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Abstract

The heterochromatiassociated proteins are subject to several differestt po
translational modifications; hence, their level must be tightly controlled;
otherwise as transcription factor -pepressor(s) complexes with these
proteins, it may lead to stable silencing. An obvious mechanism to limit the
expression time of a proteis to destroy it via the ubiquitiproteasome
system. FBXW{F-box and WD repeat domdiocontaining 7)s an E3ligase
targets transcriptional modulators and protmogenes for degradation with
crucial functions in celfate determination and tumorigenedis addition,
most of current studies focusedepigenetianodifications that influence on

the core histones within the euchromdigterochromatin transition, whereas
the heterochromatin proteins and the

unclear.

Dr Nateridés | ab have recently identi
by the FBXW7 E3 ligase for the ubiquittimediated degradation. Among
others,my study was focused on the role(s) of heterochromatin piotein

binding protein 3 (HP1BP3) protein irpigeneticreprogramming and its
underlining mechanisms, including EMT and cell cycle progression, in

normal and cancer cell's worth mentioning that apart from the single
publication(Hayashihara et al., 201Qahe role of HP1BP3 was unknown

when | began my project.
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HP1BP3 modulates the entry/exit of nucleose@EIA through binding to
HP1U protein. HP1 (entiomericheteroclordmatih, andn t h e
it has beenreportedt h at HP1U recruitment I n t

SUV39H1/2mediated H3K9 trimethylation.

Widespread epigenomic alterations, occurs during cell differentjatelh
cycle progressionand malignant traisrmation, but how epigenetic
mechanisms contribute to the transcriptional reprogramming that
accompanies EMT is still poorly understooBurthermore, chromatin
modulation events are important to control the-cgtdledependant gene
expression during deleoment and differentiation. Dysregulated expression
of upstream celtycle regulators can affect DNA replication, repair, and/or

division, leading to carcinogenic.

Herein,our datashowthatthe loss ofFBXW7mediatedHP1BP3induction
alters heterochromatin states, throughescuing HPIW from its repressive
function, impairing SUV39HImediatedthe methylation of histone H3
lysine 9 (H3K9me3)and stimulating the acetylation of H3K9 (H3K9ac) that
lead to activation of epithell@hesenchymal transition (EMT) pathway
Tigerskin fibroblast andHCT116human colorectal cell line$his induction

of HP1BP3upregulates the level of mesenchymal neaskegulators(N-
cadherin, ZEBL, Vimentin, and Snailljn Tiger fibroblast cells while
downregulating the epithelial markefE-cadherin) and upregulating
mesenchymal marke(ZEB-1, Vimentin, and Snaillin HCT116 cellsIn

addition,upregulatedHP1BP3is an inducerof both G2/M cell cyclearrest
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and G1 to S phase transitionvia downregulating Cyclin B1 and
SUV39H1/H3K9me3 while upregulating H3K9ac mark human Tiger

fibroblasts and HCT116 CRC caells.

Taken together, these finding®oint towards the importanbiological
functions of HP1BP3 and its contution in regulation of chromatin/EMT
associated genes expressighich consequentlycan be implicated inthe

pathogenesis of different typesEBXW#mutatedcancer
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1.1 A brief introduction to human colorectal cancer (CRC)

Human colorectal cancer (CRC) is a serious and common cancer that arises
sporadically in the majority of cases. CRC is the third and second most
common cancer in men and women worldwileorre et al., 201p
respectively, and is the fourth cancelated cause of death in the world
(Labianca et al., 20)3Nevertheless, it is treatable if diagnosethim early
stages. Abouf5 % of CRC cases in the UK occur sporadically, whereas the
remaining 25 % of cases is associated with hereditary conditions mainly
caused by mutation of the adenomatous polyposis @#C( tumour
suppressor gene, such as familial adenomatous polypdsi) (@sorder
(Young et al., 201)1 The CRC incidence rate is statistically higher in high
income economy countries and in people older than 60 years tiadmein
low-income economy countries and in people younger than 40 (ytaggar

and Boushey, 20Q09Furthermore, the CRC mortality rate decreased by 26
% between 1975 and 20QPavoriti et al., 201pdue to the emphasis placed

on early CRC screening and detection via improved screening tests [FOBT
(faecal occult blood testing), sigmoidoscopy or colonoscopy]. However, the
available treatment options often fail to cure CRC, leading to aggressive
tumour with local recurrence and/or metastases and very poor survival

(Stintzing, 2014

CRC cells acquire features that render them cancerous. These features,
termed the hallmarks of canc@danahan and Weinberg, 2Q0R011),

represent the fundamental basis of malignant transformation. The six original
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key hallmarks of canceaand the recently described hallmarks and enabling

characteristics are summarisedrigure1-1 andFigure1-2.

Evading Insensitivity to
apoptosis anti-growth signals

Sustained Tissue invasion
angiogenesis & metastasis

Figure 1-1: The 6 original hallmarks of cancer.Adapted from(Hanahan
and Weinberg, 2000

Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability N Tumor-promoting
and mutation Inflammation

Enabling Characteristics

Figure 1-2: Emerging hallmarks and enabling dharacteristics. Adapted
from (Hanahan and Weinberg, 2011
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1.1.1 The multistep nature of CRC development

The majority of CRC cases are adenocarcinomas, which arise from the
colorectal epitheliumKigure1-3). This disease is initiated by the formation

of multiple adenomatous polyps, with various clinical manifestatan
histological alterations, in the innermost lining of the large intestinal mucosa.
These polyps grow and become cancerous after invading one or more layers
of the intestine. Muco$adenoméacarcinoma transformation involves the
accumulation of progres®vmutations in oncogenes, tumour suppressor
genes and DNA stability genes; a defective DNA repair system; and
epigenetic alteration that contribute to the initiation and progression of CRC
(Eliana et al., 201,3Grady and Care#rs, 2008 Hermsen et al., 2002

Yamagishi et al., 2016roung et al., 2011

The estimated average progression time of adenomatous polyp to cancer is at
least 10 years. During the transition of nornmalicosa to polyp and
subsequent cancer, it is believed that diverse mutations, dysregulation of the
intracellular signalling pathways and epigenetic alterations reflect the
different stages of tumour progressiderady and Carethers, 2008
Vaiopoulos et al., 2024 Accordingly, understanding of the molecular
mechanisms implicated in CRC tumorigenesis will lead to novel diagnostic

and therapeutic targets against this disease.
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Spread to other organs

Figure 1-3: The multi stages and steps of CRC that arises from the
colorectal epithelium. The process of mucosalenomacarcinoma
transformation requires accumulation of progressive, defective DNA repair
system, and epigenetic alteration to contribute to CRC dewelop This
cancer staged from stage 0IY6. Stage O is the earliest stage and known as
carcinoma in situ or intramucosal carcinoma. In statiee cancer has grown

to the muscularis mucosa and extend to the submucosa and muscularis
propria. In stage Ilthe cancer has grown to the outer layer (Serosa) and the
wall of the colon/rectum, where its attached to or invades the adjacent
tissues/organs. In stage Ill, the cancer has growrStadarby lymph nodes.

In stage 1V, the cancer has invaded many lymples@and spread to adjacent
organ/g(Greene et al., 2002Adapted from(Schiessel and Metzger, 2012

Cancer development is stimulated by the loss of genomic stability, including
chromosomal instability (CIN), microsatellite instability (MSI) and the CpG
island methylator phenotype (CIMP). About 85 % of sporadic CRC is
associated with CIN(Dunican et al.,, 2002 Rao and Yamada, 2013
Although CIN is commonly found in colorectal carcinomas, its mechanism
has not been clarified. CIN is characterised by extensive chromosome
number imbalances (aneujay) and structural abnormalities that arise as a

result of a variety of defects, including abnormal chromosomal segregation
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and/or rearrangement, DNA damage response, telomere stability,
replications, deletions, base substitutions or inser{ipaogican et al., 2002
Hermsen et al., 2002Mutation of theAPC, KRAS(Kirsten rat sarcoma viral
oncogene homolog) andiP53 genes has been linked to CIN in CRC
progressior{Hermsen et al., 2002MSI account for approximately 15 % of

all CRC cases and it is associated with inactivation of the DNA mismatch
repair genes during DNA replicatigBunican et al., 200Rao and Yamada,
2013; CIMP is present in B0 % of sporadic MSpositive CRC cases and

in 15 % of global CRC cases, and is highly associated BRAF mutation

(Issa, 2004

1.1.2 Mutated genes in CRC

In CRC, theAPC, TP53 KRAS SMAD4, transforming growth factor beta
receptor 2 TGFBR3J, phosphatidylinosite#t,5-bisphosphate -Binase
cat al yt i(PIK3CA,@mndihox and)WD repeat domdioontaining
7 (FBXW?7) are the major genes directly associated with carcinoge(@ssis
et al., 2014Dauvis et al., 2014Kuipers et al., 201,8Nood et al., 2007 The
signalling pathways are deregulated as a consequenceazfctimaulation of
such mutations, and influence many cellular proce€3aiset al., 2014Issa,

2004 Kuipers et al., 201;8Nood et al., 200/(Figure1-4).

The earliest identifiable event in colorectal carcinogenesfsPiS tumour
suppressor gene mutati@@hung, 200)) which accounts for approximately
40 70 % of all CRC(Kuipers et al., 2016 APC is the key regulatory

suppressor gene of the Wnt signalling pathway, and its biallelic mutation
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resul ts i -catehin sgymalling/activation, which in tutriggers
tumour formation(Cai et al., 2014 Chung, 200D However, additional
mutations are required to develop CRC. RiRASoncogene is mutated in
about 40 % of patients witBRC (Kuipers et al., 2005 KRASIs involved in
intracellular signal transduction, and its mutation results in activation of the
downstream prgroliferative signalling pathways [e.g. the mitogen
activated protein kinase (MAPK) pathwaai et al., 2014Kuipers et al.,
2015). ConsequentlyKRAS mutations play a critical role in colorectal
tumorigenesisPIK3CAis another oncogene that is methin around 20 %

of CRC cases. It is responsible for regulating the PRIKT pathway, and

its mutation disrupts several cellular processes, including proliferation,
survival, apoptosis, migration and metabolisiR53 and SMADA4 (tumour
suppressor genes) mations are detected in about 50 % and 25 % of CRC
cases, respectivelfCai et al., 2014Kuipers et al., 2015 TP53 mutations
actively promote tumour development by deregulating the expression of
target genes involved in cell cycle progression, DNA repair and apoptosis
(Kuipers et al.,, 2005 SMAD4mut ati ons deregul ate th
morphogenetic protein (BMP) signalling pathways, which consequently
affect several cell processes, such as proliferataifferentiation and
embryogenesis, and apopto@falipers et al., 2015 In addition tcsSMAD4
TGFBR2i s invol ved in regul atbwapgndt he T

TGFBR2mutations are found in 20 % of CRC ca@egipers et al., 20156

FBXW7 is a member of the -Bhase kinaseassociated protein 1

(SKPY)/Cullin1/Fbox protein (SCFeomplex)E3 ubiquitin ligase family that



The University of Nottingham Chap 1: Introduction

controls diverse biological processes by targeting a wide range of proteins
for degradatior(BabaeiJadidi et al., 2011aCheng and Li, 2002 FBXW7
mutation may result in cancer development and progression, and is found in
various human malignancies, including CRC, whé&XW7mutations occur

in about 1720 % of casefCheng and Li, 203 Davis et al., 2014Kuipers

et al., 2015Welcker and Clurman, 2008
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Mismatch-repair gene inactivation

i i S Microsateliite instability: BAT26 =~~~ TTTTTTTTmTTETeeeees G
Mutation Mutation Loss Mutation
and loss and loss ks
mutation
APC KRAS SMAD2/4 TP53 r
Normal epithelium Early adenoma/ Intermediate Late adenoma Carcinoma : Metastasis
dysplastic crypt adenoma :
i
Qe 1
-~ 1
S 1
R 2 ! B
! ! v :4' - - * ~
. . — - —
j § 2
Altered DNA
methytation

Figure 1-4: APC, K-RAS, SMAD4 and TP53mutations correspond to a specifitistological transformations during the CRC development
starting with normal epithelium through adenomatous polyps to invasive carcinoma. ConverselizBXW?7 position still remains unclear.
Modified from (Davies et al., 2005
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1.2 The ubiquitin-proteasome system (UPS)

The UPS is a critical and highly regulated regulatory mechanism of protein
homeostasis; UPS dysfunctions are present in many human pathological
conditions, including many cancegiSkaar et al., 20)3The UPS comprises
three major compomes: 1) three enzymatic components, 2highly-
conservedubiquitin molecule chain that is ¥&mino acids long and which
binds to lysine residues on substrate proteins or itself, thereby acting as a
molecular label within the UPS, and 3) the 26S proteasorokecular
machinery, composed of a 2¥MDa multi-subunit complex that is
responsible for degrading more than 80 % of proteins in eukaryotic cells
(Lecker et al., 20065Skaar et al., 2093Ubiquitin molecule has seven lysine
residues and each of which these residues can be further ubiguitio&rm
poly-ubiquitin chainthat determine the fate of the ubiquitinated protein
(Ciechanover, 199&omander and Rape, 2012 his chainare linked via

their lysine 48(K48 linkage)andtags a protein for subsequent FBXW7
mediated degradation by the 26S proteas(@hauet al., 1989Dauvis et al.,
2014 Finley, 2009 Huzil et al., 2007 Pickart, 1997 Popov et al., 2010
Three enzymatic components of the UPS, ildquitin-activating protein
(E1), ubiquitirconjugating proteins (E2) and ubiquitin protein ligase (E3),
are involved in marking a protein substrate with the ubiquitin molecule chain
for degradationFirst, E1 activates ubiquitin by forming a highergy
thioester bond betweamubiquitin molecule and itself in an ATéependent
manner. Next, E2 obtains the activated ubiquitin via the conversion of one

thioester to another (transthioesterification). Finally, E3 guides the transfer

10
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of the activated ubiquitirom E2 to the targeted protgibecker et al., 2006

Skaar et al., 2013Velcker and Clurman, 2008

E3 plays a key role in this thres¢ep chain reaction, as it recognises specific
protein substrates and mediates ubiquitin transfer from E2 to the targeted
substrate in a strictly controlled manner. Mammals have hundreds of E3
ligases, each with its own egificity for selecting precise host proteins
(substrates) for proteasomal degradaf\iang et al., 2012bThere are two

main types of E3 ubiquitin ligases: the HECT (Homologous to th&E6
Carboxyl Teminus) domain ligase and the RING (Really Interesting New
Gene) fingeircontaining ligase. Each comprises common subunits and one
variable substrate recognition subunit; the protein targeted for degradation

differs.

