@wibf the RAS-MAPK pathway in
these cells were evaluated by immunoblot analydeERK1 and ERK2 and their
phosphorylated isoforms. Figure 7B shows that theady state of activated
phosphorylated ERKs was greater (approximatelylé}-io Ciras-3 cells.

Figure 7: Increased levels

of phosphorylated ERK1/2
6o/ G, G./GM Sphase in the Hras-transformed
mouse fibroblasts.

10TL/2 62% 17% 21%

A) Cell cycle distribution of
Ciras-3  68%  13% 19% 10T1/2 and Ciras-3 cells as
determined by FACS
analysis.

B) Total cellular extracts

(20 pg) from 10T1/2 and
Ciras-3 mouse fibroblasts
107172 Ciras-3 were resolved by SDS-10%-
PAGE, transferred to a
nitrocellulose membrane and
immunochemically stained
with  anti-phospho-p44/42
MAPK (top panel) and anti-
ERK (bottom panel)
antibodies.
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Over-expression of c-Heas has also been reported to activate the p38 patlidayg et
al., 2004). However, phosphorylated (activated) p&& not observed in immunoblot
analyses of cell extracts from cell cycle—-matchedeptal and oncogene-transformed
cells (Drobic et al., 2004). These data show thatdteady-state activities of ERK1 and
ERK2 are greater in the Ciras-3 than in the patd@&l?2 cell line.
4.2 H3 kinase (M SK 1) activity iselevated in Hras-transfor med mouse fibroblasts
Because the relative activity of the H3 phospletg@gsotein phosphatase 1, was
similar in Ciras-3 and 10T1/2 (Chadee et al., 198%ould be surmised that increased
H3 kinase activity in the Ciras-3 cells would acebdor the increased levels of
phosphorylated H3 at Ser10/28 (Chadee et al., 1B@@n et al., 2009)In vitro H3
kinase assays, with equal amounts of cell extragtetkin from cell cycle—-matched cells
and H3-H4 tetramer as the substrate in the presehtd®, were performed. Figure 8

shows that H3 kinase activity in Ciras-3 cell egtravas greater than that of the 10T1/2

cells.
10 1M HE9 - - - - + + -
Ciras-3 extract - + - + - + _
10T1/2 extract + - + - 4 _ _
H3-Ha - - + + + + +
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Figure 8: Histone H3 kinase activity in parental and Hras-transformed mousefibroblasts.
Cell extracts (10 pg) isolated from 10T1/2 and Siacells were incubated with the H3-H4

fraction (2 ug), MG/ATP/[y-**P]ATP, and the presence or absence of H89. Sampées
resolved by SDS-15%-PAGE. The gels were analyze@dnmassie Blue stainingt@in; bottom
panel) and autoradiographyytorad; top panel).

A 3-fold increase in H3 kinase activity in the Gitd cell extracts (average of three
separate preparations) was observed when compadd8 kinase activity from 10T1/2
cell extracts. Histone H4 was also weakly labeledhis assay. As a control, no H3
kinase activity was detected when either the hestsubstrate or cell extract was absent.
H89 is a potent inhibitor of MSK1 (Thomson et 4999). To determine whether the H3
kinase activity was due to MSK1, the Ciras-3 andi1® cell extracts were pre-incubated
with H89. Presence of the kinase inhibitor sigmifity reduced the H3 kinase activity in
both cell extracts (Figure 8). The remaining H3as@ activity may be due to Aurora B,
the mitotic H3 kinase. It was observed that in casttto MSK1, Aurora B was relatively
insensitive to H89 inhibition in thim vitro kinase assays (Drobic et al., 2004). However,
H89 is also a potent inhibitor of protein kinase wjich may also phosphorylate H3
(Davies et al., 2000; Salvador et al., 2001). Tedtly test whether the MSK1 H3 kinase
activity was greater in Ciras-3 cells, MSK1 was immoprecipitated under high
stringency conditions from the cell extracts anslaged for H3 kinase activity. Figure 9
shows that MSK1 activity was greater in the immuegppitated Ciras-3 fraction than

from the 10T1/2 cell extract.
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Figure 90 MSK1 kinase activity in 10TV2 and Cirass3 mouse fibroblasts.
Immunoprecipitation of MSK1 from 10T1/2 and Cirasdl extracts (500g) was performed and
the resulting fractions were incubated with the H#8tetramer fraction (&) in Mg*"/ATP/[y-
¥P]ATP and the presence or absence of H89. The samy#re resolved by SDS-15%-PAGE.

The gels were analyzed by the Coomassie Blue stpemd autoradiography. Thap panel is a
stained gel showing the amount of MSK1 IP.

The H3 kinase activity of MSK1 in both preparatiomas inhibited by H89. In addition
to radiolabeling of H3, weak labeling of H4 was etv&d and H89 suppressed the
labeling of this histone protein. In control expeeints when the primary antibody was
not included or the immunoprecipitate was not agdddd@ kinase activity was not
detected. The increased MSK1 activity observedénQCiras-3 sample was not due to an

increase in the amount of MSK1 protein immunopriégipd from the Ciras-3 cell
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extract, as the stained gel shown in Figuretd (anel) revealed that the MSK1
immunoprecipitates from the cell extracts had ssmdmounts of MSK1. In repeats of
these analyses & 4), an average 3-fold increase in the MSK1 #@gtiwas observed in
the Ciras-3 immunoprecipitates relative to thatha 10T1/2 preparations. Constitutive
activation of the RAS-MAPK pathway results in thigeged expression at the protein
level of signaling and cell cycle proteins (Calipet al., 2003). The previous
immunoprecipitation analyses shown in Figure 9 mled evidence that MSK1 protein
levels were similar in Ciras-3 and 10T1/2 cell agts. To explore this further, the protein
levels of MSK1 and MSK2 were compared with totabtpmn levels of ERKs by
immunoblot analyses of cell cycle-matched cellidatracts from 10T12 and Ciras-3
cells. Figure 10 shows that the protein levels ddKd in the two cell lines were

equivalent in accordance with the immunopreciptatiesults.

10T1/2  Ciras-3 Figure 10: MSK protein levels in parental and
Hras-transformed mouse fibroblasts.

vscL - -

Cell extracts (20 pg) isolated from cell-cycle
MSK2 - - matched 10T1/2 and Ciras-3 cells were resolved on

a SDS-10% polyacrylamide gel, transferred to a

membrane and immunochemically stained with anti-
ERK1 +ssms s  MSKI1 (top pane), MSK2 (middle panel) and anti-
ERK2 WS @ ERK (bottom panel) antibodies.

Similar results were observed for MSK2 (Figure dfiXldle panel). These observations
suggest that the increased phosphorylation of H&mied inHras-transformed mouse
fibroblasts is due to an increase in the activiiyt not protein levels of MSK1 and
MSK2.

4.3 MSK1 cellular distribution in parental and Hras-transformed mouse fibroblasts
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MSK1 is located in both the nucleus and the c@spl (Thomson et al., 1999).
Nuclear MSK1 would be responsible for phosphorgigttranscription factors and H3
associated with immediate-early genes, whereas M§&dted in the cytoplasm has an
interesting role in translation by phosphorylatd¢trBP1 (Liu et al., 2002). To determine
whether MSK1 subcellular distribution was altered the Hras-transformed mouse
fibroblasts, cellular fractionation was performedhwl0T1/2 and Ciras-3 cells. Cells
were lysed in TNM buffer without any detergentsninimize loosely bound nuclear
proteins from leaking out of the nuclei. The nuelere then resuspended in TNM buffer
with 0.5% Triton X-100 and incubated on ice to asle loosely bound nuclear proteins
(Triton S fraction). The resulting pellet containdee tightly bound nuclear proteins,
which includes proteins associated with the nucteatrix (Triton P). Equal amounts of
cell fractions were analyzed by immunoblotting.&seference, the distribution of MSK1
was compared with the nuclear transcription facgp3 and chromatin-modifying
enzyme, histone deacetylase 1 (HDAC1). Sp3 ha tls@forms, the expressions of
which are regulated at the level of translation dmlection of different translation
initiation sites on the Sp3 MRNA (Davie et al., 800A consistent observation in
analyses of these cell fractions was that the iveldevel of the short Sp3 isoforms
compared with the long isoform was greater in theas€s3 cells (Figure 11). This
observation suggests that the translational maghiisealtered in thédras-transformed
cells. Figure 11 shows that the distribution of MS&mong the various cellular fractions

was similar for Ciras-3 and 10T1/2 cells.
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Figure 11: Cdlular distribution of MSK1in 10T 1/2 and Ciras-3 mouse fibroblasts.

Cellular fractionation of parental and oncogen@&dfarmed mouse fibroblasts was performed.
Equal volumes for all fractions isolated from 104 &hd Ciras-3 cells were loaded and analyzed
by SDS-10%-PAGE, transferred to a membrane, andumachemically stained with anti-MSK1
(top panel), anti-HDAC1 (niddle panel), and anti-Sp3hkpttom panel) antibodies. The three Sp3
bands correspond to the long and two short Sp8rists.

In contrast to Sp3 and HDAC1, MSK1 was presentm ¢ytosolic fraction. However,
most MSK1 was located in the nuclear fractions ima&3 and 10T12 cells. Also
dissimilar from Sp3 and HDAC1, most, if not all, M$ was extracted from the nucleus
with 0.5% Triton X-100.
4.4 MSK 1 associates with chromatin modifying/remodeling enzymes

The kinase assays revealed that MSK1 was abl&dephorylate H3 as well as
H4. Recently, mass spectrometry studies have denates additionaln vivo phospho-
modifications of H3 at T118 and H4 at S47 (Cosgreval., 2004). These two H3 and
H4 residues are located on the lateral nucleoseordfice and have been implicated in
nucleosome sliding in yeast (Flaus et al., 200dmithg and Pennings, 2001). Therefore,
phosphorylation of H3T118 and H4S47, along witheothistone modifications, might

mediate nucleosome destabilization and promotiortrariscription (Cosgrove et al.,
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2004). The H3T118 and H4S47 residues contain th& M&sensus sequence, RXS;
therefore, both of the sites could be targeted ISK®I In order for MSK to access these
residues within the nucleosomal fold, concerteduigment of the kinase with chromatin
modifying and remodeling enzymes to the nucleosommelld have to take place
(Cosgrove et al.,, 2004). To test if MSK1 assosiapgth other histone modifying
enzymes and chromatin remodeling proteins, HEK293 gvere transfected with FLAG-
MSK1 construct and low stringency FLAG immunopréeon (IP) was performed,
followed by immunoblotting with antibodies to caddie proteins, such as H3 specific
lysine acetyltransferase, PCAF and the ATPase sulminSWI2/SNF2 chromatin
remodeling complex, BRG1. Figure 12 shows that FHEAG immunoprecipitate

contained PCAF and BRG1.

78



S =~
P 5 5 oF
.k:? E"‘? ~ ‘Q‘__;\! _-.:‘ -
g & F < =& F o3
“g? ’ad = = i < S 5
5 S & 8 F £ &S
S = A A ~ ) i
FLACG ——— ]
PCAF -— P, — —
= . - _=
BRG] e - — e —

Figure 12: M SK 1 association with chromatin modifying and remodeling enzymes.
HEK293 cells were transfected with or without FM&K1 plasmid construct and the resulting
cell lysates (500 pg) were incubated with anti-FLAARG1 and PCAF antibodies. The whole
“Bound” and “Non-specific” fractions were resolvesh SDS-10%-PAGE and immunoblotted

with the indicated antibodies.

79



In control experiments, FLAG IP was performed withtransfected HEK293 cell
extracts to show that PCAF and BRG1 were spedfiadsociated with FLAG-MSK1.

To examine these associations in more detail, esrdngs MSK1 IP was performed from
HEK?293 cell extracts, followed by immunoblottingtiwispecific antibodies. Figure 13

shows that the endogenous MSK1 IP fraction contef@AF and BRG1.

Figure 13; MSK1 association
with  chromatin remodelers,
histone modifying enzymes,
transcription factors  and

phospho-H3 binding proteins.

= — Aliquots of 500 pg HEK293 cell
DRATL —— -_—
lysate were incubated with anti-
PCAF MSK1 antibodies. The whole
“Bound” and “Non-specific”
NF«B p63 [— — — (beads only) fractions and
equivalent volumes of “Cell
14-3-3 — —— —— Lysate Input” and “Un-bound”
fractions, corresponding to 25 g
HDACI ey S of cell lysate, were resolved on the
SDS-10%-PAGE and membranes
i were immunoblotted with
MSKI1 IP

indicated antibodies.

In order to validate the integrity of the IP assaynunoblotting with antibody to NéB
p65 was performed as previous studies have shoan MSK1 phosphorylates and

associates with NEB p65 (Vermeulen et al., 2003). Figure 13 shows NfxB p65 was
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present in the MSK1 immunoprecipitate, whereasttaescriptional repressor HDAC1
was not. Further, immunoblotting with a full-lengtt¥-3-3 antibody revealed the
presence of 14-3-3 proteins in the MSK1 immunogmiéaie. Specific 14-3-3 isoforms
have been shown to bind phospho-H3 tails (Macdoethl., 2005; Walter et al., 2008),
implying that these isoforms may associate with M3#d be recruited to nucleosomal
H3 tails. To further verify these protein-proteissaciations, PCAF, BRG1, KB p65

and 14-3-3 immunoprecipitations from HEK293 celltragts were performed and
immunoblotting with MSK1 antibody was carried oligure 14 shows that PCAF,

BRG1, NKB p65 and 14-3-3 associate with MSK1.
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Figure 14: Association of chromatin remodelers/modifiers, transcription factors and
phospho-H3 binding proteinswith M SK1.

Aliquots of 500 pg HEK293 cell lysate were inculohteith anti-BRG1, PCAF, NEB p65 and
14-3-3-FL antibodies. The whole “Bound” and “Noresfiic” fractions and equivalent volumes
of “Cell Lysate Input” and “Un-bound” fractions, wesponding to 25 pg of cell lysate, were
resolved on SDS-10%-PAGE and immunoblotted withciaigd antibodies.
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Immunoblotting of BRG1, NkB p65 and 14-3-3 IP fractions with a MSK1 antibody
revealed a MSK1 band shift, implying possible poaislational modifications of
MSK1, such as phosphorylation, glycosylation orquidination (Dyson et al., 2005).
Additionally, PCAF and BRG1 associate togethersasn in Figure 14. Furthermore,
Figure 14 demonstrates that RB-p65 and 14-3-3 IP fractions also contained BRA&XL.
controls, immunoprecipitations were performed withh antibody (non-specific/bound
fractions), demonstrating the fidelity of specifimmunoprecipitations. Collectively,
these experiments in HEK293 cells demonstrated &K1 is associated with
transcription factors, chromatin modifying/remodeliproteins and phospho-H3 binding
proteins.
4.5 M SK1 complex contains KAT activities

Co-immunoprecipitation experiments demonstrated M8K1 associates with
the H3 KAT, PCAF (Figure 14). In order to furthezrdonstrate the existence of KATs
within MSK1 complex from HEK293 cells, KAT assaysem performed. MSK1
complex was immunoprecipitated under low stringenopditions from HEK293 cell
lysates and assayed for KAT activity in the preseot®H-acetyl-CoA co-enzyme and
the total core histone preparation as the substretgure 15 shows that the

immunoprecipitated MSK1 complex contained KAT aityivowards free histones.
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Figure 15: MSK1 protein complex contains lysine acetyltransferase (KAT) activity. Low
stringency MSK1 IP was performed from HEK293 cefldte. Each of the IP samples (with and
without MSK1 antibody) and the +ve control (1.0 ofgcell lysate) were incubated with 0.25 iCi

3

H-labeled acetyl-CoA and 10 ig of total histonepamation from mature avian erythrocytes.
Negative control included the MSK1 IP sample thaswcubated at 100°C for 10 minutes prior
to the KAT assay. Radioactivity (KAT activity) waseasured with scintillation counting. n = 3.

To investigate if the KAT activity present withilmg MSK1 complex exhibits any
substrate specificity, the total histone preparatwas resolved via the HPLC C18
column to purify individual histone proteins (Figut6). The KAT assay was performed
with immunoprecipitated MSK1 complex from HEK293lIchsates and individual
histones, H2A, H2B, H3 and H4 as substrates inptiesence ofH-acetyl-CoA. Figure
17 shows that MSK1l-associated KAT activity does ea&hibit histone specificity,

suggesting the presence of more than just PCARmitlie MSK1 complex.
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Figure 16: Reverse-phase HPL C purification of individual histone proteins.

Chromatogram and Coomassie-stained gel from redigrisase HPLC (RP-HPLC) separation of
histones. Histones from a mature avian erythrotyt histone preparation were separated on a
C8 reversed-phase column in a d@¥acetonitrile gradient. The chromatogram shows the
retention of proteins on the column over the cowfkthe acetonitrile gradient program. Peak
fractions were lyophilized and a small sample afhege-dissolved fraction was run on an SDS—
polyacrylamide gel electrophoresis (SDS-15%-PAGH)agpd Coomassie stained.
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Figure 17: M SK1-associated KAT activity has broad histone substrate specificity.

Low stringency MSK1 IP was performed from cyclingk293 cell lysate (TCE). Each of the IP
samples (with and without MSK1 antibody) and the €entrol (1.0 mg of HEK293 cell lysate)
were incubated with 0.2pCi *H-labeled acetyl-CoA and 10g of individual histones (H2B,
H2A, H3 and H4). Individual histones were obtainea C18 reverse-phase HPLC separation
from mature avian erythrocyte total histone prepana. Radioactivity (KAT activity) was
measured with scintillation counting. n = 3.

To test for the presence of other KATs, such as /GBFD, a specific inhibitor of
CBP/p300, curcumin (Marcu et al., 2006) was usefdré&treat the immunoprecipitated
MSK1 complex prior to performing the KAT assay. liig 18 shows that in the presence
of curcumin, KAT activity within the immunopreciptied MSK1 complex was markedly
decreased, suggesting the presence of CBP/p30hhign MSK1 complex. As negative
controls for all of the KAT assays, immunoprecipdas without antibody were carried

out and the resultintH incorporation was monitored.
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Figure 18: M SK 1-associated KAT activity isinhibited with curcumin. Low
stringency MSK1 IP was performed from cycling HER2€ell lysates. Each of the IP samples
(with and without MSK1 antibody) and the +ve cohtfb.0 mg of HEK293 cell lysate) were

incubated with 0.25 ‘|(:3H-Iabeled acetyl-CoA and 10 ig of total histoneparation from mature
avian erythrocytes at 37°C for 1 hour. Curcumin (8@) was added to the samples (grey

columns) for 30 minutes at 37°C prior to the additdf 3H-Iabeled acetyl-CoA. Radioactivity
(KAT activity) was measured with scintillation cding. n = 3.

4.6 14-3-3-mediated M SK 1 interactions with chromatin remodelers

Results from HEK293 co-immunoprecipitations indgécahat MSK1 associates
with 14-3-3 proteins (Figures 13 and 14). Previpudl has been shown that RAS-
MAPK-induced H3 phosphorylation and 14-8-%ere targeted to promoter regions of IE
genes in 10T1/2 cells (Macdonald et al., 2005), reHel-3-3 isoforms, such as 14-8-3
and 14-3-8 may bind this phospho-H3 mark (Walter et al., 20@nce 14-3-3 proteins
exist as homo- or heterodimers, it is possible 14aB-3 dimers act as scaffolds to anchor

proteins at the promoter of IE genes once the phéthmodifications is bound by 14-3-
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3 (Bridges and Moorhead, 2004). One of the 14-3&s swvould bind to H3S10ph or
H3S28ph, while the other site could bind to a congm within the nucleosome-
remodeling complex. To test this scenario in 10TERs, co-immunoprecipitations with

MSK1, 14-3-% and BRG1 were performed. Figure 19 shows that B&®1 and 14-3-

3¢ were present in the MSK1 immunoprecipitate fro0@1/2 cell lysate.
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Figure 19: M SK 1 associates with 14-3-3 proteinsand BRGL1 in parental mouse fibroblasts.

A) Aliquots of 500 pg 10T1/2 cell lysate were inctdgshwith anti-14-3-8, MSK1 and BRG1
antibodies. The whole “Bound” and “Non-specifications and equivalent volumes of “Cell
Lysate Input” and “Un-bound” fractions, corresparglto 25 pg of cell lysate, were resolved on
SDS-10%-PAGE and immunoblotted with indicated andibs.B) 1 mg of cell lysate prepared
from TPA-stimulated (30 minutes) 10T1/2 cells thaere crosslinked with DTBP, was
sequentially incubated with anti-MSK1 and anti-BR&ttibodies. The corresponding fractions
were resolved on SDS-10%-PAGE and immunoblottet imdicated antibodies.

Reciprocally, BRG1 antibodies were able to co-imoprecipitate MSK1 and 14-3£3
Further, 14-3-8 IP fractions contained MSK1 and BRG1. Thus, 14£3s3associated

with MSK1 and BRG1 in 10T1/2 cells. To investigatea ternary complex is formed
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between MSK1, 14-343and BRG1, DSP-cross-linked TPA-stimulated (30 mi@}1/2
cell lysate was subjected to sequential immunopittions, first with antibodies against
MSK1, and second with antibodies against BRG1. fleidl®B shows that BRG1 was
sequentially co-immunoprecipitated with MSK1 and3t8(, suggesting that these three
proteins are within the same multi-protein compl&kerefore, in response to RAS-
MAPK signaling, MSK1 may be recruited to regulatoegions of IE genes, along with
transcription factors and chromatin modifying/reralimy enzymes to initiate
transcriptional activation.
4.7 RAS-MAPK-induced MSK 1 recruitment and H3 modifications at the regulatory
regions of | E genesin parental and Hras-transfor med mouse fibroblasts

Treatment of quiescent 10T1/2 cells with the phbdster TPA initiates the RAS-
MAPK signaling pathway and triggers the downstremt8K-mediated nucleosomal
response, which is associated with gene activat8mloaga et al., 2003). Among the
genes that are induced by RAS-MAPK signaling aoséhcoding for IE genes, such as
cyclooxygenase-20ox-2) and members of the AP-1 family of transcriptiaetbrs Fos,
Jun, FOS-like antigen 1Hpsl1), also known as FOS-related antigenFtafl)], all of
which have roles in tumorigenesis and synapticaigg (Verde et al., 2007; Yang and
Chen, 2008). Figure 20 shows the genomic strucua regulatory regions of murine

Jun, Cox-2 andFosl1 genes.
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Figure 20: Genomic structures of murine Jun, Cox-2 and Fosl1 genes.

The black bars underneath the gene maps indicgtense amplified in the ChIP assays. Each
region is labeled according to the 5’position of florward primer relative to the transcription
start site. The exons are represented by boxesttendbinding sites of relevant transcription
factors located in the amplified regions are digpth Abbreviations are: CTF, CCAAT-box-
binding protein (also known as NF1, nuclear fadtyr CRE, cyclic-AMP responsive element;
EBS, Ets binding site; GC, GC box which is a birgdaite for the Sp family transcription factors;
TRE, TPA-responsive element; SRE, serum- resporgerment. AP-1 constitutes a combination
of dimers formed of members of the JUN, FOS and Aamilies of transcription factors.
*Potential protein binding sites. Gene maps aremagtale.

Mouse fibroblast 10T1/2 and Ciras-3 cell lines wstienulated with TPA for 0, 15 and
30 minutes, and the distribution of MSK1 along tbgulatory and coding regions of the
three IE genes was determined, using a high resol@hlIP assay. In this assay the
nuclei isolated from formaldehyde-crosslinked cellsre digested with micrococcal
nuclease (MNase), such that the chromatin fragmemse processed down to

mononucleosomal length (Figure 21).
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Figure 21: The MNase-generated chromatin fragments are predominantly
mononucleosomal.