In mammals, there are six RING ubiqunitigases, including th&KPIi

CUL1I F-box protein (SCF) complexSCF complex is one of the best
understood group of the E3 ligas€besubstrate recognition components

the SCFcomplex are calledr-box proteinsAmong 69 Fbox pr et ei ns,
TrCP, SKP2 and FBXW?7 are key regulators of cellular processes that are
linked to humans malignanciéSkaar et al., 2034Nelcker and Clurman,

2008. SKP2targets negative cell cycle regulators (e.g. P27, P21, P57),
whereas FBXW?7 targets mostly positive cell cycle regulators &Y,

JUN, Gyclin E, Notch)(BabaeiJadidi et al., 2011a@8annister et al., 2001b
Bassermann et al., 201€heng and Li, 2012Skaar et al., 2014Tu et al.,

2012 Wang et al., 2012b

11
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1.3 FBXWY7

1.3.1 FBXW?7: Structure and function

SCF (Skplcullin/Rbxi F-box protein), is the best characterised E3 ligase
complex among the E3 ubiquitin ligas€sgurel-5). It consists of three core
subunits §KP1, Cullin1,RBX1) and a variable subunit that acts as a recruiter

for specific substrates for ubiquitination by the SCF, known as thexF

protein.
E3 26S Proteasome
—
Skp1 5 q — -\
A g X ;
FBW7 3% C : . )
CCuH) P Substrate %—V
o ATP  ADP v
Rbx1 Ub
ub Degradation
Ub
] | Ub
? IS Ub
Ub 77—» U — > b \'/
ATP  AMP

Figure 1-5: Schematic presentation of the SCF (SkpCullin -. F-box) E3
ubiquitin -ligase complexThe polyubiquitin chain serves as the recognition
marker that attached to the targeted protein, in order to be recognised and
degraded by the 26S proteasome complex.

Among the 69 Fbox proteins identified in humans, FBXW?7 is one of the
well characterized protein substrate of the SCF complex E3 ubiquitin ligase
that confers substrate specificity. FBXW7 (also known as CDC4, FBW?7,

Sel10, Ago) is involved in a wide rangévaried cellular functions such as

12
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cell growth, cell cycle progression, differentiation and apoptosis, and

metabolism(Skaar et al., 2013Velcker and Clurman, 2008

In humans and mice, thEBXW7Fbxw7 gene encodes a protein that
encompasses three main domains: do¥ domain, a dimesation domain

(DD) and a stretch of eight WD40 repe@igang et al., 2013aThe Fbox is

a D40i amino acid motif that selectively binds SKP1, whereas SKP1 links
FBXW?7 and the E2 conjugating enzyme. The DD plays a central role in
FBXW?7 dimerisation(Wang et al., 2012b However, the importance of
FBXW?7 dimerisation in regulating ligase activity and substrate degradation
is poorly understood. The WD40 repeats fold intb-propeller structure
containing multiple binding sites and that has distinct functions. The three
conserved arginine residues of the WD40 repeats are required for binding
FBXW?7 with the downstream phosphorylated substrates. FBXW?7 binding is
mediated by a phosphorylated substrateotif, termed the CDC4
phosphodegron (CPD). In addition to hydrophobic residues, CPDs usually
contain two critical phosphates (in the 0 and +4 positions) that are recognised
by specific binding pockets within the WD40 repeats. The CPD motif is
formed by Leu)i XipThr (or pSei)Prd Pra XipSer (or pThr, Glu or Asp)

(X, any amino acid); in most cases, the central CPD threonine is
phosphoryléed by glycogen synthase kinaseb (-& B (Rkaar et al.,

2013, Wang et al., 2012BNelcker and Clurman, 2008

13
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1.3.2 FBXWY7 gene and localisation of its protein isoforms

In humans, thEBXW7gene (also known &BW7, HCDC4, SEL10or AGO)

spans 200 kb on locus 32q of chromosome(Wang et al., 2019a

Alternative splicing of the gene generates three mRNA transcripts

( FBXW7 U, FBXWY7BgureF6B XWéagfrh(of which ha
exon joined to 10 shared exons that encode thexrdomain and WD40
repeats. Although t h eexonsRue fesponsibledfort hei r
determining their isoforrspecific transcripts, this specificity of this
characteristic is unclear. The difference at the first exon determines the
different subcellular localisation and tissue distributions of the FBXW7
isoforms.A common NH2terminal between all isoforms directs the specific

|l ocalisation of each isoform. FBXW7U,
primarily in the nucleus, cytoplasm and nucleolar cellular compartments,

respectively.

F B X WIMRNA expression is muchdtier than that & B X Warb B X W7 9
and it can be detected in almost all human cell lines and primary\&&itsy

et al., 2012h It is also believed thaEBXW7U performs mostFBXW7
functions, althoulg the roles of the other two isoforms have been determined
(Bonetti et al., 2008Davis et al., 2014Ekholm-Reed et al., 2033van
Drogen et al., 2006 In mice,Fbxw7 is detected at high levels in the brain,
whereasFbxw7J is ubiquitously expressed amdb x ws7restricted to the

heart and skeletal muscl@3avis et al., 201:AVelcker and Clurman, 2008

14
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Figure 1-6. Schematic representation of the humanFBXW7 gene
organization and its isobrms. FBXW7 encodes for 3 isoforms which

share 10 common exond.hese isoforms differ in their first isoforgpecific

exon, but are functionally similar. Each isoform differs from the other-in N
terminusdomain thathas si gnal to | ocaddugsan@ FBXYV
FBXW7b to cytoplasmic membranes. FBX
Adapted from(Welcker and Clurman, 2008

1.3.3 Upstream regulators and downstreamsubstrates of

FBXW7

SCHEBW7 acts as a tumour suppressor because it negatively regulates several
proteins, including oncoproteirf€remona et al., 201&Vang et al., 2012a
Wang et al., 2012b Oncoproteins include Notch intracellular domain
(NICD), ¢-Jun, mTORGCyclin E, cMyc, HIF-1U, Aurora A, DEK, KLF5 and

Mcl-1 among several other substrat€sg@re 1-7). These substrates are

involved in important biological processes such as cell cycle regulation, cell

15
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proliferation, differentiation, survival, invasion, apoptosis and metastasis

(Cremona et al., 2018Vang et al., 2012b

miR-25, miR-27a,
miR-92a, miR-182,

miR-223, & miR-503
‘ C/EBP-5

ANy
L) am ][ 2 | | e |

Lo nrs) e )| ] [ v vt
|

=L =L =L

(oor ) (oron ) (o )| (oo ) (o ) (o )
vrrs )

Development and progression of human cancer

Figure 1-7: Schematic illustration of upstream regulatory components

and downstream substrates/targets of FBXW7The expression of FBXW7

is controlled by several pathways at pwanscriptional level (microRNAS),

at transcriptional level (e.g. p53, C/ESP and He s-f&gnslatiomatd pos
level (Usp28). FBXW?7 targets several specific substrates for degradation
including: Mediator complex subunitdike (MED13L, a transcriptional
coactivator for most RNA polymerasetthnscribed genegpPavis et al.,
2013, DEK (protabncogenejBabaeiJadidi et al., 201)aAurora A (a cell
cycleregulated kinase)(Finkin et al., 2008 Notchl (a singlgass
transmembrane receptor prote{Bannister et al., 200)bNuclear factor
kappa B subunit 2 (NFkB2, a central activator of genes involved in
inflammation and immune functiy (Fukushima et al., 20)}2cMyc (an
oncogenic transcription factolyada et al., 2004 Enolasel (ENO1, a
glycolytic enzyme and anncogenic protein(Zhan et al., 2015 Kruppel

like factor 2 (KLF2,a regulator of endothelifiinction) (Wang et al., 2013¢
Hypoxia inducible facted U  (-1HUaFtranscriptional regulator of the
response thypoxig (Fligel et al., 201R Sterol regulatory elemeiinding
proteins (SREBP, a transcription factor aedulator of lipid homeostagis
(Sundgvist et al., 2005P100 (transcriptional eactivator)(Busino et al.,
2012, CyclinE (a cell cycle regulatof)e et al., 2004 Heatshock actor 1
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(HSF1) (Kourtis et al., 2015 Mammalian target of rapamycin (nTOR, a
serine/threonine kinaye(Mao et al.,, 2008 cMyb (a proteoncogenic
transcripiton factor)(Kitagawa et al., 2009 Myeloid cdl leukemial (Mcl-

1, an antiapoptotic proteinfinuzuka et al., 2001 c-Jun (a proteoncogene)
(Nateri et al., 2004 KLF5 (Kruppetlike factor, a zindinger transcription
factor) (Bialkowska et al., 2004 and Heterochromatin Protein 1 Binding
Protein 3 HP1BP3) (Abuzinadeh et al., unpublished).

FBXWT?7 activity is controlled at different levels. It can be transcriptionally
regulated by P53 C/EBRU  aHES85 Hence, the transcription factor P53

is known as the guardian of the genome; one of its important roles is
positively regulating-BXW7expression by binding to exon 1 of tiBXW7
gene(Kimura et al., 2008 On the contrary, Balamurugan and colleagues
reported direct inhibition of B X WBHYJC/EBRU |, which s i nvi
controlling cell differentiation, proliferation and metaboligBalamurugan

et al., 2013 The transcriptional repressbtES5 downregulatesFBXW7

through apositive feedback loop, leading to the accumulation of Notch

protein and additionally inemsingHES5 expression(Notch target gene)

(Sancho et al., 20)3

FBXW?7 can also be regulated at protein level. USP28, a ubiegptecific
protease, counteracts FBXW?7 activity and stabilisdéyc via interaction
wi t h FBXW7 U @Xu etFaB, X201% oFurthermore, USP28
antagonises the ubiquitination of FBXW?7 itg substrates, stabilising them
(Xu et al., 201% Therefore,USP28 plays a dual role, acting as both
oncogenic protein and tumour suppresdependingon the tissue type

involved (Xu et al., 2015
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MicroRNAs (miRNAs) are smallnoncoding RNAs that bind mRNA
through sequence complementarities and negatively regulatgadsie
transcriptional expression of target genes, consequahthjting translation
initiation and/or inducingarget mRNA destructio(He and Hannon, 2004
Several miRNAs, including mi25, miR27a, miR92a, miR182, miR223
and miR503 Figurel-7), markedly dowrregulateFBXW7expressiorfWu
and Pfeffer, 2016 MiRNAs functionasoncogenesr tumour Suppressors in
the developmentof human tumoursand affect cancer progressi and
prognosis(Cao et al., 2016 MiRNA expression is wpegulatedn various
cancersFor example, miR7a upregulation stabilises and elevategels of
FBXW?7 sulstrates such as NotchXJan, Grclin E and eMyc, leading to
enhanced proliferation of paediatric B cell acute lymphoblastic leukaemia
cells, lung cancer cells and colon cancer q®lls and Pfeffer, 2006 MiR-
223 and FBXW?7 were upegulated and dowregulated, respectivelyn
oesophageal squamous cell carcinomeell acute lymphoblastic leukaemia

(T-ALL) and gastric cancgiCao et al., 2016

1.3.4 FBXW7 mutations in human cancer,including CRC

FBXW?7 mutation inhibits the degradation of the FBXW7 downstream
substrates, leading to overexpression of the oncoprotein substrates, which
consequently stimulate tumour development. Therefore, FBXW7 plays an
important role in cell proliferation and tumorigersgsswhere FBXW7
mutation has been observed in various tumour tiy\sg et al., 2012au

et al., 2015

18
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FBXW7 mutationsfrequently occur on a single allele; in most cases, the
mutations do noinactivatethe encodegrotein. Missense mutation tke
most commonFBXW?7 mutation compared to other genetic mutations;
however, there is a wide spectrumFEXW7mutations (deletionmissense,
nonsensein CRC (Davis et al., 2014 Frequently, the arginine residues
(commonly,Arg479and Arg482 in human andouse respectivelywithin

the WD40 repeatsthat come into contact with the central
phosphothreonine/serine of CPDs for substrate binding are substifitied
(Davis et al., 2013davis et al., 2011Davis et al., 2014 Statistical analysis
has shown thaEBXW7mutations are present in about 6 % of all primary
human tumourgAkhoondi et al., 200)7 Also, highFBXW7mutation rates
have been identified in CRC (1120 %), gastric cancer (6 %);ALL (31 %),
cholangiocarcinomas (35 %) and endometrial carcinoma (Rkbpondi et

al., 2007 Kuipers et al., 201,8Nelcker and Clurman, 20D8Tsunematsu and
colleagues reported th&bxw7deficient mouse embryos die uteroas a
result of vascular development abnormaliti@sunematsu et al2004).
Onoyama and colleagues reported that mice with -Bpecific null
mutations ofFbxw7 have increased liver stem cell differentiation from the
hepatocyte lineage to cholangiocytes, and increased cell proliferation
(Onoyama et al, 2011). The sagreup had also previously reported that, in
mice, conditionaFbxw7 knockout in T cell or murine hematopoietic stem
cells (HSCs) resulted in thymic lymphoma as a result of the induced
proliferation(King et al., 20130noyama et al., 200.7/Additionally, FBXW7
expression was significantly dowegulated in 80 % of human glioblastoma

biopsies(Hagedorn et al., 2007 Conditional Fbxw7 knockout in mouse
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brain resulted in neonatal death due to Notch accumulation and consequent

brain development abnormalitié@glatsumoto et al., 2031

Dr Nateri os | aboratory and Foxw7imer s ha
mouse gut, and showed in a mouse rhtte Fbxw7plays an important role

in maintaining intestinal homeostasis and induces adenoma development by
controlling the proliferative activity of the stem cell compartm@dbaei

Jadidi et al., 201taDavis et al., 2013aSancho et al., 20). In human
colorectal carcinoma cell line&sBXW{-/-) alleles exhibited CIN and
manifestation®f nuclearabnormalitiessuch asnicronuclei with elongated
nuclei, due tcCyclin E accumulatiorfRajagopalan et al., 200Wang et al.,
20121. In addition, conditional intestinespecific knockout micdacking
Fbxw7 alleles showed increased cell proliferation and decreased cell
differentiation as a result of intestinal epithekall accumulatiorof Notch

and cJun Nevertheless,Fbxw7depleted mice hadumourpromoting
activity at 910 monthsof age.Apc"™ or Tp53 mutation combined with
Fbxw7 mutation resulted in invasive and metastatic CRC in r{Bedaei

Jadidi et al., 2011&Grim et al., 20120noyama et al., 200Bancho et al.,

2010.

1.3.5 The role of FBXW?7 in invasion and metastasis

More recent studies have implicatd¢eBXW?7 in cancer invasion and
metastasis. Heat shock factor 1 (HSF1) stabilisation upon FBXW7-down
regulation enhances the metastaghaviourof melanoma cell§Kourtis et

al., 2015. FBXW7 downregulation activates thbotchl pathwaywhich
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subsequently er@mceshepatocellular carcinoma cell migration and invasion

(Wang et al., 2013c

Epithelial mesenchymal transition (EMTpromotes cell migration and
invasionand correlates with poor prognosis. Gener&T occursduring
embryonic development. Nevertheless, it also occurs narmal and
pathological events, such as wound healing, organ fibrosistandur
development. EMT is considered a major driver of cancer progression, where
polarised and tightly bound epithelial cells are converted into invasive and
migrating mesenchymaletis (Lamouille et al., 2014 EMT activation in
adult epithelia suppresses cell adhesion moleculesadBerin, zona
occludens 1 [ZAL], cytokeratin) and upgulates mesenchymal markers
(Vimentin, N-cadherin) and regulators (Snaill, ZHB Interestingly,
FBXW7 loss was associated with the development resistance to
doxorubicin(anticancer drug) in hepatocellular carcinoma cells, leading to
enhanced invasion capability via induction of ENVMU et al., 201% EMT
activation induced by FBXW?7 loss significantiycreasedthe metastatic

potentialof cholangiocarcinoma cel(¥ang et al., 201p
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1.4 Epigenetic changes and EMT in CRC metastasis

Many studies have reported extensive gene expression reprogramming,
which is mediated by epigenetic alteration during EMT, in CRC
developmentDNA hypomethylation and promoter region hypermethylation
are associated with cancer initiation and progressidmomalous
methylation patterns have been detecteghitnents with CRCFor example,
hypermethylation events at the CpG islandsTB63 act equivalently to
coding region mutations or deletions anfluencethe activity of specific
signalling pathwayswhich in turn contributes to CRC metastgkisn et al.,

201Q Vaiopoulos et al., 20)4APC andE-cadherin(CDH1) also undergo

CpG islandoromoterhypermethylation, which mediates their inactivation in

CRC and correlates with metastatic CR@iopoulos et al., 2094

Specific chromatin  remodelling complexes such as histone
demethylation/methylation and deacetylation/acetylation are involved in
regulating gene expression during EMT. Tdgsregulationof these
complexescauses dramatic changes in the expression patiethe EMT-
related genes, leading to enhanced CRC cell invasive and metastatic
capabilities. Anin vitro study on a human colon carcinoncall line
(HCT116)lacking H2A.X reported increased expressioshiAL2, SLUG
ZEB1 and Vimentin (VIM) (key mesenchyral genes), and decreased
expression of th&€DH1 epithelial gengdWeyemi et al., 2016 The same
study reported the accumulationigtone H3 lysine 9 acetylati¢hl3K9ac),

a histone marker of activated promoters, in$hé&JGandZEB1promoters

on the same locus from which H2A.X had been remgVeédyemi et al.,
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2016. More importantly, H3K9 kpoacetylation is representative of
transcriptional repressiorwhich has been linked td&-cadherin gene
inactivation in CRC cell line¢Gargalionis et al., 2012.iu et al., 2008,
whereas high levels of trimethylated H3K9 (H3K9me3) have been correlated

with good prognosis in eaHstage CRC tissuéBenard et al., 2034

Histone deacetylase 1 andkIAC1 and HDAC2 are overexpressed 36.4
% and 57.9 %, respectively, of CRfatientsand are considergaredictors
of overall survival in these patientsThe inhibition of bothrHDAC1 and
HDAC2 attenuates the growth of HCT116 and-B9 colon cancer celis
vitro (Weichert et al., 2008 On the other hand, ausly onvalproic acid
(VPA), a HDAC inhibitor, revealed that VPA is efficient significantly
increasing HCT116 and SW480 CRC cell motility vitro by down
regulating Ecadherin and Z€l expression while upegulating Snaill, N
cadherin and Wnentin expressior(Feng et al., 2015 Another HDAC
inhibitor, trichostatin A (TSA), reduced-Eadherin expression and increased
Vimentinexpresnat mRNA and proteiexpression levels two CRC cell

lines (DLD-1 and HCT116{Ji et al., 201h

Moreover, knockdown of KDM6B, a histone lysine demethylase that
activates gene expression by eliminating repressive histone H3 lysine 27
trimethylation H3K27me3 marks from chromatin, is involved in EMT
activation by promotingSNAI1and ZEB-1 expressionwhile reducingE-
cadherinexpression in SW48BDH colon cancer cellPereira et al., 20)1

Furthermore, knockdown of UTX, a HDRkhat attributeso H3K27me2/3
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demethylationconsiderablyincreases H3K27me3 mark at tBecadherin
promoterwhich consequently represses&dherin expression and increases
migration and invasion of HCT116 ce(8ha et al., 2016 The same study
also demonstrated the recruitmentGBP (aH3K27 acetyltransferase) to
the E-cadherinpromoter, wherdH3K27me2/3 was demethylated via UTX
overexpression. This consequently -rggulated Ecadherin expression,
resulting in theeductionof HCT116 celimigratoryand invasive abilityZha

et al., 201%.

Although substantial development has been made in understanding the
moleculametworks thategulate EMT little is known abouhow chromatin
modifiers regulate the expression of the ElSociatedgenesandor

regulatorsat epigenetic level
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1.5 Epigenetic
alterations in CRC
development
In earlier studies, CRC was

primarily considered a genetic

disease that occurred due to

sequential accumulation of genetic

alterations. However, recent
studies have shown that a
combination of genetics and

epigenetics contoute to CRC

development Kigure 1-8)
(Soshnev et al., 201&aiopoulos
et al., 2014 van Engeland et al.

2011).

Epigenetic alterations arpresent

as inheritable changes in gene
expression other than changes in
the DNA sequence. The disruption
of epigenetic reprogramming may
influence gene expression,
including DNA methylation, post

translational modification (PTM)

of histones, loss of imprimg,
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nucleosome positioning, chromatin looping and small-cmoing RNA
(Vaiopoulos et B 2014 van Engeland et al., 2001 Epigenetic
reprogramming is implicated in tumour suppreskms of function and
oncogene activatior{Vaiopoulos et al., 2094 The combination of gene
mutations and epigenetic changegagesignalling pathways that regulate
the hallmarks of cancer activity. Consequently, it is important to understand
chromatin structure and thehromatin remodelersimplicated in several
important biological mechanisms to study the relationship between

epigenetic alteration and CRC development.

1.5.1 Chromatin structure

The 2m long linear DNA is extensively condensed in DNA nanofibre form
in the nucles of the human cell. To achieve this condensation, the DNA
associates with a set of nuclear proteins (histone antlistone), leading to

the formation of chromatinFgure 1-9), which carries all genetic and
inheritable information(Felsenfeld and Groudine, 20030 achieve equal
and appropriate segregation of genetic information to daughter cells,
chromatin is further condensed to form chromosomeasataphase during

mitosis.
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Short region of
DNA double helix

‘Beads on a string"
form of chromatin

30-nm chromatin
fiore of packed
nucleosomes

Section of
chromosome in an
extended form

Condensed section
of chromosome

Entire mitotic
chromosome

Figure 1-9: Organization of DNA in chromatin within the cell. Typically,

the double helix DNA is wrapped around a histone octamer, creating
nucleosomes that appear as beads on a string. These beads of nucleosome
elements are then folded to form fibres of 30 nm in diameter and further coiled
into higherorder structues which known as chromosomes. The total
condensation of DNA in a chromosome form is more than 16f@@0
Adapted from(Felsenfeld and Groudine, 2003
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1.5.2 Chromatin states

Early studies cytologically distinguished two states of chrom@dieitz,
1928: Euchromatin has an open, transcriptionally active conformation,
replicates early uring Sphase and mainly encompasses most active genes
(Alexandrow and Hamlin, 2005 conversely, heterochromatin is tightly
compacted and replicates late in the cell cycle with little or no active gene

expressior{Cimini et al., 2003(Figure1-10A).

\o

W

Euchromatin
Gene-rich, transcriptionally active
Dispersed appearance
Unique DNA sequences

Heterochromatin
Gene-poor, less transcriptionally active
Condensed appearance
B Repetitive DNA sequences

o S

@ DNA methylation (CpG)
s NcRNAS

@ Lysine methylation
» Lysineacetylation
@ Serine/Threonine phosphorylation

@) Lysine ubiquitylation
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Figure 1-10: Schematic diagram of euchromatin and heterochromatin
structure (A) and involvement of the posttranslational modificationgB).
Adapted fromwww.biochem.slu.edu

Epigenetic mechanisms determine the chromatin condensation or
decondensation state vigposttranslational ~modifications (PTMs)
(Figure 1-10 B), which take place on the histone amteominal tails (N

tails). Although every cell has the same genetic code, gene expression
patterns differ between cells based on tifieénce of different sets of histone
modifications on each cellSchafer and Jung, 2005Consequently, the
condensegtate chromatin has to be reverted to its relaxed form to render the
DNA accessible to the transcriptional machinery, and histone PTMs regulate

this procesg$Elgin and Reuter, 20QBchafer and Jung, 2005

Some regions of the genome, such as centromeres, pericentric regions and
telomeres, are maintained in the heterochromatic condensed state throughout
the cell cycle in all cell types, hence is termed constitutive heterochromatin
(Schafer and Jung, 20p5However, other heterochromatic regions of the
genome can change their status during cell development or differentiation
and are therefore known as facultative heterochrom@litohn and
Schibeler, 20Q9Schafer and Jung, 2005Constitutive heterochromatin,
mainly found at the pericentromeric regions and is organised in centromeres
and telomeres, comprises various repeated-cooing DNA sequences,
termed satellitegDillon and Festenstein, 200Rlaison et al., 2011 While
heterochromatin satellites are genetically inactive and cannot be transcribed

or expressed, they are significant as contrilsubdcentromericcomponents
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in chromosomes Higure 1-11) (Henikoff et al., 200L Although
heterochromatin function is not completely understood, heterochromatin
mediates several nuclear functions, including centromere function, gene
silencing and nuclear organisatigifan et al., 2008 Centromeres are
involved in two distinct heterochromatin regions: centric andceetric.