After heat reversal of crosslinks, purified DNA fmoMNase-treated 10T1/2 and Ciras-3
inputs were run on a 1.8% agarose TBE gel for coisqa

The regions chosen for real time PCR analysis asplajed in Figure 20. MSK1
association in 10T1/2 and Ciras-3 cells occurrethiwil5 and 30 minutes of TPA
treatment with both upstream regionsJoh; the 5’ distal region (-711) containing a
putative binding site for the ELK-1 transcripticecfor and the 5’ proximal region (-146)
with binding sites for several transcription fastoncluding JUN (Figure 22). There was
no significant TPA-induced association of MSK1 witie Jun coding regions (+129,
+1115 and +2953). Also, Figure 22 shows that 15 3ddninute TPA stimulation of
10T1/2 and Ciras-3 cells increased the binding &Kl to the 5’ distal (-493) and 5’

proximal (-111) upstream regions of t@ex-2 gene, but not to its coding regions (+903,

+1982 and +4255).
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Figure 22: TPA-induced MSK1 recruitment at the Jun, Cox-2 and Fod1 regulatory regions

in parental and Hras-transformed mouse fibroblasts.

ChIP experiments were performed using antibodiesnag MSK1 on formaldehyde-crosslinked
mononucleosomes prepared from serum-starved 1@ Ziras-3 cells treated with TPA for 0O,
15 and 30 min. Equal amounts of input and immuncipiated DNA were quantified by real-
time quantitative PCR. The enrichment values ohesarjuence in ChlP DNA samples relative to
input DNA were calculated as described in Matergéadld Methods, and were normalized to time
0 values. Enrichment values are the mean of threependent experiments, and the error bars
represent the standard deviation.

Furthermore, TPA treatment of 10T1/2 and Ciras-Bscacreased the occupancy of
MSK1 after 15 and 30 minutes on thiiéesl1 gene regions: the 5’ distal region (-1113)
containing a putative binding site for C/EBPb pmot¢he 5 proximal region (-187) with
multiple responsive elements, and the region (+8&%ted in intron 1 which contains an
AP-1 binding site (Figure 20). The TPA-induced MSkihding at the regulatory regions
of IE genes was strongest at 30 minutes. Thereforesponse to RAS-MAPK signaling,

MSK1 is recruited to the regulatory regions of Engs in parental artdras-transformed

mouse fibroblast cell lines. The recruitment of MIS¥ specific regulatory regions of



responsive genes is most likely mediated by pddrduanscription factors, such as Elk-
1, NFkB and AP-1 (Espino et al., 2006; Vermeulen et241Q3; Zhang et al., 2008).
Various H3 modifications have been reported to oauthe nucleosomes of
inducible genes (Cerutti and Casas-Mollano, 2088)vever, distribution of phospho-H3
along IE genes responding to RAS-MAPK signaling hasbeen elucidated. Since the
RAS-MAPK-activated MSK1 targets S10 and S28 wittiia N-terminal domain of H3,
antibodies against H3S10ph and H3S28ph were used imtmunoprecipitate
formaldehyde-crosslinked mononucleosomes from sestarved 10T1/2 and Ciras-3
cells treated with TPA for 0, 15 and 30 minutes.s&en in Figure 23A, the levels of
H3S10ph and H3S28ph at the regulatory regiondunf Cox-2 andFosl1 increase with
the TPA time-course, peaking at 30 minutes in 1RT&Il line. The same trend was
observed for Ciras-3 cells (Figure 23B). FurtheiguFe 23 demonstrates that the
distribution of H3S10ph and H3S28ph along upstré@megulatory regions and in the
first Fodl intron mirrors that of MSK1, suggesting that thgsgospho-H3 marks
contribute to promoter remodeling and transcriglanitiation, but not elongation. On
the other hand, distribution of H3 acetylation (FH@KKl14ac) extended from the
regulatory regions of IE genes into the coding argj although with progressively

decreasing levels (Figure 24A).
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Figure 23: TPA-induced phosphorylation of H3 at SetO0 and Ser28 at the regulatory
regions ofJun, Cox-2 and Fodl1 in parental and Hras-transformed mouse fibroblasts.

ChiIP experiments were performed using antibodieainay H3S10ph and H3S28ph on
formaldehyde-crosslinked mononucleosomes prepaoad $erum-starved 10T1/A) and Ciras-

3 (B) cells treated with TPA for 0, 15 and 30 min. Ehment values, obtained as described in
Figure 22 are the mean of three independent expatsn and the error bars represent the
standard deviation.
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Figure 24: TPA-induced H3 acetylation and methylatbn alongJun, Cox-2 and Fosl1 genes

in parental and Hras-transformed mouse fibroblasts.

ChIP experiments were performed using antibodiainagH3K9acK14acX) and H3K4me3 )

on formaldehyde-crosslinked mononucleosomes prdgesen serum-starved 10T1/2 and Ciras-3
cells treated with TPA for 0, 15 and 30 min. Ennent values, obtained as described in Figure
22 are the mean of three independent experiments,tlee error bars represent the standard
deviation.

Trimethylation of H3K4 is a hallmark of transcriptial activation (Ruthenburg et al.,
2007). Therefore, ChIP experiments with antibodiased against H3K4me3 were

performed in order to investigate the transcripicstate of IE genes in response to RAS-



MAPK signaling. Figure 24B shows that H3K4me3 lsvigicreased in response to TPA
at the regulatory regions dfin, Cox-2 andFosl1 in parental andiras-transformed cells.
It is noteworthy to mention that the basal levehé& 0) of H4K4me3 at the regulatory
regions of IE genes was higher than that of oth@mtbdifications, such as H3S10ph,
H3S28ph or H3K9acK14ac, in both 10T1/2 and Ciraels.
4.8 Recruitment of phospho-H3 binding proteins and chromatin
remodeling/modifying enzymes to regulatory regionf IE genes in response to
RAS-MAPK signaling

Since 14-3-3 isoforms act as effectors of H3 phosgation at inducible genes
(Macdonald et al., 2005), ChIP assays were perfdrtoedetermine the distribution of
14-3-3 isoforms g and() alongJun, Cox-2 andFosl1 genes in TPA-treated 10T1/2 and
Ciras-3 cells. Upon TPA-stimulation of serum-s&ahd10T1/2 and Ciras-3 cells, 14-8-3
and 14-3-3 associated with the same regulatory regiondunf Cox-2 andFos1 as did
H3S10ph and H3S28ph (Figure 25). Furthermore, racemt of the SWI/SNF2 ATPase,
BRG1 and the H3 KAT, PCAF increased in respons@R@& stimulation at the same
regulatory regions (Figure 26A/B). In the casehdd €ox-2 gene in 10T1/2 cells, BRG1
and PCAF, to a lesser extent, associated with thaistal regions (-493) upon TPA
stimulation, while the TPA-induced binding of BR@/dth the 5’ proximal region (-111)
was weaker, and TPA-induced association of PCAF wagligible (Figure 26).
However, TPA-induced H3 acetylation was observedah of theCox-2 regulatory

regions (-493 and -111) as seen in Figure 24A.
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Figure 25: TPA-induced recruitment of 14-3-3 proteis to regulatory regions ofJun, Cox-2
and Fod1 in parental and Hras-transformed mouse fibroblasts.

ChlP experiments were performed using antibodieginay 14-3-8 and 14-3-2 on
formaldehyde-crosslinked mononucleosomes prepaoad $erum-starved 10T1/A) and Ciras-
3 (B) cells treated with TPA for 0, 15 and 30 minutes.3.
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Figure 26: TPA-induced recruitment of chromatin remodelers/modifiers to regulatory
regions ofJun, Cox-2 and Fodl1 in parental and Hras-transformed mouse fibroblasts.

ChIP experiments were performed using antibodiesnag BRG1 and PCAF on formaldehyde-
crosslinked mononucleosomes prepared from seruwestal0T1/2 A) and Ciras-3 B) cells
treated with TPA for 0, 15 and 30 min. Enrichmealues, obtained as described in Figure 22 are
the mean of three independent experiments, anertbebars represent the standard deviation.
4.9 RAS-MAPK-induced formation of multi-protein complexes at the promoter

regions of IE genes

Figure 19 shows that a ternary complex between MSKI-3-Z and BRG1
forms in response to RAS-MAPK signaling. To deterenif these interactions occur at
the nucleosomes of IE gene promoters, re-ChIP assaye performed. Formaldehyde-
crosslinked mononucleosomes from serum-starved3@ndhinute TPA-treated 10T1/2

cells were subjected to the ChIP procedure with MSitibodies and the resulting



eluted MSK1-bound ChIP fragments were again immuempitated with antibodies
against H3S10ph. Figure 27 shows that the MSK1-98BTe-ChIP assay resulted in a
marked increase in DNA precipitation dfin, Cox-2 and Fosl1 proximal-promoter
regulatory regions, validating the fidelity of tle-ChIP assay. On the contrary, the
H3S10ph-H3S28ph re-ChlIP assay did not vyield anynistgnt TPA-induced
immunoprecipitation of the proximal-promoter reggddnomJun, Cox-2 andFosl1 genes
(Figure 27). These observations demonstrate thmin arPA stimulation, MSK1 and
H3S10ph are found on the same proximal IE genelaggy regions, while H3S10ph
and H3S28ph marks are not localized together ahtisieeosomes of proximal-promoter
IE gene regions. In order to investigate the foromabf multi-protein complexes at the
regulatory regions of inducible IE genes, re-Ch#Bags were performed with MSK1
antibodies, followed by sequential immunoprecipitas with antibodies against 14-3;3
BRG1 and PCAF. Figure 27 shows that 30 minute THEAuwation of 10T1/2 cells
increases co-occupancy of MSK1 with 14@3-BRG1 and PCAF. Also, simultaneous
occupancy of 14-343and BRG1 at the proximal regulatory regionsof, Cox-2 and
Fod1l increases in response to TPA (Figure 27). Moreosiece 14-3-3 isoforms can
form homo- or heterodimers, re-ChIP assays werpeed with antibodies against 14-
3-3¢, followed by sequential immunoprecipitations wit#h-3-F antibodies to determine
if both of the 14-3-3 isoforms occupy the same l&iguy regions of IE genes. Figure 27
demonstrates the TPA-induced increase in co-ocaypahl14-3- and 14-3-8 at the
proximal-promoter regions afun and Fosl1l genes, but not for th€ox-2 gene. Thus,
these observations suggest that the 14-3-3 heteendtomposition at the regulatory

regions may be gene specific.
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Figure 27: TPA-induced co-occupancy of MSK1, 14-3-3proteins and chromatin
remodelers/modifiers at the proximal regulatory regons of Jun, Cox-2 and Fosl 1.

Re-ChlIP experiments were performed on formaldeltydsslinked mononucleosomes prepared
from serum-starved 10T1/2 cells treated with TPAG@nd 30 min. The antibodies were used as
indicated. Enrichment values, obtained as descrilbedrigure 22, are the mean of three
independent experiments, and the error bars raprédse standard deviation.

4.10 The effect of MSK1 inhibition on IE gene traneriptional induction in response
to RAS-MAPK signaling

MSK1 is selectively inhibited by H89 at a concentia of 10puM. H89-mediated
inhibition of MSK activity also abolishes the nust®mal response (Thomson et al.,
1999). To evaluate the effect of MSK1 inhibition the expression ajun, Cox-2 and
Fod1in response to RAS-MAPK signaling, serum-starv@@d¥2 and Ciras-3 cells were
pre-treated with H89 prior to TPA treatment. Figl#8A shows the TPA-induced
expression ofun, Cox-2 andFosl1 in 10T1/2 and Ciras-3 cells. The inductionCuix-2
andFosl1l genes was more pronounced in 10T1/2 cells. Ibteworthy to mention that
the expression level dfox-2 andFosl1 was higher at time 0 in Ciras-3, which might
reflect the more pronounced induction of these g@pnes in 10T1/2 cells. Further, in the

presence of H89, the TPA-induced IE gene expressias abolished in both cell lines



(Figure 28A). Since H89 is able to inhibit anotlpetential H3 kinase, protein kinase A
(PKA) in vitro (Davies et al., 2000), the effects of a speciHnhibitor (Rp-cAMP)
on the induction of IE genes was analyzed by exygpserum-starved 10T1/2 cells to Rp-
CAMP prior to TPA stimulation. Figure 28B showstthiae exposure of quiescent 10T1/2
cells to Rp-cAMP did not affect the TPA-inducedngaription ofJun, Cox-2 andFosl1,
demonstrating that the effects of H89 were duen®inhibition of MSK. Furthermore,
TPA treatment of serum-starved 10T1/2 and Ciragi& encreased the association of
RNA polymerase Il phosphorylated at serine 5 (RNA%ph) at the promoter regions of
Jun, Cox-2 and Fosll, whereas in the presence of H89, TPA-induced RNASph
association with the promoter regions of IE genes weverely reduced (Figure 29).
RNAPII S5ph is an initiation-engaged form of RNARXie et al., 2006); therefore, these
ChIP results imply that the formation of an initet complex at the 5’ end of IE genes
requires a chromatin remodeling event that is ddgen on the MSK-mediated
nucleosomal response. Treatment of 10T1/2 and -Gireslls with H89 prior to the

addition of TPA did not reduce total levels of RNAB5ph (Figure 30).
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Figure 28: H89 inhibits the TPA-induced expressionof Jun, Cox-2 and Fosll genes in
parental and Hras-transformed mouse fibroblasts.

A) Serum-starved 10T1/2 cells and Ciras-3 were @at¢d or not with H89 prior to TPA
stimulation for 0, 15 or 30 min. Total RNA was iat@d and quantified by real time RT-PCR.
Fold change values were normalized to GAPDH lewagid time O values. n = B) Serum-
starved 10T1/2 cells were pre-treated or not wiphkcRMP prior to TPA stimulation for 0, 15 or
30 min. Fold change values were normalized to GAR®Is and time 0 values. n = 3, error
bars represent the standard deviation.
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Figure 29: H89 reduces the levels of TPA-induced RAPII S5ph at proximal promoters of

Jun, Cox-2 and Fod 1 in parental and Hras-transformed mouse fibroblasts.

10T1/2 and Ciras-3 formaldehyde-crosslinked montmusomes were prepared and used in ChIP
assays with anti-RNAPII S5ph antibodies. Equal am®wof input and immunoprecipitated DNA
were quantified by real-time quantitative PCR. Ehment values are the mean of three
independent experiments and the error bars regrédsertandard deviation.
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Figure 30: H89 has no effect on the levels of RNAPE5ph in 10T1/2 and Ciras-3 cells.

Cell extracts (20 ug) isolated from TPA-treated 1/2ZTand Ciras-3 cells treated or not with H89
were resolved on a SDS-10% polyacrylamide gel, sfeared to a membrane and
immunochemically stained with anti-RNAPII S5ph andif3-actin antibodies.



4.11 The effect of H89 on the recruitment of MSK114-3-3 isoforms, chromatin
remodelers/modifiers, the resulting H3 modificatiors and transcription factors at
the regulatory regions of IE genes

In order to evaluate the consequence of MSK1 itibibion the initiation of
promoter remodeling at inducible IE genes, ChIPagsswere performed with
formaldehyde-crosslinked lysates from 10T1/2 anth$:B cells that were pre-treated
with H89. Figures 31 and 32 show that H89 abolishBd-induced MSK1 recruitment
and the ensuing H3S10ph and H3S28ph levels atrthenpal 5’ regions oflun (-146),
Cox-2 (-111) andFodl (-187) in 10T1/2 and Ciras-3 cells. CorrespondingiPA-
induced binding of 14-3€3 14-3-3, BRG1 and PCAF at the same 5’ regulatory regions
of the three IE genes was severely reduced in bethlines (Figures 31 and 32).
Furthermore, TPA-induced H3 acetylation and metiytelevels were markedly reduced
at the proximal-promoter regions aén (-146), Cox-2 (-111) andFosl1 (-187) in the
presence of H89 (Figures 31, 32 and 33). The remucif TPA-induced H3 acetylation
and methylation by H89 was more severdinas-transformed Ciras-3 cells (Figure 33).
The analysis of the immunoprecipitated DNA for Bielistal regulatory regions din
(-711), Cox-2 (-493) and Fodl (-1113) demonstrated that TPA-induced MSK1
recruitment, H3 phosphoacetylation and binding #4313, 14-3-3, BRG1 and PCAF
were similarly affected at these upstream regiohshe three IE genes by H89 pre-
treatment of 10T1/2 and Ciras-3 cells (Figures3d 35). The lack of MSK1 recruitment
to the promoter regions of IE genes following H86tpeatment of cells suggests that the
recruitment of MSK1 is dependent on its kinasevégtiwhich is required to activate the

complex such that it is recruited to the IE genenpster regions. An alternative



explanation could be that H89 interferes with tlenfation of the MSK1-14-3-3-
SWI/SNF complex. To explore this latter possibjlitye tested the ability of anti-MSK1
antibodies to co-immunoprecipitate 14-3& BRG1 when quiescent 10T1/2 cells were
exposed to H89 prior to TPA treatment. Figure 3dwshthat BRG1 and 14-3:3ormed
complexes with MSK1 in 10T1/2 cells pre-treatedwt89 and TPA-stimulated for O or
30 min. Thus, H89 did not prevent the formationMBK1 complexes, and its negative
effect on promoter region remodeling and IE gerguation is most likely due to the

inhibition of MSK1 kinase activity.
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Figure 31: H89 inhibits TPA-induced nucleosomal rgsonse and chromatin
remodeler/modifier recruitment to 5’ proximal regulatory regions of Jun, Cox-2 and Fosl1

in parental mouse fibroblasts.

Serum-starved 10T1/2 cells were pre-treated ommibt H89 prior to TPA stimulation for 0, 15
or 30 min. Formaldehyde crosslinked mononucleosonere prepared and used in ChIP assays
with antibodies against MSK1, H3S10ph, H3S28ph,34%; 14-3-, BRG1, PCAF or
H3K9acK14ac. Enrichment values, obtained as destrib Figure 22 are the mean of three
independent experiments, and the error bars regréeestandard deviation.
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Figure 32: H89 inhibits TPA-induced nucleosomal rgsonse and chromatin
remodeler/modifier recruitment to 5’ proximal regulatory regions of Jun, Cox-2 and Fosl1

in Hras-transformed mouse fibroblasts

Serum-starved Ciras-3 cells were pre-treated omvitht H89 prior to TPA stimulation for 0, 15
or 30 min. Formaldehyde crosslinked mononucleosonee prepared and used in ChlP assays
with antibodies against MSK1, H3S10ph, H3S28ph,34%; 14-3-F, BRG1, PCAF or
H3K9acK14ac. Enrichment values, obtained as destrib Figure 22 are the mean of three
independent experiments, and the error bars raprédse standard deviation.
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Figure 33: H89 reduces TPA-induced H3 methylation taregulatory regions of Jun, Cox-2
and Fod1 in parental and Hras-transformed mouse fibroblasts.

Serum-starved 10T1/Aj and Ciras-3B) cells were pre-treated or not with H89 prior tBAT
stimulation for 0, 15 or 30 min. Formaldehyde clio&ed mononucleosomes were prepared and
used in ChIP assays with anti-H3K4me3 antibodiesicBment values, obtained as described in
Figure 22 are the mean of three independent expatsn and the error bars represent the
standard deviation.
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Figure 34: H89 inhibits TPA-induced nucleosomal rgsonse and chromatin
remodeler/modifier recruitment to 5’ distal regulatory regions of Jun, Cox-2 and Fosl1 in
parental mouse fibroblasts.

Serum-starved 10T1/2 cells were pre-treated omvitbt H89 prior to TPA stimulation for 0, 15
or 30 min. Formaldehyde crosslinked mononucleosonere prepared and used in ChIP assays
with antibodies against MSK1, H3S10ph, H3S28ph,34%; 14-3-F, BRG1, PCAF or
H3K9acK14ac. Enrichment values, obtained as desdrib Figure 22 are the mean of three
independent experiments, and the error bars regrésestandard deviation.
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Figure 35: HB89 inhibits TPA-induced nucleosomal rgsonse and chromatin
remodeler/modifier recruitment to 5’ distal regulatory regions of Jun, Cox-2 and Fosl1 in
Hras-transformed mouse fibroblasts.

Serum-starved Ciras-3 cells were pre-treated omvitht H89 prior to TPA stimulation for 0, 15
or 30 min. Formaldehyde crosslinked mononucleosonee prepared and used in ChlP assays
with antibodies against MSK1, H3S10ph, H3S28ph,341%; 14-3-, BRG1, PCAF or
H3K9acK14ac. Enrichment values, obtained as destrib Figure 22 are the mean of three
independent experiments, and the error bars raprédse standard deviation.

The AP-1 transcription factor, a homo- or heteraglimonsisting of proteins belonging to
JUN, FOS (including FRA) and ATF families, is invet in the regulation of IE genes,

including genes coding for its components. The TiRduiced association of JUN with



the regulatory regions @dtin, Cox-2 andFosl 1 was investigated by ChIP assay. Figure 36
shows that TPA stimulation of serum-starved 10Tdm@ Ciras-3 cells increases JUN
binding at the 5’ proximal, but not distal, regolat regions oflun, Cox-2 andFodl1, as

well as at the regulatory region located in thstfintron ofFosl1 (+989).
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Figure 36: H89 abolishes TPA-induced recruitment ofJUN to regulatory regions of Jun,
Cox-2 and Fosl1 in parental and Hras-transformed mouse fibroblasts.

Serum-starved 10T1/2A} and Ciras-3B) cells were pre-treated or not with H89 prior tBAT
stimulation for 0, 15 or 30 min. Formaldehyde clio&ed mononucleosomes were prepared and
used in ChIP assays with anti-JUN antibodies. Emment values are the mean of three
independent experiments, and the error bars raprédse standard deviation.



These results are in agreement with the mappirighoivn JUN, and AP-1 binding sites
and TPA-responsive element (TRE). Additionally, wheserum-starved 10T1/2 and
Ciras-3 cells were treated with H89 prior to TPAstiation, JUN binding with its DNA
binding sites was abolished for each of the thieeggénes (Figure 36). These results
indicate that the binding of JUN to its cognate DE&quences in the three investigated

IE genes is dependent on the TPA-induced and MSHiated nucleosomal response.

¥ &8
F O QO
« & &\b o N Qo&\ \,&\b
SR N R O
BRGL1IB & — -
MSKLIB wes - 0 -

14-3-T 1B e o= -

0’ TPA 30’ TPA
MSK1 IP (+H89)  MSKL IP (+H89)

Figure 37: H89 has no effect on MSK1 association thiBRG1 and 14-3-%.

Serum-starved 10T1/2 cells were pre-treated omitbt H89 prior to TPA stimulation for 0 or 30
min. Aliquots of 1 mg total cell extract were inatbd with anti-MSK1 antibodies. The whole
“Bound” and “Non-specific” fractions and equivalemblumes of “Input” and “Un-bound”
fractions, corresponding to 3y of total cell extracts were resolved on SDS-108sE and
immunoblotted with indicated antibodies.



4.12 MSK1 regulates TPA-induced expression @dun, Cox-2 and Fosl1

Recent studies have reported the involvement ofKMSn regulation of
immediate-early and NFKB-dependent genes (ArthQ082. Stably transduced parental
andHras-transformed mouse fibroblasts with the MSK1 shR{NASK1 KD) were used
to directly assess the extent of MSKL1 regulatioil BA-induced expression diin, Cox-
2 andFosll. Figure 38 shows that approximately 74% and 90%ckdown of MSK1
were achieved with stable transductions of MSK1MARN 10T1/2 and Ciras-3 cells,

respectively.
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Figure 38: MSK1 knockdown in parental andHras-transformed mouse fibroblasts.