Mi nor satellite -bpeuis)actupy the debtbchegibng o f
whereas major satellite repeats (6 Mb of-BRdunits) occupy the pericentric

region(Henikoff et al., 200}

H3K27me1, H3K9me2/me3, H4K20me3
H2A.Z, DNA methylation

——

_ pericentric centric
major satellites ;
HP1, structural RNA

Figure 1-11: Schematic clarification of chromosomal heterochromatin
regions. The heterochromatin centromere involved centric and pericentric
regions which are presented by minor (green) and major (red) satellite repeats,
respectively. Bth centric and pericentric domains are enriched with
methylation sites. Adapted fro(Rrobst and Almouzni, 2008

The minor satellites, along with centromeric proteins, are redufor
kinetochore formatiorfMounia et al., 2004Probst and Almouzni, 2008
Although H3K9me3 is enriched in both the tt@mand pericentric regions,

distinct H3K9me3containing dinucleosomes have been identified in the
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pericentric regions onlgMounia et al., 2004 which means that each region
participates in a distinctly higher order of chromatin organisation
(Figurel-11). Furthermore, when the suppressor of variegati®rhdmolog

1/2 (SUV39H1/2) histone methyltransferase (HMTase) is absent from the
cell, prolonged chromatid cohesion (that is sustained for a longeiauia

major satellites compared with minor satellites) is lost only in the pericentric
regions (Mounia et al., 2004 A recent study discovered that H3K9
methyltransferases and their equivalent demethylases serve as the on/off
switch for preiPSC (induced pluripotent stem cells) fate by regulating H3K9
methyation status at pluripotency lo@Chen et al., 2013 Therefore, it is

clear that SUV39H1/2 plays an important role in assembling sister
chromatids together and that both the centric and pericentric regions are
functionally independen{Mounia et al., 2004 HP1U (heteroch
protein Jledinthe mericentnomeéric heterochromatin, and it has
been suggested that HP1U recrui-t ment
mediated H3K9 trimethylatior{fEissenberg and Elgin, 200&won and

Workman, 201 1Muchardt et al., 2002

Chromosome condensation is a significant process that provides correct and
equal segregation of genetic material among daughter cells; conggguen
failure of proper segregation may lead to undesirable outcomes. Combined
with the influence of centromere function, heterochromatin satellite repeat
accumulation is associated with transcriptional gene siler(@iitpn and
Festenstein, 2002 Recently, transcriptional gene silencing and its

contribution to cancer progression became the main focus of research.
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Tumour sppressor genes are genetically or epigenetically silenced in many
cancers. Gene silencing via hypermethylation of the promoters of many

tumour suppressor genes mediates tumorige(iaispoulos et al., 2004

1.5.3 Histone types

Eukaryotic DNA is packed intohromatin, which consists of a complex of
DNA and histone and nehistone proteins. There are five histone isotypes:
H2A, H2B, H3, H4 and H1. H1 is termed the linker histone. The core histone
unit is made up of two units each of H2A, H2B, H3 and H4, fogran
octomer (a HBH4 tetramer and two H2Ad42B dimers), which is then tightly
wrapped with 147 bp DNABannister and Kouzarides, 2QThoma, 199

This unit of core histones and the DNA is known as a nucleosome and is the
basic organising unof chromatinBannister and Kouzarides, 2Q Boshnev

et al., 201% Assembly of H1 and the nucleosome is known as a
chromatosome, considered lasic repeat unit of chromatin fibres
(Hayashihara et al., 2010arhe H1 globular domain (GD) interacts with
linker DNA at the entry/exit site ofutleosomal DNA, creating higher levels

of chromatin organisation and condensed strucfMtaresca et al., 2005
Soshnev et al., 20)8herefore, H1 may be essential for mitotic chromosome

condensation and segregation.
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1.6 Histone posttranslational modifications (PTMs)

Histone Nterminal tails are substrates for a number of PTMgure1-12),
including acetylation, methylation, phosphorylation, ubiquitination and
simulation. Each of the four core histone proteins has thee ggimary
structure, but undergoes different chemical modifications, which results in
promoted or inhibited gene transcriptiBannister and Kouzarides, 2011
PTMs act as transcriptional controllers that balance the inversion betveeen
active euchromatin and the inactive heterochromatin. These modifications
not only influence the transcription status of many genes, but also influence
other molecular processes involving DNémplated processes such as
proliferation, differentiationrad apoptosi¢Kouzarides, 200Soshnev et al.,
2016. Moreover, these modifications can be inherited by daughter cells
following cell division. Consequently, epigenetic modifications canirepa
altered gene expression patterns produced as a result of environmental
reasons such as radiation and chemical exposure, and nutrition.
Consequently, epigenetic modifications may act as an epigenetic memory for
gene expression patter(Bannister and Kouzarides, 2Q13oshnev et al.,

2016.
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0006200000

Figure 1-12: Posttranslational modifications of histone moleculesThe
protruding out Nterminals tails of histone are subjected to a great range of
posttranslational modifications. These protruding tails consist of amino acid
residues that have been numbered accordindnéo positions in human
histones and the respective modifications have been shown on the residues.
The column in the righhand sides shows different coleesded amino acids.

A, alanine; R, arginine; E, glutamic acid; Q, glutamine; G, glycine; H,
histidine; L, leucine; K, lysine; P, proline; S, serine; T, threonine; V, valine,
me, methylation; ac, acetylation; P, phosphorylation; Ub, ubiquitination; and
N, N-terminal end of the histones. Note that lysine residues can be,deno

, or tri-methylated and gmine residues can be moenand dimethylated.
Adapted from(Jayani et |, 2010.

The involvement of a range of enzymes catalysing PTMs is crimial
initiating the function of the PTM regulatory machinery, which is responsible
for controlling transcriptional activity. Deregulation of enzymatic
interactions or expression can alter the flow of normal physiological
processes and induce incorrect taipion patterns by silencing or down
regulating tumour suppressor expression or enhancing oncogene expression

(Schafer and Jung, 2008aiopoulos et al., 2034
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1.6.1 Effects of acetylation and deacetylation in gene

expression

More than four decades ago, Allfrey and codlediors discovered a strong
correlation between histone acetylation and transcriptional activation
(Allifrey et al., 1964 Brownell et al., 1995 but the molecular mechanism
involved has only been described in recent y@aewvie, 1998 Gregory et

al., 200). This finding spurred amportant wave of interest in the role of
histone modifications in regulating DNéependent processes. Histone
acetylation is tightly regulated by the activity of two enzyme families: histone
acetyltransferases (HATs) and HDA@®awsonand Kouzarides, 2012
Gargalionis et al., 201Xuo and Allis, 1998 Vaiopoulos et al., 2024
HATSs, such as?CAF, GCN5 andHAT1, promote histone acetylaticand
hence transcriptional activatighlebbes et al., 198&uo and Allis, 1998
HATs add acetyl groups acquired from acetyl coenzyme A to the epsilon
amino group of lysine residues in theté&mini histones, resulting in
neutralisation of the positive charge of the lysine residue on the histone tails
and reducing th electrostatic interaction between the positkiarge
histones and negatingharge DNA(Davie, 1998. This renders the DNA
promoters and enhancers maxessible to RNA polymerase and leads to
activation of the transcription of certain genes. This transcriptionally active
chromatin state is known as euchrom@@nunstein et al., 1995Regions of
active DNA are marked with H3 and/or H4 acetylat{daiopoulos et al.,

2014 van Engeland et al., 2011
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HDACs have antagonistic properties to HATS8msilating the removal of
acetyl groups from histone lysine residues, leading to chromatin compression
and transcriptionally repressing genes by enabling interaction between DNA
and histonegDavie and Spencer, 1999This chromatin state is termed
heterochromatin. Typically, HATs and HDACs regularly add and remove
acetyl groups to and from lysine in the histongehnini, respectively(Kuo

and Allis, 1998 Vaiopoulos et al., 2094 However, HATs and HDACs
demonstrate activity towards ndwstone protein substrates such as P53,
which stimulates or inhibits its transcription machin@grlev et al., 2001
Murphy et al., 1999 These substrates are involved in regulating gene
expression and cell death, proliferation and migra{©hen et al., 2015
Gargalionis et al., 2012.uo et al., 200pMarks, 201QPeserico and Simone,

2010.

HAT and HDAC activities are wellescribed and their role in tumorigenesis

has been broadly studiéMarks, 2010. HAT and HDAC imbalancesay

induce tumorignesis. Many anomalous histone acetylation patterns have
been detected in CR(Gargalionis et al., 20321t was recently found that
GCN5,aHAT, is upregulated irhuman colon adenocarcinoma tiss(dis

et al., 2015 Among 18 HDACs, HDAC13, HDACS5 and HDACY7 are also
elevated in CRC. HDAC2 upegulation was detected in eadiage CRC
(StypulaCyrus et al., 201,3/aiopoulos et al., 20)4Histone PTM activates
several oncogenes and represses numerous tumour suppressor genes. In

CRC, for example, transcriptional repression of Eeadherin tumour
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suppressor gene is linked to H3K9 deacetyla{@argalionis et al., 2012

Liu et al., 2008.

1.6.2 Effects of methylation and demethylation on gene

expression

Another histone PTM that occurs at both the lysine and arginine residues of
the histone MNerminal tails is methylation.Similar to acetylation,
methylation is reversible and is regulated by the activities of two groups of
mutually antagonistic enzymes: HMTases (also known Ids
methyltransferasé&{MT) and HDMs (also known d&-demethylaseKDM).
HMTases and HDMs add and remove methyl groups from and to specific
histone lysine or arginine residues, respecti(ébiopoulos et al., 2094To

date, more than 20 HMTases have been identified, including SUV39H1/2,
G9a, EZH2, NSD1 and SET1. Many HDMsaJe been identified and
classified into either the lysirgpecific demethylase (LSD) family or the
Jumonji C (JMJZKDM) family based on their homology and catalytic
domains LSD family memberdikely do notact on trimethylated lysine
residues, whereas JKIKDM enzymes demethylate monodi- and
trimethylated lysine (GarciaGiménez, 201p Histone H3 undergoes
methylation at multiple lysine sites, including K4, K9, K27, K36 and K79,
and a lysine residue can be unmethylateeéQynmonomethylated (mel),
dimethylated (me2) or trimethylated (meBi is also methylateohostly at
lysine 20 and less commonly at lysine 79 and H3K4 trimethylation is
associated with transcriptional activation, whereas trimethylated H3K27,

H3K9 andH4K20 are associated with transcriptional repres@artova et
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al., 2008 Benard et al., 20t4GarciaGiménez, 2015Vaiopoulos et al.,

2014.