20 pg of control (empty lentiviral vector control) amiSK1 knockdown (MSK1 shRNA, KD)
10T1/2 and Ciras-3 cell lysates were run on SDS-FRGE. Membranes were immunoblotted
with anti-MSK1 and antp-actin antibodies. 74% and 90% of MSK1 knock dowaswbserved
in 10T1/2 and Ciras-3 cells transduced with MSKRNWA, respectively. Percentage of MSK1
knock down was determined by measuring densitometiues from anti-MSK1 controls and
normalizing these values with densitometric valoleanti-actin.

Serum-starved 10T1/2 and Ciras-3 control and MSK1 d€lls were left untreated or
treated with TPA for 30 minutes. Real time PCR wsialwas performed to assess TPA-
induced expression of IE genes in MSK1 knockdowd11P and Ciras-3 cells as
compared to control 10T1/2 and Ciras-3 cells. FegB® shows that TPA induced the

expression oflun, Cox-2 andFosl1 in control 10T1/2 and Ciras-3 cells. On the other



hand, TPA-induced expression adin, Cox-2 and Fos1 was significantly reduced in

10T1/2 and Ciras-3 cells with diminished MSK1 protievels.
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Figure 39: MSK1 knockdown reduces TPA-induced exprgsion ofJun, Cox-2 and Fod1 in
parental and Hras-transformed mouse fibroblasts.

Serum-starved control and MSK1 KD 10T1R)(and Ciras-3B) cells were left untreated or
treated with TPA for 30 minutes. Total RNA was &eld and quantified by real time RT-PCR.
Fold change values were normalized to GAPDH leaetstime 0 values. n = 3.



MSK1 knockdown in parental 10T1/2 cells reduced TRA-induced expression dtin,
Cox-2 andFodl1 by 59%, 66% and 70%, respectively. Furthermoréjrias-transformed
cells, MSK1 knockdown reduced the TPA-induced esgien ofFosll by 67%,Cox-2

by 64% andlun by 58% (Figure 39). These results show that MS&4 d significant role
in mediating the expression of IE genes in respottseRAS-MAPK signaling.
Furthermore, we show that upregulated RAS-MAPK gliguy contributes to increased
protein expression (Figure 40). The upregulationJdN (8-fold), FRA-1 (4-fold) and
COX-2 (6-fold) protein levels, was observed Hras-transformed mouse fibroblasts
(Figure 40). We showed that MSK1 regulates the &sgion of IE genes (Figure 38), and
that MSK1 activity is enhanced inlras-transformed cells; therefore, the observed
increases of JUN, FRA-1 and COX-2 protein levelsoimcogene-transformed cells

complement our data.
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Figure 40: Protein levels of COX-2, FRA-1 and JUN i@ elevated in Hras-transformed
mouse fibroblasts.

A) Cell cycle distribution of 10T1/2 and Ciras-3lsels determined by FACS analysis.

B) 20ug of cell-cycle matched 10T1/2 and Ciras-3 bedates were resolved on SDS-10%-
PAGE. Membranes were immunochemically stained aittrCOX-2, anti-FRA-1, anti-JUN and
antif3-actin antibodies.

In order to determine the consequences of MSK1 kashmen on molecular events that
occur at the nucleosomes of IE genes, we performed high resolution ChIP
experiments on quiescent control and MSK1 knockdta@hl/2 cells that were either not
stimulated or stimulated with TPA for 30 min, usiagtibodies against H3S10ph,
H3S28ph, 14-3-8 14-3-3, BRG1 or JUN. Figure 41A shows that the assoaatiball
these proteins with théun, Cox-2 andFosl1 5’ proximal regulatory regions was reduced
by half in MSK1 knockdown cells compared to contells. A similar reduction in the
association of 14-33and BRGL1 to the three gene proximal regulatoryoresywas

observed in re-ChIP experiments performed on motlensomes from quiescent control



and MSK1 knockdown 10T1/2 cells that were either stonulated or stimulated with
TPA for 30 min (Figure 41B). Thus, MSK1 is required the TPA-induced nucleosomal

response and chromatin remodeling that takes plaitee promoter regions of IE genes.
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Figure 41: MSK1 is required for the TPA-induced nudeosomal response.

ChIP experiments using antibodies against H3S1A8828ph, 14-3-8 14-3-%, BRG1 or JUN

(A) and re-ChlP experiments using antibodies as aelitB) were performed on formaldehyde-
crosslinked mononucleosomes prepared from serumestacontrol and MSK1 knockdown
10T1/2 cells (MSK1 KD) treated with TPA for 30 miBqual amounts of input and ChiIP DNA
were quantified by real-time quantitative PCR. Téwmrichment values of the 5 proximal
sequences qfun (-146),Cox-2 (-111) andFod 1 (-187) genes are the mean of three independent
experiments, and the error bars represent the atdul@viation.






5.0 DISCUSSION

5.1 The activity of MSK1 is upregulated inHras-transformed mouse fibroblasts
Constitutive activation of the RAS-RAF-ERK pathway Hras-transformed
mouse fibroblasts increases the steady-state tévyghosphorylated Ser10 and Ser28 of
H3 (Chadee et al., 1999; Dunn et al.,, 2009). Osulte show that the activity of a
downstream target of this signal transduction pathwhe H3 kinase MSK1, is increased
in the Hras-transformed cells, due to the upregulation of MS&dtivating kinases,
ERK1/2. Furthermore, constitutive activation of tRAS-MAPK pathway did not alter
the protein level of MSK1 or the subcellular distriion of the enzyme. Since the level of
the H3 phosphatase is not alteredHiras-transformed cells (Chadee et al., 1999), the net
result of this constitutively activated pathwayais increase in the steady-state level of
phosphorylated H3. In the kinase assays with H3Hhdnd immunoprecipitated MSK1,
we observed a low level of H4 radiolabeling. Themnas the possibility that
immunoprecipitated MSK1 was associated with anokireaise that phosphorylated H4.
However, it was observed that purified MSK1, wheaubated with H3 and H4, would
also weakly label H4, with H3 being the preferretddrate (Drobic et al., 2004). MSK1
phosphorylates H3 at the site RKS. H4 has the seguRIS47, which may be the site
phosphorylated albeit weakly by MSK1. Because ploigion of the H4 molecule is in the
histone fold, localized to the interior of the reméome, it is likely that H4 Ser4d7 is
inaccessible to MSK1 in chromatin, unless MSK1ssaziated with necessary enzymatic
activities that would further alter the nucleosostricture to allow access to Ser47 of
H4. This phospho-modification of H4 has been dettot vivo (Cosgrove et al., 2004).

However, the steady-state level of H4S47ph in faansed cells is not known. Moreover,
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it could be hypothesized that the levels of thisrddification would also be elevated in
transformed cells that have an upregulated RAS-ERIK:- pathway.

Phosphorylated H3 in cycling Ciras-3 cells and iRAT or EGF-stimulated
10T1/2 mouse fibroblasts is associated with relaotgdmatin regions that are located in
specific nuclear locations (Chadee et al., 199%Yo@atin immunoprecipitation assays
have provided direct evidence that the induced pihoaylated Serl0 of H3 is bound to
the promoter regions of the immediate-early gefes c-Myc, andJun (Chadee et al.,
1999; Cheung et al., 2000; Clayton et al., 2000¢-tReatment of Ciras-3 and 10T12
cells with the potent MSK1 inhibitor H89 reduced mevented the transiently TPA-
induced expression of immediate-early genes suchoasand urokinase plasminogen
activator (PA), suggesting that phosphorylation of H3 contridut® the induced
transcription of these genes (Strelkov and Davi®)22. Similar results were obtained
with MSK1/2 knock out mouse primary embryonic fiblasts (Soloaga et al., 2003). The
elevated activity of MSK1 iHras-transformed cells may be one of several deregiilate
chromatin modifying enzymes that through their@ciof remodeling the chromatin lead
to aberrant expression of genes in the transforceds.

MSK1 is located primarily in the nucleus and toeaser extent in the cytoplasm
of Ciras-3 and 10T1/2 mouse fibroblasts. Our ressiiow that, most, if not all, MSK1 is
extracted from the nuclei with 0.5% Triton X-10huE, the majority of MSK1 is loosely
bound to chromatin and other nuclear substructuféss observation suggests that
MSK1 is not associated with the nuclear matrix,oaatusion that was confirmed by
demonstrating that nuclear matrices did not reMBK1. The sub-nuclear location of

MSK1 is in contrast with other chromatin modifyingnzymes, such as lysine
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acetyltransferases (CBP and PCAF) and histone tdases (HDAC1 and HDAC?2),
which are tightly bound in the nucleus and assediatith the nuclear matrix (Sun et al.,
2001).

Mutations inRAS are found at a high frequency in different typdscancer
including adenocarcinomas of the pancreas, colod,lang (Malumbres and Barbacid,
2003). Additional mutations or over-expression OGFe receptors and HER-2/neu
receptors that signal through RAS to elevate thwigcof the RAS-MAPK pathway are
relatively common in breast cancer (Murphy and M@0I09). Mutations such as those in
the BRAF gene and oncoproteins (e@@SRC) observed in melanoma and breast cancer
also activate the RAS-MAPK pathway (Dhomen and N4ara009). The wide-spread
involvement of the RAS-MAPK pathway in multiple cam sites suggests that the
activation of the H3 kinase MSK1 may be a frequalieration in neoplasia and
considering the enzyme’s role in chromatin remaodglimay be a worthy target for
therapeutic intervention.

5.2 MSK1 associates with transcription factors, phgpho-H3 binding proteins and
chromatin modifying/remodeling enzymes

It is well established that the MSK enzymes areoiwed in regulating the
MAPK-mediated nucleosomal response (Arthur, 2008)wever, the mode of MSK
recruitment to H3 tails within chromatin is not @ty elucidated. Chromatin modifying
and remodeling enzymes are known to associatehiegend be recruited to the same
chromatin regions (Peterson, 2001). We were intedesn deciphering possible
interactions of MSK1 with other chromatin modifyiagd remodeling enzymes. Initially,

we showed that exogenously expressed MSK1 asssaidtie PCAF and BRG1, the two
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enzymes that covalently and physically remodelctiv®omatin, respectively. Further, our
co-immunoprecipitation results showed that endogeMdSK1 associates with these two
enzymes in human (HEK293) and mouse (10T1/2) cétlsfurther experiments, we
demonstrated that MSK1 associates with the trgotsani factor NiKB p65 as previously
reported (Vermeulen et al., 2003), but not withns@&iptional repressor, HDACI.
Interestingly, we are the first to show that MSKdsaciates with 14-3-3 proteins that
recognize and bind H3 tails containing phosphoegaBerl0 or Ser28. An interesting
observation from our co-immunoprecipitations isttRESK1 immunoblotting of BRG1,
NFKkB p65 and 14-3-3 IP fractions revealed an elecwogiit retardation of the MSK1
band, suggesting possible post-translational nmmzatibns of MSK1. Indeed, MSK1 is
known to be phosphorylated on 13 residues in respom MAPK signaling in order to
render the enzyme fully active towards its substgdMcCoy et al., 2007). Further, it has
been shown that in response to EGF and TPA, thecular weight of MSK1 was
electrophoretically shifted (Dyson et al., 200%).mMay be that the MSK1 band-shift,
observed in BRG1, KB p65 and 14-3-3 IP fractions, represents a fullggphorylated
MSK1 protein, implying that only fully activated N&& can associate with these
proteins. On the other hand, MSK1 may be additignadodified via ubiquitination,
SUMOylation or glycosylation. However, other thamopphorylation of MSK1, none of
the other PTMs have been reported.

Immunoblotting of PCAF IP fractions with anti-MSKdntibodies displays the
apparent MSK1 molecular weight, which is in contragh BRG1, NkB p65 and 14-3-
3 IP fractions. This suggests that MSK1 may exishore than one complex; unmodified

MSK1 may be associating with a complex containif@AF, whereas modified MSK1
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enzyme may be interacting with another multi-proteomplex containing either BRG1,
NFkB p65 and/or 14-3-3 proteins. We showed that theKMSomplex is able to
incorporate acetyl groups into core histone prateindicating the presence of KATs
other than PCAF within the immunoprecipitated MStGnplex. Indeed, we show that a
specific CBP/p300 inhibitor, curcumin, compromisies KAT activity within the MSK1
complex. Furthermore, previous studies have shdwah MSK1 directly interacts with
CBP/p300 (Janknecht, 2003). Therefore, it is coratde that MSK1 interacts with a
number of different KATs in order to mediate spiedifinctions.

Our low-stringency co-immunoprecipitations do nascdminate the nature of
MSK1’'s association with the above-mentioned praeifhe interactions of the H3
kinase with other proteins may be direct or indirdbrough another neighbouring
complex. However, our sequential co-immunopredijoita results from TPA-treated
10T1/2 cells that were pre-treated with a proteipttotein crosslinker, DTBP, show that
MSK1 is within a ternary complex that contains BR&1 the 14-3-@isoform.

Thus, our results suggest that MSK1 may be rectutie chromatin via
association with transcription factors and/or enegrthat modify/remodel the chromatin.
Once MSK1 is recruited to a specific chromatin tmrg phosphorylation of H3S10 or
H3S28 would take place. The 14-3-3 isoforms caongsize this phospho-H3 mark and
bind the H3 tails. We favor the model that the bagdof 14-3-3 proteins to
H3S10ph/S28ph may recruit other co-activators oromatin remodelers that are
required for transcriptional gene activation. Theding of 14-3-3 isoforms to phospho-
H3 marks may stabilize the recruited complex at tioeleosome; therefore, 14-3-3

isoforms could function as scaffolds. Since 1443@&eins bind their targets as homo- or
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heterodimers, one 14-3-3 isoform could bind thesphorylated H3 tail while the other
isoform may bind a subunit within a chromatin remloty complex, tethering the
recruited enzymatic activities at the nucleosoma. €-immunoprecipitation results also
suggest that MSK1 has a role in the transcripti@céivation of genes, due to association
of MSK1 with transcriptional factors (B p65) and enzymatic activities (PCAF and
BRG1) that have been reported to enhance trangerghtgene activation (Berger, 2007;
Vermeulen et al., 2003). Indeed, MSK1 knock oudmss have revealed that MSK1
regulates a number of immediate-early an&kBHeependent genes (Arthur, 2008).
5.3 TPA-induced MSK1 recruitment is crucial for esablishment of H3
modifications at regulatory regions of immediate-edy genes

ChIP assays have demonstrated that both the EGHRA&+1induced H3S10ph and
the TPA-induced H3S28ph are associated with thenpter regions of IE genes, such as
Fos, Jun andc-Myc (Chadee et al., 1999; Cheung et al., 2000; Clagtal., 2000; Dunn
et al., 2009). Inhibition of MEK activity with UOB2prevented TPA-induced expression
of these genes. Further, pre-treatment of cells MESK inhibitor, H89, prevented the
TPA-induced H3S10ph and H3S28ph and attenuatedelte gexpression but did not
diminish ERK phosphorylation (Strelkov and Davi®02; Thomson et al., 1999). Also,
various studies have shown that an increase istdaly state of acetylated H3 is bound
to transcribed chromatin alun and Fos after stimulation of the MAPK signaling
pathway (Cheung et al., 2000; Thomson et al., 1988th the use of a high resolution
ChIP assay, which provides resolution at the nwdewl level (Edmunds and
Mahadevan, 2004; Edmunds et al., 2008), we fouadTRA triggers MSK1 recruitment

to the upstream regulatory regionsJah, Cox-2 andFosl1, followed by phosphorylation
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of H3 at S10 or S28 at the nucleosomes of the d&ngene regions. For the first time,
we demonstrated that MSK1 and the ensuing H3S10phH8S28ph are confined to
nucleosomes located in the promoter regionsJwf, Cox-2 and Fod1l. Thus, the
distribution of H3S10ph and H3S28ph is similar battof the active mark, H3K4me3
(Shilatifard, 2006). We also showed that TPA treaitmof parental andHras-
transformed mouse fibroblasts caused an increasheinlevels of H3K4me3 at the
promoter nucleosomes of IE genes. On the other,HéBdcetylation levels increased in
response to TPA at the promoter regions of IE gelmaisalso extended further into the
coding regions, albeit with progressively decregdevels. Therefore, TPA-induced H3
acetylation was detectable throughout the IE gewbgreas H3 phosphorylation only
localized at the 5’ end of these genes. This suggiémt the TPA-induced MSK1
establishment of the H3 phosphorylation mark atpteximal regulatory IE gene regions
is involved in promoter remodeling that may be regplifor initiation of transcription.
Indeed, previous studies have shown that TPA-indiké® phosphorylated at serine 10
and 28 were co-localized with the transcriptionatiyiated form of RNA polymerase I
in parental andHras-transformed mouse fibroblasts (Dunn et al., 20@®). the other
hand, H3 acetylation has been implicated in trapSonal initiation as well as
elongation (Choi and Howe, 2009), and our resuligpert this, as TPA-induced H3
acetylation is present at the IE gene promotersyekas throughout the gene coding
regions.

Additionally, we showed that pre-treatment of cellgh MSK inhibitor, H89
abolished recruitment of MSK1 to the regulatoryioeg of Jun, Cox-2 and Fosl1,

suggesting that the activity of MSK1 may be an ingat feature for recruitment to
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specific chromatin locations. As expected, we shibwaat H89 prevents TPA-induced
H3S10ph and H3S28ph at the regulatory regiongduof Cox-2 and Fosll. Previous
studies have shown that H89 compromises IE geneessipn (Strelkov and Davie,
2002), implicating MSK-mediated H3 phosphorylationthe expression of these genes.
Further, we showed that H89 affects H3 acetylaiad methylation at the regulatory
regions of IE genes. These two H3 modifications endaeen implicated in the
transcriptional activation of numerous genes (Kowes, 2007). Therefore, MSK may
directly or indirectly mediate recruitment of KABd KHMTases to promoters of IE
genes. Interestingly, we show that H3 acetylatind methylation at the regulatory IE
gene regions was affected more severely by H89ras-transformed mouse fibroblasts
than in parental mouse fibroblasts. Oncogene-toamsfd cells with upregulated RAS-
MAPK signaling are more sensitive to H89 inhibitiohTPA-induced expression of IE
genes (Strelkov and Davie, 2002). We showed th& ki a more profound effect on
the levels of H3K9acK14ac and H3K4me3 at the reguyaregions of IE genes idras-
transformed cells; therefore, collective abolishinehTPA-induced H3 modifications,
including H3 phosphorylation, acetylation and médtign, at the regulatory IE gene
regions, might explain why H89 is a more potentbithr of IE gene expression when
compared to parental cells. Since oncogene-tramsidr cells are “addicted” to
upregulated RAS-MAPK signaling, the role of MSKrilaying the signal may be more
profound in the transformed cells.

With our ChIP assays, we showed that MSK1 is exodlg recruited to
nucleosomes of the regulatory IE gene regions apaese to RAS-MAPK signaling,

where the H3 kinase phosphorylates H3 at S10 aBd B existing question is whether
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the two phospho-H3 marks exist on the same H3 Radvious studies have shown that
inducible phosphorylation H3S10 or S28 is indepetigig¢argeted within the nucleus of
mouse fibroblasts (Dunn et al., 2005; Dyson et28Q5). We are the first to show that
TPA-induced phosphorylation of H3 at S10 and S2@&sdaot occur on the same
nucleosome at the proximal-promoter regionslwf, Cox-2 andFosl1. In our ReChIP
experiments, we showed that TPA does not indudgrafisant co-existence of the two
phospho-H3 marks on the same H3 tail, suggestingt tMSK preferentially
phosphorylates one of these two serine residuesver& scenarios may explain this
observation. It is conceivable that a pre-existigjone H3 tail, as well as other histone
tail modifications, may determine which of the twserines is available for
phosphorylation. For example, the existence of H&k2hylation provides a tag for HP1
protein binding (Fischer et al., 2009) and may vdelH3S10 and make the S28 residue
more available for phosphorylation at the time ob#recruitment. Also, pre-existing
H3K9 or H3K14 acetylation events may influence H@Sihosphorylation (Clayton et
al., 2006). On the other hand, H3K27 methylationacetylation act as platforms for
specific protein binding and may occlude H3S28 phosylation (Hansen et al., 2008;
Tie et al., 2009). Furthermore, H3P31 isomerizatray influence the ability of MSK to
phosphorylate H3S28 (Nelson et al., 2006). Thugyedding on the biochemical
environment surrounding S10 and S28 of H3 and togems that recognize and bind
those biochemical signatures (“readers”), the pegiee of MSK for H3 S10 or S28 may
be determined. Also, association of MSK with diffiet proteins within complexes may
provide substrate site-specificity. The abilityasfsociated accessory proteins to modulate

theactivity and site-specificity of histone-modifyirenzymes has beevell established.

126



Incorporation into multi-subunit complexggomotes nucleosome-specific KAT or
KHMTaseactivities of GCN5 and E(Z), respectively (Grantakt 1997; Muller et al.,
2002), whereas association of ESET witle mAM protein specifically enhances its
ability to trimethylateH3K9 (Wang et al., 2003). Furthermore, in chromakhlMTase
activity of EZH2 is directed towards either H3K27 or H1K2gpendingupon which
isoform of the EED protein with which it is assdeih (Kuzmichev et al., 2004).
Modulation of MSK activity by interactions withidifferent complexes may provide an
attractive mechanism to targete-specific H3 modifications within particularromatin
locations. It is also plausible that MSK site-sfietty is determined via counteracting
histone H3 phosphatases. IBrosophila, targeting of heat shock-induced H3
phosphorylationto responsive loci was partly mediated by inhilgtiRP2A phosphatase
at responsive loci (Nowak et al., 2003). Also, ¢hés evidence that the temporal
differencesn H3S10 and H3S28 phosphorylatidmring entry into mitosis are caused by
PP1 phosphatase acting S28 (but not S10) during late G2 phase (Gotal.e2002).
S28 later becomes stably phosphorylated at thet oh$&-phaseowing to inactivation of
PP1 by Cdc2 kinase (Goto et al., 2002). Furthermtire inability of MSK1 over-
expression to deregulate H3 phosphorylation mightdoe to a dominant nuclear
phosphatase activity directed towards H3 (Dysoralet 2005). Thus, the opposing
phosphatase activity may determine which of the #® serine residues becomes
phosphorylated.

Initially, the independent targeting of H3S10ph ad8S28ph within mouse
nucleus suggested that these two phospho-H3 magkk@ated on different chromatin

fragments; therefore, H3S10ph and H3S28ph couldcee with promoters of distinct
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genes. Further, preliminary results from our labvedd that the independent targeting of
H3S10ph and H3S28ph also occurs in the nuclei afmab human fibroblasts
(unpublished lab data). However, our ChIP resuitsasthat both the H3S10ph and the
H3S28ph occur at the regulatory regionsJah, Cox-2 andFosl1 in response to RAS-
MAPK signaling. On the other hand, we showed withCRIP assays that these two
phospho-H3 marks were not present at the nuclecsofeegulatory IE gene regions at
the same time. The underlying question is how lodtihe H3 modifications are found at
the same regulatory regions of IE genes, but rgetteer on the nucleosomal H3 tail. It
may be possible that H3S10ph and H3S28ph displegifspallele distribution within the
same cell. With the use of immuno-DNA FISH, prehiamy data from our lab suggests
that H3S10ph and H328ph differentially localize an alleles in mouse fibroblasts
(unpublished lab data). The ChIP assay is an aweyatgchnique, so if both H3
modifications occur in the same cell but on différalleles, ChIP analysis would reveal
the presence of both, the H3S10ph and the H3S28phhe same gene regions.
Furthermore, allele-specific histone PTMs and ddfeial allelic expression appear to be
a common occurrence (Palacios et al., 2009; Serad.,e2008; Verona et al., 2008).
Therefore, individual or combinatorial scenariosalving the pre-existing histone tail
modifications, the presence of histone PTM “redtfedifferent MSK complex(s)
recruitment and the counteracting H3 phosphatasieityc may determine the allele-
specific distribution of H3S10ph and H3S28ph. Fimwlly, histone modifications are
dependent on the transcriptional status of impdirddeles and different histone marks
illuminate epigenetic mechanisms of genomic impmot (Verona et al., 2008).