Colon adenocarcinomasdergo epigenetic alterations that mediate tumour
progression(Enroth et al., 2001 A study that mapped genormsade
H3K4me3 and H3K27me3 kaimg in both normal and tumour samples from
the colon found that, in the tumour samples, H3K4ipeStive genes
developed hyperactivity while H3K27mg®sitive genes became hyper
silenced as compared to the expression levels in normal colon mucosa
(Enroth et al., 2011 H3K9me3 was decreased in patients with CRC when
compared to healthy contro{&ezer et al., 20)3In contrast, despite the
association between H3K9me3 and transcriptional repression, @&d th
subsequentnvolvement in the abnormal silencing of tumour suppressor
genes (i.eDCC (Derks et al., 2009, SUV39HL/H3K9me3 was increased in

the invasive and lymph node metastatic regions of CRC tigswé®yama

et al., 2013 Bernad and colleagues also reported elevated H3K9me3 in
patients with earhstage CRC, which correlated with good prognosis
(Benard et al., 20)4Consistent with H3K9me3 elevation, induced levels of
SUV39HIMRNA (a H3K9 methyltransferase) were detected in prirGR ¢
tissuegKang et al., 200)7 suggesting SUV39H1 involvement in mediating
the repression of the EMielated genes. It appears that altered
SUV39H/H3K9me3 expressidrvelsand the involvement of other histone
modifiers may play a central role in human CRC development and metastasis

through mechanisms that are currently unclear.
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1.7 Heterochromatin-associated proteirstructures and their

roles in cancer development

1.7.1 HP1

Accurate DNA packaging in nucleosomes results in mitotic chromosome
condensation, which is essential for correct chromosome segregation
(Eissenberg and Elgin, 200MNot only are histone proteins that interact with
nucleosomes involved in maintaining the condensed chromatin state; non
histone proteins also participate in this process and can influence the function
of the transcriptionatnachinery. Nevertheless,etlmechanisms involved in
chromatin structural rearrangeméram mitosisthrough interphase and in

chromosome assembtiuringmitosisremain unclear

HeterochromatinProtein 1 {HP1) is a nonhistone protein that directly
localises to constitutive heterochromat®anzio et al., 2014Chevillard et
al., 1993 Mateescu et al., 200&nd represents a family of small (~21 kDa)
protein substrateeriginally discovered irD. melanogastel(Jameset al.,
1989 Vermaak et al., 2005HP1 proteins are a highly conserved family of
proteins that consist of 1B492 amino acids. HPisoforms havebeen
reported in many organisnfspm fission yeast (Swi6, Chp2hp1) to human
(HP1 U, H P THe percéhade of)sequence similadtyjonghuman
HPLHP 1 U, addHIPH), Swi6 and Chp2 and their domain mapping
are illustrated inFigure 1-13, wheeas the alignment of the human HP1
proteirsis demonstratech Figurel-14. In mammals, all three HP1 isoforms

have similar amino acidequences and structural organisation, but their
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subcellular localisation differs; therefore, the isoforms have distinct
functions.H P 1ldgalises to both the metaphase centromeresedmiaheres
whereasH P 1 b foundsin interphase centromeréSanzio et al., 2014
Hayakawa et al., 20Q3InterestinglyH P 1dfssociates from the centromeric
regions; insteadH P 1 ddcumulates theréHayakawa et al., 2003Both
isoforms arggenerally associated with more compacted chromatin structure
and are involved in transcriptional gene silenc{@anzio et al., 2014
Dialynas et al., 2006 However, emerging evidence shows that Bl
Drosophilachromosomes is found at many euchromatic/gene active sites
(Kwon and Workman, 201 Piacentini et al., 200%5dek et al., 20)3and

can open the chromati(Cryderman et al., 20)1and stimulate highly
expressed euchromatic genes via its association with taegciiption start
sites in silkworm genomgShoji et al., 2014 Conversely, HP10o
largely in euchromatin and is distributed in multiple small foci outside the
nucleoli and mediates transcriptional activation and RNA proce@Sanio

et al.,, 2014 Minc et al., 1999 Vakoc et al.,, 2006 Consequently, the

differing localisation determines distinct functions.

All HP1 proteins hae a specific domain structure that includes a highly
conserved terminal chromodomain (CD) that recognises H3K9, and-a well
conserved @erminal chromo shadow domain (CHD) that interacts with
SUV39H1/2 (Bannister et al., 2001h.achner et al., 20Q1Smothers and
Henikoff, 2000 Yamamoto and Sonoda, 2Q003he CD and CHD are
connected to each other through a less conserved hinge region that binds

DNA and RNA(Maison et al., 201)land stimulates specific HP1argeting
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and accumulation at pericentric heterochroméituchardt et al., 2002

(Figure 1-13 and Figure 1-15). In humancells, the HPU CHD is essential

for HP1Ulocalisation to the metaphase centromere, whereas-teeninal

HP1b CD is essenti al for HP1b | ocali
This shows that the HP1U and HP1b do
the respective proteins to the metaphase and interphase centromeric
chromosome regions, leading to the association of several HP1 isoforms with

the centromeres at different cell cypleasegHayakawa et al., 2003

The homozygous loss oDrosophila HP1 is fatal, highlighting the
significance of HP1 in normal developméht et al., 200D In addition D.
melanogastedie at the late third instar larval stage, i.e. when the maternal
HP1 becomes depleted, perhaps because of the failure eftiRdells to
segregate their chromosomes faithfullyu et al., 200D It was recently
reported that HP1 is a key chromatin factor that controls stem cell function
(Zeng et al., 2013 However, the epigenetic mechanisnchastration of
stem cell responses remains to be elucidated. In humans, reduced HP1 has
been associated with cancer progression in many tunfDuat/nas et al.,
2008 Lee and Ann, 2013 ieberthal et al., 208 Tretiakova et al., 2094In
contrast, the role of HP1 in colon cancer has not be&ndlicidated, but

De Lange and colleagues reported dawgulated HP expression in
metastatic CRC cell¢De Lange et al., 2000 Recent data suggest that
aberrant expression of gastreleasing peptide (GRP) and its receptor
(GRPR) dowrregulates HPA, which consequently increases invasioin

CACO-2 humancolon adenocarcinoma celia vitro (Tell et al., 2011 A
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more recent study on 178 CRC tissue specimens from different patients
reported significantlyncreased HPdexpression, which was correlated with
short survival when compared to the matched adjacenturoaur tissues

(Liu et al., 201%.

(A) NTE cD H CsSD CTE

17 72 115 176
HP1o ) RO 192
HP1B 1 - 186
HP1y e e e R 184
Swie  1- 3 B 4 | 329

Percentage sequence identity compared to HP1o

NTE cD H csD CTE
HP1J 35% 82% 33% 82% 38%
HP1Yy 15% 71% 36% 87% 19%
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SWIB 1 et iiosmuisiuinniusesasanisssssesasianas 329
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Percentage sequence identity compared to Swib
NTE CD H CSD CTE

Chp2 12% 38% 13% 38%

Figure 1-13: Structural mapping and sequence identity of human and

fission yeast heterochromatin protein 1 (HP1) proteingA) Top: Mapping

of human HP1U, HP1bB, HP1lo, and fi ssi
Percentage sequence i dé¢BnTop: Mgppinge®fl at i v e
fission yeast Swi6 and Chp2 domains. Bottd®Percentagef identity for
sequencalignment relativeéo Swi6. In (A) and (B), light green specifies the
N-terminal domain (NTE), yellow the chromodomain (Cight brownthe

hinge (H) region, blue the chromoshadow domain (CSD),panklthe G

terminal extension (CTE). Adapted frq@anzio et al., 2014
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Figure 1-14 Ami no aci d al i gnment of HP1 pro
hHP16b, a n dThelCB Rrid £3D. domains are highly conserved,
whereas there is less conservation of ltheegion. Identical residues and

similar residues are highlighted gney and yellow, respectively. The CD is
underlined in blue, thél region in green, and theéSD domain in orange.

Black asteriskglesignate amino acids participating in the aromatic binding

cage Numbers above the aligned hHP1 proteins refer to resiglabers. The

multiple alignments of sequence identities were made using pBRit&AST
(http://www.ebi.ac.uk/servicgs
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1.711The cross t aladnd3U¥ioMi®en HP1U

Among the multiple mammalian HMTases, SUV39H1 and SUV39H2 play
an important role in heterochromatin formation. They are encoded by
SUV39H1andSUV39H2and consist of two conserved domains:g@ninal

SET dmain crucial for the catalytic activity of most lysine
methyltransferases, and aAé&minal CD that binds lysine 9 of H3 and other
proteins.SUV39H1 and SUV39H2 both target H3K9, but with a distinct
degree of methylatio(Maison et al., 202;1Schuhmacher et al., 2015-or
example, SUV39H1 generates H3K9me3 by favouring unmethylated H3K9
and monomethylated H3K9 (H3K9mel) as substrates over dimethylated
H3K9 (H3K9me2)(Chin et al., 2006 By contrast, SUV39H2 prefers un
methylated H3K9 as a substrate over methylated H38uhmacher et al.,
2015. However, H3K9me2 conversion to H3K9me3 is slower than that of
unmethylated H3K9 to H3K9mel and H3K9mel to H3K9me2 in both
enzymegSchuhmacher et al., 2015 'he Nterminal of both engmes binds

to the HPU CHD to create H3K9me3 that contributes to heterochromatin
stability (Figure 1-15) (Yamamoto and Sonoda, 20Q03Subsequently,
H3K9me3 directly interacts with the HBICD and serves as a histone
modification patternBannister et al., 200)aThis pattern determines the
condensed state of chromatin and serves as an essential marker of epigenetic

silencing(Nakayama et al., 20Q0Rea, 200}

A study conducted orbuv39hl/Aeficient mice reportecchromosomal
instabilitiesand severely impaired viabilitfPeters et al., 2001whereas

SUV39H1 overexpression in mice promoted both migration and
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tumorigenes and resulted in significantly decreased survival rates
(Yokoyama et al., 20)3These findingsndicate the role of SUV39H2 as

a central epigenetic regulator of mammalian developrn@her than histone
modification, norhistone modification is also required for maintaining
constitutive heterochromatin compaction, spread and silencing activity
(GarciaGiménez, 201p A recent study revealed that SET{® lysine
methyltransferageattenuates SUV39HL1 activiiy response to adriamycin

treatment (a DNA damage inducer) leading to heterochromatin
decompactiongenomic instabilityandinhibited cellproliferation(Wang et

al., 2013% Moreove, the phosphorylation on the serine residuesi(S14)

of thetdPmMUnMl enhances the binding c
particularly during metaphasewh i c h i S essenti al f o
localisation to heterochromatin(HiragamiHamada et al.,, 20)1
Additionally, it is strongly indicated thad P1 U SUMOy | ati on e
HP1Ubinding activity towards DNA, consequently mediating transcriptional
repression(Maison et al., 2001 Altogether, these data indicate the
significance of SUV39H1/2 and HPU interaction and the upstream
modification of H3K9me3dnediated heterochromatin establishment/spread

in normal development and cell ¢gqrogressioriSingh, 201).
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Chrofo- " Hinge" s Chromoshadow domain

Figure 1-15: Schematic presentation of HP1 structure and functionThe
methyltransferase that is encodedOrpsophila melanogaster SU(VARJ3
binds to chromo shadow domain of HP1, leading to methylated lysine 9 of
histone H3 (H3K9me3). Then, H3K9me3 binds to chromo domain of HP1 to
provide a foundation for heterochromatin spreading and epigenetic
inheritance. Alapted from{Grewal and Elgin, 2007

1.7.2 Heterochromatin proteini binding protein 3 (HP1BP3)

Hayashihara and colleagues have recently reported a novel chromatin
interacting proteirthat interacts with HRt HP1BP3 (also known &dP1-
BP74)(Hayashihara et al., 20108 he authors reportddP1BP3in isolated

and highly purified human metaphase chromosomes extracted from HelLa S3
cells in highsalt solutions using salt strippinit the start of my study, apart
from this single publicatio(Hayashihara et al., 201)0zery little was known

about the HP1BP3 protein.
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Figure 1-16. The schematic presentation of human metaphase
chromosomeassociatél proteins. Dissociation and identification of
proteins was achieved by using 0.4 M NaCL and mass spectrometry,
respectively. The * represents the expression of two separate bands
corresponded to HP1BP3 (HP1BP74), as demonstrated. Adapted from
(Hayashihara et al., 2010a

The humanHP1BP3 gene encodes a highly conserved protein wih
remarkabledegree ofsequenceand functionalsimilarity to the murine
HP1BP3protein (Garfinkel et al., 2015b The HP1BP3gene contains 12
exons spanning 1.662 kb of chromosonfeltomosomal position: 1p36.12)
in humans andl3 exonsspanning 1.665 kb of mouse chromosome 4
(chromosomal position: 4 D3; 4hdditionally, it encodes two endogenously

expressed bands termed HP1BP3a and HP1BP3b, corresponding to the long
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and shorisoforms, respectivelyGarfinkel et al., 2015Hayashihara et al.,
20108. The latterarisesfrom alternatives p|l i ci ng i n t he 5aq
human HP1BP3 mRNA, resulting in exonskipping at exon 2 and an
alternativetranscript startingat exon 3.Consequently, theplice variant is
characterised by a B&8mino acid deletion at the-términal of the long
HP1BP3 proteir{Garfinkel et al., 2015b In humans, tha andb HP1BP3
isoforms consist of 553 and 515 amino acids, respectively, whereas the long
and short mouséiplbp3isoforms consist of 500 and 462 amino acids,
respectively. Sequence alignment of the long and short transcripts of humans
and mice has detected mdhan 84 % homology between the two species.
Moreover, expression of the mRNAs of the two splice variants and their
protein products are present in the majority of human and mouse tissues.
Interestingly, all studied samples expressed at least HRiLE®8mM

(Garfinkel et al., 2015b

1.7.2.1HP1BP3 protein structure and localisation

HP1BP3 is a novel nuclear protein that contains different domains
responsible for distinct interactiofGarfinkel et &, 2015h Hayashihara et

al., 2010& Recently, it was revealed that HP1BP3 is a ubiquitously
expressed protein with remarkably close structural resemblto linker
histones of the H1 family that has high binding affinity to nucleosomes.
Members of the H1l family are mainly involved in global chromatin
compaction and affect chromatin organisation and function by interacting
with the linker DNA between raleosome$Thoma and Koller, 193%7H1 is

required for proper chromosome segregation by the mitotic sgiMdieesca
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et al., 2005, gene expression regulatigfran et al., 2005 mammalian
developmen(Fan et al., 2003and stem celdifferentiation(Pan and Fan,
2016 Zhang et al., 20)2Themiddle portion of HP1BP3 (Lysine BTLysine

274) has a H1 globular domain (GDJ€thioninel53 Threonine237)with
sequences idéical to that in the linker histone H1, and associates with linker
DNA at the entry/exit site of nucleosomal DNWayashihara et al., 201Da
Another structural study reported that HP1BP3 has three GDs and a
positively charged @erminal that exhibit identical and high sequence
similarity, respectively, with that of H1 family membé€iSarfinkel et al.,
2015h. These domains increase H1 affinity to chromatin in live cells. The
three GDs (designated GD1, GD2 and GD3) are located downstream of a
glutaminerich, unstructured Merminal domain (NTD) @mprising 100
amino acids. A Z0amino acid polyaspartate/glutamate tract (DE) is located
upstream of GD3, which is adjacent to a highly positively chargeair@inal

domain.