Furthermore, allele-specific gene expression agpeabe an important factor in human
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phenotypic variability and as a consequence, ferd@évelopment of complex traits and
diseases (Palacios et al., 2009). Therefore, tableshment of H3S10ph and H328ph by
MSK, as well as other histone modifications, atc#pe gene alleles may contribute to
regulation of various biological outcomes.
5.4 “Readers” of H3 phosphorylation marks are recriuted to regulatory regions of
IE genes in response to RAS-MAPK signaling

There are seven characterized 14-3-3 isoformsstiegi as homo- and/or
heterodimers (Aitken, 2006). Interestingly, the 3t8-proteins are often over-expressed
in cancer cells (Bridges and Moorhead, 2004; Liakt 2008). Recent studies have
identified 14-3-3 proteins as phospho-H3 bindingt@ins or the “readers” of this H3
modification (Macdonald et al., 2005; Winter et, &008). The 14-3€8and 14-3-3
isoforms bind to H3S10ph and H3S28ph, with thendifi being strongest for S28ph,
followed by S10phK14ac and S10ph signatures (Wiateal., 2008). Previous studies
have shown that 14-3-3 proteins are recruited ¢onpter regions of inducible genes and
that the knock down of 14-33xpression compromises the expression of spegEies
(Macdonald et al, 2005; Winter et al, 2008). Witlr &€hIP assays, we demonstrated that
TPA-induced recruitment of 14-F&nd 14-3-3 to the regulatory regions dtin, Cox-2
andFodsl1 mirrors that of MSK1, H3S10ph and H3S28ph. Furtinex,showed that H89
compromised the recruitment of 14-8-and 14-3-3 to the regulatory regions of IE
genes. Thus, MSK-mediated establishment of H3 piwgtation regulates the
recruitment of 14-3-3 proteins to the regulatorgioes of IE genes. Indeed, our ReChIP
results showed that TPA induces simultaneous cagmay of MSK1 and 14-3&3at the

proximal promoter regions afun, Cox-2 and Fosl1. As previously mentioned, 14-3-3
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proteins can form homo- and heterodimers. It isabedr in what dimer combination the
14-3-3 proteins are recruited to promoter regiohspecific genes. Interestingly, we
showed that TPA induces co-occupancy of 14-38d 14-3-8 at the promoters qfun
andFodl1, but notCox-2. These results suggest that the 14-3-3-dimer ceitipo may
be gene specific. It is plausible that differentitimorotein complexes that are recruited to
promoters ofJun, Cox-2 andFosl1 determine which 14-3-3 dimers are localized to the
chromatin. Also, pre-existing histone modificationsight determine which 14-3-3
dimers are binding the phospho-H3 mark. It has b&ewn that H3K14ac enhances
binding of 14-3-3 to S10ph (Winter et al., 2008}h€& H3 modifications, such as K9ac,
K27ac or K27me, may pre-exist on the specific HB tteat could enhance or prevent
specific 14-3-3 isoforms to bind to H3S10/S28ph.

The role of 14-3-3 proteins in IE gene expressocurrently unknown. In our co-
immunoprecipitations we showed that 14-3-3 proteassociated with a SWI/SNF
chromatin remodeler, BRG1. Further, with the usérefChIP assays, we showed that
TPA induced co-occupancy of 14-3-and BRG1 at the proximal promoters of IE genes.
We favor the model that 14-3-3 proteins could re@ustabilize the recruited SWI/SNF
chromatin-remodeling complex at the promoter regiaf specific genes. In this
scenario, one 14-3-3 isoform binds the H3S10ph/B2&hile the other isoform binds to
a particular subunit within the chromatin-remodglinomplex. The 14-3-3-mediated
stabilization of the chromatin-remodeling complek the promoters may promote
localized nucleosome remodeling, thus enabling ibopndf transcription factors and
RNA polymerase Il. Consistent with this scenariothe observation that SWI/SNF-

mediated remodeling of the MMTV promoter occurgrathe recruitment of MSK1 and
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the establishment of the H3S10ph mark (Vicent et 2008). Furthermore, 14-3-3
isoforms may increase the residency time of trapgon factors during the “active” state
of a given promoter, therefore controlling the dnsfetranscription (Hager et al., 2006).
In addition, the binding of 14-3-3 isoforms to ppberylated H3 may protect the
phospho-H3 signatures from the action of phospkatas
5.5 Chromatin modifying and remodeling enzymes aregecruited to regulatory
regions of IE genes in response to RAS-MAPK signalg

In line with the concept that 14-3-3 proteins réctile chromatin modifying and
remodeling activities to the promoters of IE ger@slP assays with anti-PCAF and anti-
BRG1 antibodies were performed. We showed that TriRiices recruitment of PCAF
and BRG1 at the regulatory regionsdah, Cox-2 andFodl 1. Interestingly, TPA-induced
recruitment of PCAF to distal and proximal promotegions ofCox-2 was minimal,
while H3 acetylation was induced with TPA at themsaCox-2 regions. It may be
possible that other KATs are more predominantlyruiéed to this Cox-2 promoter
location. Surprisingly, our ReChlIP results showedt {TPA significantly increased co-
occupancy of MSK1 and PCAF at tl@gox-2 proximal promoter region, which is a
conflicting result. The ReChIP technique is a meensitive method in detecting
enrichment of DNA sequences, since two consecutwads of immunoprecipitations
are performed and co-occupancy of two proteinsxergned at a specific chromatin
region. It is plausible that TPA induced minimal A binding, but this event is
exclusively mediated via MSK1, since we see a figant enrichment with our ReChlIP
assay. This assumption would imply that minimalt@iro binding revealed by the ChIP

assay might still be significant. We observed réidacin PCAF binding and H3
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acetylation levels at the proximal promoter regmnCox-2 in the presence of H89,
suggesting that MSK mediates the recruitment of P@Ad the ensuing H3 acetylation.
Furthermore, H3 acetylation at the Cox-2 proximarpoter nucleosome in parental
cells may arise from associating factors within tberuited RNAP Il holoenzyme that
harbor H3-specific KAT activities (Sterner and Ber,g2000).

Furthermore, BRGL1 recruitment to proximal promatsgions ofCox-2 was less
when compared to the distal region. The transompfiactors that are co-recruited to
distal (NKB p65) and proximal (AP-1 factors) regions@ix-2 and the corresponding
recruitment of multi-protein complexes, may deterenithe extent of chromatin
remodeling that takes place at these two prometgons ofCox-2. Also, in line with our
scenario of 14-3-3-mediated SWI/SNF complex repraitt, different 14-3-3 dimers may
bind the phospho-H3 marks with different affiniti¢iserefore affecting the dynamics of
tethering the recruited SWI/SNF complex at theadliahd promoter regions @fox-2. In
our ReChlP assays, we did not observe TPA-indude8-% and 14-3-3 co-occupancy
at the proximal promoter region @ox-2, suggesting that this 14-3-3-dimer composition
was not present at tl@&ox-2 proximal regulatory region. The TPA-induced co+gzancy
of 14-3-F and 14-3-3 at the distal promoter region 6bx-2 has not been examined. It
may be possible that the difference in 14-3-3-dimemposition at the distal and
proximal Cox-2 promoter regions determines the extent of SWI/SbFmplex
stabilization, which might have significant effects the rate of transcriptional initiation.
We showed that H89 decreased binding of BRG1 &dldasd proximal promoter regions
of IE genes, implying that MSK mediated the reecngnt of chromatin-remodeling

activities to these regulatory gene regions. Coaisisvith our observations, it has been
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previously shown that H89 prevented inducible rgorent of BRG1 to the MMTV
promoter (Vicent et al., 2006).

Another interesting result from our ChIP assayshis observation that TPA-
induced PCAF and BRG1 binding at the proximal prtenof Cox-2 was significantly
increased irHras-transformed mouse fibroblasts when compared t@é#nental cell line.
Due to upregulated RAS-MAPK signaling iRrastransformed cells, enhanced
recruitment of KATs and SWI/SNF to gene promotees/raccur. However, we showed
that the levels of H3 acetylation at the regulatmegions of IE genes were similar in
parental andHras-transformed cells. Further, previous studies fiaum lab have shown
that Hras-transformed cells have a more relaxed chromatucttre than the parental
cells (Chadee et al., 1999). The more open chronssédite irHras-transformed cells may
have unforeseen effects on nucleosome positioninyea promoter regions dfox-2,
which might allow for enhanced KAT and SWI/SNF rgtment.

5.6 Recruitment of JUN transcription factor to reguatory regions of IE genes
increases in response to RAS-MAPK signaling

AP-1 is an important transcription factor, existamya homo- or heterodimer. AP-
1 dimers are composed of proteins in the JUN (c;JUWN B and JUN D), FOS (c-FOS,
FOS B, FRA-1 and FRA-2) and ATF (ATF2 and ATF3) fiees (Verde et al., 2007;
Zenz et al., 2008). AP-1 has been implicated irullegn of genes involved in cell
proliferation, apoptosis, oncogene-induced tramsé&dion and cancer cell invasion
(Mariani et al., 2007; Shen et al., 2008). Furthenem alterations in the expression of
JUN andFOS3_.1 can cause cell transformatiamvivo (Mariani et al., 2007; Verde et al.,

2007). AP-1 is recruited to its cognate bindingsivithin promoters of AP-1-regulated
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genes, such akin, Cox-2 andFosl1 (Looby et al., 2009; Verde et al., 2007). We show
that TPA stimulation increases binding of JUN ® AP-1 binding elements within the
proximal promoters odun, Cox-2 andFod 1, as well as in the first intron &fosl1 which
contains an AP-1 binding site. Furthermore, we gtbwhat H89 abolished the
recruitment of JUN to AP-1 sites within the regalst regions of IE genes. Thus,
recruitment of JUN to its binding elements may kpahdent on MSK. We showed that
H89 decreased binding of BRG1 at the regulatorjoregof IE genes; therefore, reduced
nucleosome remodeling at the promoters might caresgty reduce JUN binding. Also,
it is possible that MSK1 and JUN exist in the saiomplex; however, in the presence of
H89, conformational changes in MSK1 protein migtgvent both the AP-1 transcription
factor and MSK1 from being recruited to AP-1 siteshin specific promoters. On the
other hand, it has been shown that the transcniptaztor Elk-1 mediates mitogen-
induced recruitment of MSK1 t¢-OS and EGR-1 promoters (Zhang et al.,, 2008).
Therefore, MSK1 recruitment might be dependent dmckv transcription factor is
recruited and then activated at a specific promdiK-1 is pre-loaded at theOS
promoter and then phosphorylated via ERK after gato stimulation (Zhang et al.,
2008). Transactivation of ELK-1 at th&S promoter may promote MSK1 recruitment.
Therefore, MSK1 recruitment to the promoter regiafislun, Cox-2 and Fosll may
depend on the first-wave of transcription factarugment to distinct cognate binding
sites. Recruitment of MSK1 would cause the estabsient of phospho-H3 mark at these
specific promoter regions. Recognition and bindofgphospho-H3 mark by 14-3-3
proteins would recruit the SWI/SNF nucleosome-regiod complex, which would

locally alter chromatin structure to allow bindiofy other transcription factors, such as
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AP-1. For example, the first-wave of transcriptifactor-recruitment, such as ELK-1
and/or NF1 at thdun promoter, NKB p65 at theCox-2 promoter and C/EBPb at the
Fod1l promoter may initially recruit the H3 kinase. Thecruitment may trigger MSK-
mediated promoter remodeling, via recruited chramamodifying and remodeling
activities that allow for the second-wave of trafson factor binding.
5.7 MSK1 is important for the expression of IE geng in response to RAS-MAPK
signaling

MSK knock out mice and specific inhibitor studieave shown that MSK is
involved in the expression of a number of IE geffashur, 2008). We showed that H89
prevented recruitment of MSK1 and the ensuing H8sphorylation at the regulatory
regions of IE genes. Further, we showed that H&9edesed binding of 14-3-3 isoforms,
as well as recruitment of PCAF, BRG1 and JUN atptwenoter regions of these genes.
Also, H3 acetylation and methylation levels at theleosomes of IE gene promoters
were significantly reduced in the presence of HB®refore, we wanted to investigate
the functional consequence of inhibiting MSK-meeédatpromoter remodeling of IE
genes. We demonstrated that TPA stimulation ofgateandHras-transformed mouse
fibroblasts induced the expression &n, Cox-2 and Fosl1l genes, although the TPA
induction of Cox-2 andFosl1 genes was more pronounced in the parental cell We
consistently observed elevated expression levelSogf2 (3-fold) andFosl1 (4-fold) in
serum-starveHras-transformed cells when compared to serum-stanaednpal cells,
which may account for the differences in TPA-inddliceene expression. The increase in
the expression ofox-2 andFosl1 in Hras-transformed cells might be due to inefficient

synchronization of cells by serum-starvation, whighh common for oncogene-
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transformed cells. Also, there is evidence thatogeoe-transformed cells over-express
Cox-2 andFodl1 (Kwon et al., 2007; Verde et al., 2007). We showed the steady-state
protein levels of JUN, FRA-1 and COX-2 were incezhsn Hras-transformed cells,
which supported the observations of upregulateddie expression in the transformed
cells.

With the use of high resolution ChIP assays, waalestrated that TPA-induced
MSK1 mediated remodeling of IE gene promoters. Alse demonstrated that TPA
induced association of RNAPII S5ph, the initiateanf of RNAPII, at the proximal
promoters of IE genes. We showed that in the poesehH89, TPA-induced expression
of Jun, Cox-2 and Fosll is ablated in parental andras-transformed cells, due to
reduction in RNAPII S5ph levels at the IE gene poters. Further, we showed that
MSK1 knockdown in parental anHras-transformed mouse fibroblasts significantly
reduced TPA-induced expressionJan, Cox-2 andFosl1, demonstrating a direct role of
MSK1 in the expression of IE genes. Consistent wWithnotion that MSK1 regulates the
molecular events at the nucleosomes of IE genesshweved that reduction of MSK1
protein levels in parental mouse fibroblasts deswdathe H3S10/28ph levels and the
subsequent binding of 14-3-3 isoforms, BRG1 and JatNthe proximal regulatory
regions of IE genes in response to TPA stimulatiimese observations provide direct
evidence that MSK-mediated nucleosomal responstaisrine expression of IE genes
in response to RAS-MAPK signaling. The gene prosluaftJUN, COX-2 and FOSL1
have been implicated in mediating carcinogenests raptastasis (Young and Colburn,
2006). Both, the inhibition of MSK activity with H8and the stable knockdown of

MSK1 severely compromise anchorage-independent thrafvHras-transformed cells
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(unpublished lab data). These results emphasizartpertance of MSK-regulated gene

expression that may be exploited by cancerous wélsabnormal MAPK signaling.
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6.0 CONCLUSIONS

Experimental results presented in this thesis @dppur hypothesis that MSK1
activity has a role in mediating downstream effecfsSRAS-MAPK signaling. We
demonstrated that upregulated activities of ERK&, hot p38, are responsible for
enhanced MSK1 activity that was observed in oncegeamsformed cells. Analyses of
the subcellular distribution of MSK1 showed that tH3 kinase was similarly distributed
in parental and oncogene-transformed cells, withstmMdSK1 being present in the
nucleus. In contrast to many other chromatin mawlgfyenzymes, MSK1 was loosely
bound in the nucleus and was not a component ohdlckear matrix. Collectively, these
results provided insights into the dynamics of MSi€tivation.

Furthermore, we provided evidence that the MSK1liated nucleosomal
response plays a crucial role in the chromatin aehog and transcriptional initiation of
IE genes in response to RAS-MAPK signaling. We destrated the exclusive
positioning of H3S10ph or H3S28ph at the regulatoggions of IE genes, which
indicates that these H3 post-translational modifices have functions primarily in
promoter remodeling and transcriptional initiatidrut not in elongation. Based on our
results we propose a model (Figure 42) in which ahvation of the ERK and p38
MAPK pathways activates MSK1. The active MSK1 witta multiprotein complex is
then recruited to the regulatory regions of IE geb transcription factors such as ELK-
1, NF«B or C/EBPb. MSK1 phosphorylates either H3 S10 8r328 and the recognition
and binding of phospho-H3 marks by 14-3-3 proteimediates the recruitment of the
chromatin remodeler SWI/SNF, with BRG1 servinglas ATPase subunit. The ensuing

remodeling of promoter nucleosomes allows the acokfranscription factors such AP-1
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to the promoter target sequences. The H3-speciAid ,KPCAF, is also recruited as a
component of the MSK1 complex. Moreover, PCAF may rbcruited to regulatory
regions, for example by AP-1, through its assoaratwith p300/CBP. Initiation of
transcription follows, as is made apparent by tlesgnce of RNAPII S5ph. Thus, MSK-
mediated H3 phosphorylation may work in conjunctath other histone modifications
to recruit necessary factors that would induce sgibke chromatin structure and in turn
promote transcriptional initiation.

Collectively, the work presented in this thesisvyided a detailed picture of the
events taking place at IE gene promoter regionkvimhg stimulation of the signal
transduction pathway. These events lead to thevadicin of IE gene expression and
subsequent gene expression programming eventsvetvah wound healing, metastasis,
stress-related memory response, and food rewaverdtearning and cocaine addiction.
Although MSK1/2 knockout mice are viable, upon elogspection, these animals were
found to be defective in stress-related learning) m@mory processes, with the NMDA-
R-mediated H3S10ph and associdt@d gene induction abolished in the dentate granule
neurons (Chandramohan et al., 2008). Interestinily, molecular defect in a mouse
model for Huntington’s disease, a neurodegeneralisease, was a deficiency in MSK1
expression resulting in the lack of induced H3S1@pid down-regulation ofos
transcription in the striatum (Roze et al., 2008%K1 is also involved in the regulation
of clock gene expression in the suprachiasmatitensgButcher et al., 2005) and in the
regulation of inflammatory genes, including inteike-1, interleukin-8 andCOX-2

(Beck et al., 2008; Joo and Jetten, 2008). Itkislyi that the MSK-mediated nucleosomal
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response plays a role in chromatin remodeling aadstriptional reprogramming in
many physiological and disease processes.

Furthermore, the constitutive activation of RAS-MABIgnaling in cancer cells
is a frequent phenomenon. Altered chromatin strectdue to abnormal signal
transduction and activation of kinases, such as V3K ght allow aberrant expression of
genes, such as IE genes, thus initiating the steywsards malignant transformation.
Therefore, modulation of MSK activity in cancerstlwiupregulated RAS-MAPK

signaling may be a novel targeted therapy.
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Figure 42: Schematic model representing the role oMSK1 and 14-3-3 in IE gene

remodeling and induction in response to MAPK signahg.

MSK (shown as a large red oval) and 14-3-3 (grearigd oval) are in a complex with the
SWI/SNF chromatin remodeler. The grey ovals aldreg@NA represent nucleosomes, thexBF
transcription factor (p65/p50 dimer) is shown apuaple/orange pair of ovals binding to the
NFkB binding site (blue oval). In response to the ation of the ERK and p38 MAPK
pathways, the MSK1 multiprotein complex is recrdite the regulatory regions of IE genes by
transcription factors such as Elk1, MB-or C/EBPb. MSK1 phosphorylates either H3 S10 8r H
S28, with H3S10ph being shown (yellow circles). HB{h and H3S28ph recruit 14-3-3 proteins,
which mediate the recruitment of the chromatin réeter SWI/SNF, with BRG1 being the
ATPase subunit. The ensuing remodeling of prometecleosomes allows the access of
transcription factors such as AP-1 to the promtdeget sequences. The pre-initiation complex
(PIC) is recruited at the TATA box (yellow triangl@nd initiation of transcription follows, as is

made apparent by the presence of RNAPIIS5ph.
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7.0 FUTURE DIRECTIONS

In contrast to numerous studies exploring the 06lI83S10ph in gene expression
(Perez-Cadahia et al., 2009), much less is knowoutathe role of H3S28ph in gene
expression. Furthermore, the genomic distributidneither H3 PTM has not been
conclusively elucidated. The data presented inttiesis demonstrate that H3S10ph and
H3S28ph are located primarily at IE gene promotsirsjlar to H3K4me3 (Shilatifard,
2006). Positioning H3S10ph and H3S28ph solely at ghomoter of genes provides
compelling evidence that these H3 PTMs have funstim promoter remodeling and
transcription initiation. It will be of interest tdest if there is differential allelic
association of H3S10ph and H3S28ph with a subset gehe promoters.
Immunofluorescence combined with fluorescentaitu hybridization (DNA immuno-
FISH) can be used to determine the relative lonatibthe phosphorylated H3 and IE
genealleles at the single cell level. The genes that lmyund to both H3S10ph and
H3S28ph should be investigated, as well as thegy@nrae¢ are bound to one or the other of
the H3 PTMs. The former genes would be candidateslifferential H3 PTM allelic
association. ChlP-sequencing can be used in omleobtain the DNA sequences
associated with H3S10ph and H3S28ph. The resultsesk analyses will inform us as to
whether the DNA sequences associated with H3S10gphH8S28ph differ in 10T1/2 and
Ciras-3 cells which would provide evidence thatgepietic programming was altered in
theHras -transformed cells.

The expression of RAS oncoproteins is known tor afggenetic processes (e.qg.
DNA methylation) and alter the expression of traipgon factors such AP-1 family
members (Watanabe et al., 2008). We would expecitdentify several promoters

associated with H3S10ph and/or H3S128ph in Cirast3not in 10T1/2 cells and vice
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versa. It would be difficult to predict the numbmErgenes that are associated with both
H3S10ph and H3S28ph and potentiadyhibit differential allelic expression; however,
based on the data presented in this thesiBdsrJun andFosl1, all promoters regulating
the expression of AP-1 family members will be assed with both H3 PTMs.

Different studies have demonstrated a direct rofe MSK1 in cellular
transformation (Kim et al., 2008). Knockdown of MSKirastically reduced ability of
Ciras-3 cells to form colonies in soft agar but htk impact on proliferation rates when
cultured on plastic dishes (unpublished lab dafaxthermore, determining whether
MSK2, which is expressed in both 10T1/2 and Cirai8s, also impairs the anchorage-
independent growth of Ciras-3 cells will be of na#.

The results from this thesis demonstrate that witheISK recruitment and
activity, H3 phosphorylation, 14-3-3 recruitmendaix gene promoter remodeling does
not occur. It will be intriguing to test the hypeths that 14-3-3 isoforms are required to
recruit the SWI/SNF complex to the promoter nuabemes containing H3S10ph or
H3S28ph (see model in Fig. 42). The remodeling hefsé nucleosomes enables the
association of transcription factors such as JuRd-1) to their binding sites (e.g. in
the Cox-2 promoter). These events lead to the recruitmenbh®fpre-initiation complex
(PIC) and RNAPII and the onset of transcriptionthHis notion is correct, then in the
absence of 14-3-3 isoforms, the remodeling of thgéne promoter and the loading of

transcription factors will be compromised.
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