The remarkable sequence conservation (98 % identity) of the three HP1BP3
GDs, whch been found among mice and humans, is highly prominent. Like
H1 subtypes, both Nand Gterminal domains are essential for the chromatin
binding characteristic of HP1BP3, which is affected by cell cycle progression
and PTMs(Garfinkel et al., 2015b Indeed, recent experimental evidence
has shown significantly reduced HP1BP3 interaction with chromatin
following C-terminal region deletioriGarfinkel et al., 2015b N-terminal
domain deletion also reduced HP1BP3 affinity for chromatin and reduced

nuclear HP1BP3 localisation to the nucleoli. These data stitige the triple
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GD region, along with the -Cand Nterminal domains, act cooperatively
towards the chromatihinding properties of HP1BP8Garfinkel et al,

2015H.

Apart from its similarity with H1 family members, HP1BPasits own

structural characteristicel P1 BP3 i nteracts with HP1U
PXVXL-binding motif at proline 253eucine 259(Hayashihara et al.,

20103, which is close to the middle of the second HP1BP3 GD identified by
Garfinkel and colleagueéGarfinkel et al., 2015b A valine (V257) to

glutamic acid substitution using sitkrected mutagenesis led to complete
abolishment of HP1BP3 interaction with heterochromatic regions, strongly

S ugge st i-degendertPHeterochratin enrichment of HP1BP3

(Garfinkel et al., 20150 HP1BP3 showed strong ¢ocalisation with both

HP1U and H3K9 me3 (heterocthareowast i n n
significantly reduced cb ocal i sati on bet ween HP1
(euchromatin marker), rieperelentsHPIB&®Hh g e v i
involvement in heterochromat(@arfinkel et al., 20150 The DE domain is

a unique structural property of HP1BP3 andkiegene family. Generally,

the main role of the negatigharge DE (a 20 amino acid poly
aspartate/glutamate tractpmain is directed towards imgetion with core

histones and/or regulating DNA binding dynamics. DE sequence deletion
noticeably increaseliP1BP3 chromatin residence timg&arfinkel et &,

20150.
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The structure of HP1BP3 governs its cellular localisation. Consequently, the
presence of histone Hllke domains confers DNAinding properties on
HP1BP3, while the HP1U binding moti
heterochromatin. Altogker, this indicates the intranuclear localisation
characteristic of HP1BP3. Indeed, the current evidence shows that the
HP1BP3 nuclear expression pattern is predominant in all investigated cell
lines and tissueGarfinkel et al., 2015b Although HP1BP3 is ubiquitously
expressed in all vertebrates, its distribution varies between cell type
(Garfinkel et al., 2015 HP1BP3 is highly expressed in the brain compared
to other observed tissues. Interestingly, germ cells are null for HP1BP3
expression. High amounts of HP1BP3 have been detected in embryonic
tisste but not in trophoblast placental regions. Furthermore, HP1BP3
expression intensity differs within the same tissue type. Renal proximal
tubules exhibited strong HP1BP3 expression signals as compared with the
distal tubules. Similarly, HP1BP3 intranucleaxpression patterns differ
based on cell type. HP1BP3 expression in Purkinje cells was presented by
enrichment in the perinucleolar heterochromatic foci, while neuronal cells of
the cerebellum showed diffuse distribution of HP1BE&rfinkel et al.,
2015h. A study on primary cultures of cerebral cortical neurons
demonstrated a clone with an identical sequence to HP1BP3. HP1BP3 up
regulation was observed difinked to neuronamaturation(Li et al., 2003,
suggesting the possible contribution of HP1BP3 to neuronal development

processes including proliferation, differentiation and/or migration.
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1.7.2.2Functions of HP1BP3

Several studies have attempted to address questions concerning the role of
HP1BP3in chromatin biology, pathobiology and cellular biolod@utta et

al., 2014aDutta et al., 2014Garfinkel et al., 2015&Garfinkel et al., 2016
Garfinkel et al., 2015bHadac et al., 2016.iu et al., 2016aNeuner et al.,
2019. Initially, HP1BP3 was identified as a novel heterochromatin
associated proteif{Hayashihara et al., 2010Qaaccordingly, additional
research was directed towards how HP1BP3 is involved in heterochromatin
architecture. Recent evidence has shdvatHP1BP3null HEK293T cells
presentecchromatin unfolding activityDutta et al., 2014a Hence, these
data reveal a novel regulatory role for HP1BP3 in maintaining higiokar
chromatin assembly and heterochromatin integrity. Dutta and colleagues
recently reported othe contribution of HP1BP3 to chromosome dynamics
via a chromatin proteomics strateglputta et al., 20149a The strategy
revealed the dynamic assootati of histone proteins and multiple ron
histone proteins with DNA. Hence, the applied proteomic approaches
showed the association between the -hmtone HP1BP3 protein and
chromatin remodelling during the different stages of cell cycle progression

(Dutta et al., 2014a

A typical eukaryotic cell cycle is divided into two basic parts: mitosis

(division of the nucleus) and interphase (distribution of identical genetic
material, i.e. DNA, to two daughter cells). Generally, human cells spend
about 95 % of their time in intelnpse (the phase between two successive

mitoses). Interphase encompasses the G1 phase (the first gap phase between
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mitosis and the onset of DNA replication where cells grow), the S phase
(occurrence of DNA synthesis) followed by the G2 phase (the second gap
phase of cell growth and preparation for mitogi3poper, 2000Ma et al.,
2014. Interestingly, two studies had strong eviderzd HP1BP3 localises

in the nuclei but is excluded from the nucleoli and chromosomes in interphase
and mitosis, respective(arfinkel et al., 2015lHayashihara et al., 2010a
Such localisation patterns have also been found for proteins associated with
high-order chroman structure formatioCherukuri et al., 2008 Moreover,
HP1BP3 chromatin association is increased duringi &1transition to
control cell proliferation (Dutta et al., 2014a Maintenance of the proper
duration of each cell cycle phase is important; dysregulation of the duration
of any cell cycle phase can lead tancontrolledcell proliferation and
therefore cancer development. As cell cycle progression is regulated by
protein kinases [known as cycldependent kinases (CDKSs)], checkpoint
regulatory proteins and chromatssociated protesnthese proteins must be
expressed properly at the correct interval. AccurateS3tansition plays a
pivotal role in regulating cell proliferative capac{@ertoli et al., 2013Liu

et al., 2016bNielsen et al., 1999Vang et al., 2004 HP1BP3null mice
exhibited partial poshatal lethality and adult growth retardati@®arfinkel

et al., 2015aGarfinkel et al., 2015p therebyunderliningthe physiological
significanceof HP1BP3 activity in growth and viabiliignd highlighting the

impact of HP1BP3 in regulating G$ transition and cell proliferation.

Dutta and colleagues reported th#R1BP3deficient HEK293T cells were

more swsceptible to micrococcal nuclease (MNase) digestion and had
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reduced chromatin compaction compared with mock cells. These findings
point to the possible role of HP1BP3 in modulating chromatin structure by
interconverting euchromatin and heterochromatin atwhsequently
activating or silencing the transcription of many gefiagtta et al., 2014a
Garfinkel and colleagues reported that HP1BP3 does not influence global
chromatin structuréGarfinkel et al., 2015b Despite the discordant findings,

the two groups reported that abolishing HP1BP3 altered the expression of
many genegDutta et al., 2014a5arfinkel et al., 2015b Any changes in the
compaction state of chromatin affects access of the transcriptional machinery
to genes, thereby modulating gene expressidnsabsequently key cellular
events such as proliferation, differentiation and apoptosis. Microarray
analysis of HelLa cells revealed that HP1BP3 loss affected the transcription
of 383 genes, where the transcription of 271 genes wasguated and that

of the remaining genes was dowegulated Garfinkel et al., 2015b Mass
spectrometrybased quantitative proteomic analysis identified 384 proteins
with differential expression iHP1BP3deficient HEK293T cells than in the
experimental control, where 176 and 208 proteins wereangd down
regulated, respectively. More importantly, the altered expression of nuclear
transport proteins resulted in induced nexfinto the nucleus, consequently
enlarging nuclear sizDutta et al., 2014a Accordingly, the experimental
data indicated not only the involvement dP1BP3 in heterochromatin
structure stability, but also its role in regulating gene transcription and

consequently protein expressi(@utta et al., 2014a
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The dynamic of chromatin compaction and decompaction during cell cycle
progression is very important for the correct procession of basic cellular
events (Ma et al., 201% The maintenance of chromatin integrity is
accomplished by chromatiproteininteraction that regulates keellular
functions during interphagélexandrow and Hamlin, 200Bhaskara et al.,
2013 Hayakawa et al., 20Q03/a et al., 2014Park et al.2011; Park et al.,

2014 Probst and Almouzni, 2008

There are two constantly interchanging chromatin in interphase: euchromatin
provides transcription factors access to DNA in the nucleosomes, which is
necessary for normal cell function, while heterochromaticompasses the
chromosome structure, containing genes that are differentially expressed
through development and/or differentiation and which are then silenced,
preventing aberrant recombination between densely packed arrays of DNA
repeats and therebygserving genome stability. Hence, a highly dynamic
state of chromatin is vital for proper DNA replication and the transfer of
genetic and epigenetic material to progeny dq@nnister andouzarides,

2017, Richards and Elgin, 2002 Dysregulation of chromatiassociated
proteins can lead to cell cycle dysregulation and the subsequent expression
of several cellular functigrassociaté proteins, consequently promoting
carcinogenesifCzvitkovich et al., 2001Di Paola et al., 201 3i et al., 2015
Kogure et al., 20L3Petti et al., 201.5Ramadoss et al., 2013typula-Cyrus

et al., 2013 As HP1BP3 contributes to chromatin dynamics, it might act as

a critical drivingforce behind tumour initiation and/or progression via cell
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cycle deregulation and therefore lead to uncontrolled cell proliferation, the

hallmark of cancer.

There is strong evidence that the heterochromatin association of HP1BP3 is
boosted under hypoxiconditions to induce alterations in epigenetic
modification and gene expressi(dutta et al., 2014b Hypoxia is one of the
main determining factors of oncogenesis that promotes tumour initiation,
progression and resistance to radio/chém@py (Ghattass et al.,, 2013
Hypoxiainduced &erations in the chromatidependent processes represent
a key driving factor of tumorigenesis. The effect of HP1BP3 loss in an
oxygendepleted environment has been examined bothtro andin vivo
(Dutta et al., 2014b Human tumour xevgrafts were used to determine the
biological role of HP1BP3 in tumour growth. Subcutaneous injections of
HP1BP3null A431 cells produced tumour growth in three of six mice,
whereas mockull A431 cells produced tumours in six of six m{Britta et

al., 2014h. These data reveal that HP1BP3 mediates hetexamatinisation

in hypoxic conditions, promoting cancer cell survivability, and therefore
define HP1BP3 as a regulator of cancer progression. Following exposure to
10 Gy ionising radiatin, HP1BP3 abolishment HP1BP3null A431 cells
attenuated cell viability by 18 %; the §€value of doxorubicin in the cells
was markedly reduced from 670.2 £ 62 ng/ml to 503.2 £+ 36 ng/ml as
compared to the contrdDutta et al., 2014b Another study identified
HP1BP3 as a candidate oflGorouracil (5FU) resistance. In comparison to
5-FUi sensitive tumours, thelP1BP3 gene was overexpressed irFBi

resistant colon tumoulgladac et al., 20)6These data shed the light on the
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contribution of HP1BP3 to tumour resistance against radiotherapy and

chemotherapy.

More recently, it wasliscovered that HP1BP3 is a chromatin retention factor
for cotranscriptional microRNA (miRNA) processingFigure 1-17).
mMiRNAs constitute a family dRNA-interference system and consist of short
(~22 nucleotides) singlstranded RNA, and are involved in various
pathological and physiological procesgele and Hannon, 2004MiRNA
biogenesis is mediated by the activity of two RNase Ill enzymes: Drosha and
Dicer. The first step occurs in the nucleus where Drosha tendiduble
stranded RNA (dsRNAbinding protein DGCR8 cooperate to cleave
primary RNA (primiRNA; ~100 nucleotides) transcripts into ~@0cleotide
steniloop precursor miRNA (preniRNA) and detach the two single
stranded RNA tails in the pmiRNA (He and Hannon, 2004The second
step occurs in the cytoplasmhere the DicérTRBP/PACT complex further
cleaves premiRNAs to generate mature miRNAs. The mature miRNAs are
then assembled and loaded into the miRiNduced silencing complexes
(miRISCs) that contain Argonaute (AGO) and other associated proteins to
mediae gene silencing via both translational repression and mMRNA
degradation(He and Hannon, 2004 Artificial pri-miRNA transcript
retention at the chromatin significantly increases miRNA processing and
expression(He and Hannon, 2004RNA polymerase Il (Pol Il) activity
intensely boosted the efficiency of {miRNA processing in the nuclear
extract of HeLa cells during miRNA transcigt (He and Hannon, 2004

Quantitative reatime PCR conducted oHP1BP3depleted Hela and
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human osteosarcoma (U20S) cell lines revealed marked decreases in the
ratio of mature miR21 and let7a relative to prmiR-21 and prlet-7a,
respectively, suggesting the involvement of HP1BP3 in human miRNA
processing (Liu et al., 2016p Cotransfection coupled with €0
immunoprecipitation (coP) experiments on HelLa cells revealed the
association of the three HP1BP3 GDs with the DroBiGaCRS
microprocessor complex, indicagy the importance of these GDs in
mediating HP1BP3 interaction with the microprocessovivo (Liu et al.,
20163. Furthermore, HP1BP3 depletion in Hela cells reduced the
expression of 148 of 164 RNAs tested; of the 148 miRNAs, the expression
of 68 miRNAs was significantly reduced by more th&ol? when compared
with the control(Liu et al., 20165 These data indicate the role of HP1BP3

in global human miRNA biogenesis.

In addition, chromatin immunoprecipitation sequencing (&3d€g) revealed

that HP1BP3 favours the binding of actively transcribed miRNA loci, which
is consistent with Drosha binding to active miRNA |0adu et al., 2016a
Furthermore, ChiBBeq and ChIP analysis showed HP1BP3 and Drosha co
binding to 42 highly transcribed miRNA lofliiu et al., 2016a Moreover,
HP1BP3deficient HeLa cells exhibited remarkably dowegulated Drosha
ChIP signals at all examined active miRNA Igktiu et al., 2016a These
findings indicate the importance of HP1BP3 in thetremscriptional
processes of virtually all pmiRNA transcripts by its ctocalisation with
Drosha in chromatin and/or its possible recruitment of Drosha at the actively

transcribed miRNA loci for caéranscriptional prmiRNA processing
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(Figure 1-17) (Liu et al., 2016a A competition experiment using non
radiolabelled prmiRNA or dsDNA revealed &t HP1BP3 can bind pri
MiRNA and dsDNA concurrently via diverse mechanig¢bng et al., 2016a
HP1BP3 deficiency substantially decreased Drosha binding to all examined
endogenous pmiRNAs, indicatng that HP1BP3 facilitatethe association

of Drosha to prmiRNA in vivo (Figure1-17) (Liu et al., 2016a Moreover,
HP1BP3 diminution in HelLa cells did not alter the expression of the
examined prAMIRNA transcripts, nesrtheless it dowinegulated the
production of the corresponding mature miRNA&I et al., 2016a These
results suggest that HP1BP3 stimulates chromatin retention-ofiRNA
transcripts to increasgri-miRNA processing cdranscriptionally by
providing more opportunities for the microprocessor complex to bind pri

mMiRNA on the chromatinRigure1-17) (Liu et al., 2016a

In addition,HP1BP3depleted HelLa cells had significantly decreased and
increased examined pmiRNA from the chromatin and the nucleoplasm,
respectively, suggesting thidP1BP3 loss leads to the premature release of
pri-miRNA transcripts from chromatirfLiu et al., 2016a The above
observations all point to a possible explanation for the lethality and growth
retardaion of Hp1bp3~ mice observed by Garfinkelt al, in that it could

have occurred as a consequence of defects in global miRNA processing
associated with HP1BP3 loss rather than chromatin architectural défects

et al., 2016a
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-

Chromatin

Figure 1-17: A schematicpresentation ofCo-transcriptional pri -miRNA

processing. The schematic illustrates that HP1BP3 enhancesniitNA

processing caranscriptionaly via retaining premature pmiRNA transcript
on chromatinAdapted from(Liu et al., 2016a

All obtained findings point towards the vital role of HP1BP3 in cancer
progression andts possible implementation as a novel biomarker and
potential therapeutic target humancancer As outlined aboveat the start
of this study, apart from a single publicatidgtayashihara et al., 2010&ery

little was known about the HP1BP3 protein.
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1.8 Rationale and objectives of this study

Epigenetic mechanism regulation such as DNA methylation, histone
modification and nucleosome remodellingiscial for biological processes
such as replication, recombination, DNA repair and transcription. The
epigenetic regulatory machinery, which operates through association with a
wide-range of histone and ndmstone proteins and modifier enzymes, must
betightly controlled because, if unchecked, it may cause cancer via incorrect
transcription patterns by silencing or dowagulating tumour suppressor
expression or enhancing oncogene expression. An obvious mechanism for
limiting the expression time of a gein is to destroy it via the UPS. Ideally,
chromatin/heterochromatiassociated protein turnover should be tied to its

efficiency in driving transcription.

Using a modified yeast-Bybrid reverse Ras recruitment system (rRRS)

(Nateri et al., 200¢ previous studiesinD Nat eri 6s | aboratc
HP1BP3 as a downstream target of the E3 ubiquitin ligase FBXW?7 for
degradation (Li et al, submitted & Abuzinadeh etialpreparation Apart

from above few published articles, very little is known about HP1BP3,
includingits regulatory machinery, function and its roles in colorectal cancer

cells.

HP1BP3 is a nuclear protein with 553 amino acids with different domains; it
is involved in distinct DNA and protéiprotein interactiongFigure 1-18)
HP1BP3 consists dfnker histone 1 and histone domains that associate

with the entry/exit site of nucleosomal DNA by binding to WP1
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(Hayashihara et al., 2010&s such, HP1BP3 is a chromosomal protein that
exists as a component of heterochromatin and is involved in chromatin
function and structure. RecentstudyinD Nat eri 6s | ab has
HP1BP3 degradation B8 XW?7 regulates mouse HSC cell cycle entry and
the transcriptional signature associated with the-reeéwing HSC

phenotype and leukemic status (Abuzinadah etnghreparatioh

To further investigate the molecular mechanisms underpinning HP1BP3
activity regulation that is translated into biological response, we investigated
the HP1BP3 structural features and phosphorylation site regions using web
based computational analysis programr{fégure 1-18). Our computing
analysis determined that HP1BP3 has several important domains, including
ATM/ATR phosphorylation SQ/TQ sites, GSKb (T/BRAXXS
phosphorylation sites, three H15 (linker histone H1/H5 globular) domains, a
HP1U bi ndi n grichsdomai,(ubiguitisbindiagi doreain), and

several nuclear localisation signal (NL&)gure1-18).
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N-terminal C-terminal
domain (NTD) domain (CTD)

ATM/ATR H15 globular HP1-binding domain
255-259

phosphorylation
sites (SQ)

domains

286-287 " Lysine rich domain
337-413 454-553

HP1BP3-Long (WT)
N (553aa)
47-51 157-232 255-330 461-466

\27-131 235-246 / 507-510
GSK-3p phosphorylation sites

(T/SXXXS/TP)

Figure 1-18 Schematic presentation of the domain organization of
human HP1BP3 protein. Pink dashed boxes represent lysiielht domain
(ubiquitinrbinding domain). Green ovals represent nuclear localisation
signals (NLS). Grey triangles represent/Ha globular domains (GD). Red
box r epr elingingt domaid.ALighd blue box represents GSK

phosphorylation sites. Yellow boxes repmasATM/ATR phosphorylation
sites Numbergefer to amino acid positions.

HP1BP3 binddirectyt o HP1 U, where H3K9mMk3 bini
HP1Umodulation between heterochromatin and euchromatin is important in
normal homeostasis and cancer, therefore we examined whetregyulated

HP1BP3 disrupts HR1targeting of the heterochromatin region through
competition withSUV39H1/2 which can affectajor cellular events. The

function of HP1BP3 remains to be explored; hence, the aims and objectives

of the present study were as follows:

i.  Revalidating the SCE*W" E3 ligase mediated control of
HP1BP3 abundance. The level of HP1BP3 protein was assasdea i
human CRC cell lines (HCT116 and DD with and withoutFBXW?7
deletion mutations, using the western Dblotting (WB) and

Immunofluorescence assays.
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. Examining the GSK3b-phosphorylation dependency of

HP1BP3 protein stability. HCT116 cells either ovemegsing the

constitutive active GSK3 b ki nase or -3binbiEtdreate wi t h

examined for by WB assays.

iii. Exploring whether loss of FBXWinh HCT116influences the
co-localisation between HP1BP3 and HF13K9me3and/or their protein

levels, using IF ath WB.

(2 Investigating if theHP1BP3 andH P 1 U-localisation is
dependent on the presence or absence of methyltransfepafé39H12
genes. This was examined using IF and A&3aysn mouse embryonic
fibroblast (MEF) cells derived frorBuv39hl/2oublenull mice, in which

HP1U was no |l onger enriched at the

V. Examining the changes in expression levels of EMT
associated proteins caused by ectopic expressibi®bBP3and epigenetic

markers alteration.

Vi. Characterising the cell cycle function of HP1BP3 in human
normal and cancer cell lines with and without deletionFBXW?7 and
HP1BP3genes. The cell cycle progression was analysed using Pl staining
followed by fluorescencectivated cell sortingHACS) on Tiger (normal
human embryonic fibroblast cells) and HCT116 cell lines stably-over
expressing HP1BP3, along HCTIBEV'¥) cells with high level of

endogenous HP1BP3 protein expressions.

Vii. Furthermore, to confirm the specificity of HP1BP3 regulating

the cell cycle progression and phases transition, HP1BP3 expression was
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either stably downregulatday lenti-shRNA and/or knockout CRISPR/€&
mediated strategies in HCT1E8W%) cell lines. Moreover, we analysed the
epigenetic markers alteration caused by HP1BP3 in distinct cell cycle phases
by treating cellswith doublethymidine or thymidinenocodazoleblock
(synchronising drugs) to sghronise the cellsn G1/S or GZM phase,

respectively.
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2.1 Materials

All reagents and chemicals used for biochemical, molecular and cellular

experiments were purchased from SighAldrich unlessotherwise stated.

2.1.1Cell lines

The human colorectal cancer (CRC) cell lines HCTlddhérent, derived

from the col on o f-caeninmathtierat fexdb)iamdn t ; Wi
DLD-1 [adherent, derived from the colon of a male patient; with APC
(adenomatouspolyposis coli) mutation were initially purchased from

American Type Culture CollectiorBoth cell lines, witheither wildtype
FBXWT7(+/+) or FBXW7gene deletions), werekind gifts from Professor

A. Balmain (University of California, San FranciscGA) and Dr B.

Vogelstein (Ludwig Center, Johns Hopkins University, Baltimore, MD)

(Mao et al., 2004Rajagopalan et al., 20p4These cell lines have beased

and extensively c¢har ac t(BabaeiJadddetal.,n Dr N
2011a Li et al., 2015 Lorenzi et al., 2016 HCT1168*W¥) and DLD-

1FBXW7E) cells were initially generated via the homologous recombination
strategy to excise the exon 5EBXW7(Rajagopalan et al., 20p4Mouse

embryonic fibroblasts (MEFs) with/f) and without (+/+) deletion of the
Suv39hland Suv39h2alleles (kindly provided by Professor T. Jenuwein,

Max Planck Institute, Freiburg, Germany) were also used in the present study
(Peters et al., 2001Suv39hlandSuv39h2oci were independently disrupted

by homologous recombination to producédriame fusion proteins of the first

40 amino acids of Suv39h1l or of the first3ldmino acids of Suv39h2 with
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lacZ (Peters et al., 2001The human ski fibroblast cell line Tiger was a

kind gift from Professor G. Peters (Molecular Oncology Lab, CRUK, London
Research Institute) and has been <cha
(Ibrahim et al., 2012Nateri et al., 2006 All cell lines were authenticated in

Dr Nateri o0s | aboratory by genetic proc

repeat (STR) loci.
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2.1.2DNA plasmids

The plasmids used in this study are summaris@alnie2-1. These plasmids
were constructed, fully validateghy doublerestriction enzymes digestion

and DNAsequencinggnd extensively used in Dr

Table 2-1: DNA plasmids used in this thesis.

Backbone Bacterial
vector selection

pcDNA3.1 Invitrogen V790-20 Ampicillin

pFLAG-GSK-38 Dr Nateri’s lab NA pcDNA Kanamycin
peGFP-C2 Clontech 6083-1 NA Kanamycin
Eg(;\l;f_‘:ELAG-MYC- Dr Nateri’s lab NA peGFP-C2 Kanamycin
gg?(l\;lf’;sLAG-MYC- Dr Nateri’s lab NA peGFP-C2 Kanamycin
E‘;?(C\l’:?g LatEm s Dr Nateri’s lab NA peGFP-C2 Kanamycin
peGFP-C2-HP1BP3-S  Dr Nateri’s lab NA peGFP-C2 Kanamycin
peGFP-C2-HP1BP3 Dr Nateri’s lab NA peGFP-C2 Kanamycin
pLVX-eGFP Dr Nateri’s lab NA pLVX-Puro Ampicillin

pLVX-eGFP-HP1BP3 Dr Nateri’s lab NA pLVX-eGFP Ampicillin

“NA” refers to not applicable.
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2.1.3Antibodies

The primary and secondary antibodies used for western blotting and
immunostaining are listed ifable2-2 andTable2-3. The specificity of HP1
(Uisoform) antibody has beewalidatedcommercially(Millipore, 05-689)

and byother studiegAyyanathan et al., 200®awson et al., 20Q%.iu et al.,
2014. Moreover, Xiao et al. has validated the specificity of SUV39H1
antibody (SigmaAldrich, S8316)used in this studyXiao et al., 201h
Furthermore, the specificity of both H3K9me3 (Millipore,-042) and

H3K9ac SigmaAldrich, HO913)antibodies was commercially validated.
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Table 2-2: Primary antibodies used for western blotting and
immunostaining. Our laboratory has previously evaluated the specificity of
many of these antibodies.

Primary
Antibody

HP1BP3 Sigma-Aldrich HPA028215 Rabbit 1:1000  1:100
HP1a Millipore 05-689 Mouse 1:1000  1:100
FLAG (tag) Sigma-Aldrich F1804 Mouse 1:2000 NA
GSK-3B Cell Signaling 9315 Rabbit 1:2000 NA
ggﬁﬁ;ﬁ Cell Signaling 9331 Rabbit 1:1000 NA
GFP (tag) Santa-Cruz sc-9996 Mouse 1:1000 NA
SUV39H1 Sigma-Aldrich S8316 Mouse 1:1000  1:100
H3K9me3 Millipore 07-442 Rabbit 1:1000  1:500
H3K9ac Sigma-Aldrich H0913 Mouse 1:1000 NA
H3 GeneTex GTX122148 Rabbit 1:2000 NA
N-cadherin BD Transduction 610920 Mouse 1:1000 NA
ZEB1 Santa-Cruz sc-25388 Rabbit 1:500 NA
Vimentin Santa-Cruz sc-32322 Mouse 1:1000 NA
E-cadherin BD Transduction 610181 Mouse 1:4000 NA
Snail1 Cell Signaling 3879S Rabbit 1:1000 NA
Cyclin B1 Santa-Cruz sc-3245 Mouse 1:1000 NA
B-Actin Abcam Ab6276 Mouse 1:10000 NA

“NA" refers to not applicable.
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Table 2-3: Secondary antibodies used for western blotting and
immunostaining.

Secondary Dilution Factor
Source

Anti-rabbit-HRP Santa-Cruz sc-2004 Goat 1:5000 NA
Anti-mouse-HRP Santa-Cruz sc-2005 Goat 1:5000 NA
Alexa Fluor® 488 . .
RS Invitrogen A-21202 Donkey NA 1:500
Alexa Fluor® 594

exa o Invitrogen A11037 Goat NA  1:500
anti-rabbit
Alexa Fluor® 488 . .
anti-rabbit Invitrogen A-21206 Donkey NA 1:500
(I AT G Invitrogen A-11005 Goat NA  1:500

anti-mouse

“NA” refers to not applicable.

72



TheUniversity of Nottingham Chap 2: Materials & Methods

2.1.40ligonucleotides

The oligonucleotides/primers utilised in this stud@lfle2-4) was designed

by the Primer3 welbased primer design tool (Version 0.4.0, available at

http://frodo.wi.mit.edu/primer3/for standard redime polymerase chain
reaction (PCR) (Sectior2.2.2.4 and/or manually for overlapping PCR
(Section2.2.2.5. The NCBI PrimeBLAST tool used to check primer
specificity by blasting the primer sequences against the NCBI human

transcript databasehtfp://www.ncbi.nlm.nih.gov/tools/primdrast). All

primers purchased from Sigmaldrich and were spun down and
resuspended irDNase/RNasdree water (Sigmaldrich, 4502) in the
appropriate volume to a final concentration of 100 uM stocktsni and

stored ai 20°C until used.
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Table 2-4: Standard PCR _and overlapping PCR primers The external
primers highlighted with green and the internal primers with, red colours.

Primer Name Sequence

Standard PCR primers
HP1BP3-Fwd 5" -ATCTCGAGCATGGCGACTGATACGTC-3"

HP1BP3-Rev 5" -ACCGTCGACTTACTTTTTCACTCTGAAAGACTTCT
TCA-3'

Overlapping PCR primers
(GSK-3p Point mutation- AA)

HP1BP3-Fwd 5" -ATCTCGAGCATGGCGACTGATACGTC-3’

HP1BP3-AA- 5" -CCCTGGGGCCTTGGCTGGGGCTTTCTTCTG-3"

Rev

HP1BP3-AA- 5" -AAGCCCCAGCCAAGGCCCCAGGGA-3T

Fwd

HP1BP3-Rev 57" -ACCGTCGACTTACTTTTTCACTCTGAAAGACTTCT

TCA-3'

Overlapping PCR primers
(GSK-3B deletion- D1)

HP1BP3-Fwd 5" -ATCTCGAGCATGGCGACTGATACGTC-3'

HP1BP3-D1- 5" -ATTCACAGTTCGACGAATCGGCATGGTG-3"

Rev
HP1BP3-D1- 5" -ATTCGTCGAACTGTGAATCCCAAAAGCAAGCTTGC
Fwd TGAAGG-3'

HP1BP3-Rev 5" -ACCGTCGACTTACTTTTTCACTCTGAAAGACTTCT
TCA-3'

Overlapping PCR primers
(GSK-3p deletion- D2)

HP1BP3-Fwd 5" -ATCTCGAGCATGGCGACTGATACGTC-3’

HP1BP3-D2- 5"-TTTCTTCTGCAACCTTCTCTTAGGTG-3’

Rev
HP1BP3-D2- 5" -AGAAGGTTGCAGAAGAAACCAGGGAAGGCCGCATC
Fwd TGTGAAG-3"

HP1BP3-Rev 5" -ACCGTCGACTTACTTTTTCACTCTGAARAGACTTCT
TCA-3'
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2.2 General methods

2.2.1DNA preparation and manipulation

2.2.1.1Bacterial transformation

Bacterial transformation used to introduce DNA plasmids into bactetial

for amplification. n t hi s study, chemically pre
(Section2.2.1.9 were used for DNA plasmid transformatidraple2-1). To

erhance the ability of the bacterial cells to uptake the DNA plasmids
efficiently, Escherichia coiDH5U cel | s under went a
treatments and consequently acquired competent properties. Ab®60000

ng DNA plasmid was mixed with 50 ul competeetls and incubated on ice

for 30 min. The mixture was subjected to heat shock at 42°C for 45 sec and
then reincubated on ice for 5 min. Then, 500 ul Luria broth (LB) medium
(Table2-5) was added to the mixture and incubated at 37°C for 1 h with 230

rpm shaking on a Thermomixer. Next &0 pl of the mixture was plated on

an LB/agar plate containing an appropriate antibiotic [kanamycin (30 pg/ml)

or ampicillin (50 pg/ml)] and incubatedvernight at 37°C to yield single
colonies. The next morning, raised single colonies were picked, cultured in 2

ml LB medium containing an appropriate antibiotic as outlined above, and
reincubated for 5 h in a shaking incubator at 37°C and 230 rpm. THeen, t

DNA was extracted and amplified with miniprep (Secti2r2.1.3 or

midiprep (Sectior2.2.1.94 and confirmed by enzymatic digestion.

Small amounts of the transformed plasmid bacterial culture were stored for

longer periods using glycerol stoc&igmaAldrich, G5516) The mixture
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contained20 % sterile glycerol in bacterial broth, and was vortexed and

stored ai 80°C.

To prepared the LB agar plates, 1 g bacteriological agar (Siddnech,
A5306) wasadded to 100 ml LB medium and microwaved until it became
liquid. Next, the appropriate abiotic was resuspended in the homogenised
agar when its temperature had decreasedité(C. Then, the mixture was
poured into 10 ciplates (15 ml each) and left to solidify at room
temperature. The solidified agar plates were immediately used foribhcter
culture or stored foriZB weeks at 4°C until used. By providing essential
nutrients at the necessary concentrations, the culture medium enables

efficient bacterial growth and division.
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Table 2-5: Composition of common solutions and buffers used in this
study.

Working | Storage

Composition

temp
LB Medium 10 g Trypton, 5 g yeast extract Bacterial 1X 1X 4°C
and 10 g NaCl dissolved in 1 L transformation
distilled water (dH,0) and
autoclave before usage.
RF1 buffer 12 g Rubidium-chloride, Competent cell 1X 1X 4°C
9 g Manganese-chloride x 2H,0, preparation
2.94 g Potassium acetate,
1.5 g Calcium-chloride x 2H,0,
150 g Glycerol in 900 ml dH,0,
adjust pH to 5.8, then complete
to 1 L with dH,0.
2.09 g MOPS, Competent cell 1X 1X 4°C
3 1.2 g Rubidium-chloride, preparation
11 g Calcium-chloride x 2H,0,
150 g Glycerol in 900 ml dH,0,
adjust pH to 6.8, in 1 L dH,0.
RIPA buffer 150 mM NaCl, Protein 1X 1X 4°C
25 mM Tris-HCl, extraction
1% Triton X-100,
1% Sodium deoxycholate,
1% NP-40, 0.1% SDS in dH,0
5X loading 0.2 M Tris-HCI pH 6.8, Western 5X 1X -20°C
buffer 10% w/v sodium dodecyl sulfate, blotting
20% glycerol 0.05% bromophenol
blue,
10 mM beta-mercaptoethanol, in
dH,0
Semi-dry 30.3 g Tris HCL, 14.4 g glycine, Western 10X 1X RT
Transfer 200 ml methanol in 1 L dH,0 blotting
buffer
TBS buffer 20 mM Tris, 13.7 mM NaCl in Western 10X 1X RT
dH,0, pH was adjusted to 7.6 blotting

2.2.1.2Chemical preparation of bacterial competent

cells

To prepare the competent <cell s, 5

ml LB medium and incubated overnight at 37°C in a shakingbator. This
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pre-culture (2 ml) was transferred to 500 ml antibidtiee LB medium and
reincubated at 37°C with 23@pm shaking for 23 h. The optical density
(OD) of the culture was measured at regular intervals by spectrophotometer
(Scientific Laboradry Supplies) until the OD was about 0056. Then, the
culture was divided into two sterile centrifuge bottles and incubated on ice
for 30 min. The bacterial cells were then spun down at 2500 rpm for 12 min
and the supernatant was discarded; the pellech bottle was resuspended

in 20 ml RF1 buffer Table2-5), incubated on ice for 15 min and spun down
for 9 min at 2500 rpm. Finally, each bacteoell pellet was resuspended in

7 ml RF2 buffer Table2-5), aliquoted into sterile Eppendorf tubes and stored

i mmedi ately at T80AC.

2.2.1.3Isolation and purification of plasmid DNA,
AMIi ni prepso

A GenEluté Plasmid Miniprep Kit (Sigmaldrich, PLN3501KT) was

used according to the manufactureros
the transformed bacterial cells. As described in Sec#@hl.l single

colonies were picked from the agar plate culture, inoculated in a tube
containing 5 ml LB medium supplemented with antibiotic appede for the

vector used, and then incubated overnight. In the morning, the bacterial
culture was spun down at 3800 rpm for 10 min and the pellet was resuspended

i n 2 0 Gcold resuspenseon solution containing RNase. The tube was
vortexed untiltheel | suspension was compl etely

alkaline lysis solution was added and the tube was gently invdrGetinges
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and incubated foris min on ice to clear. Prolonged exposure to alkaline
conditions can permanently denature the DNA pldsmvhich might affect
subsequent applications. Then, 350 ¢
the tube was gently inverted & times to neutralise the alkaline pH of the

lysis solution. The tube was centrifuged at 13000 rpm for 10 min to
precipitate cedllar debris. The separation column provided in the kit was
equilibrated by adding 500 ¢€lbkpucol umn
down at 13000 rpm for 1 minThen, the supernatant was loaded onto the
equilibrated column andentrifugedat 13000 rpm forl min. The DNA
containing column was wash eettrifugedt h 750
t wice at 13000 rpm for 1 min per spi
DNase/RNasdree water was added to the coluanmdcentrifugedat 13000

rpm for 1 minto elutethe DNA in to a new collection tube, and the eluted

DNA was stored at20°C. Typically, a Miniprep kityielded2@ 0 € g hi gh

purity plasmid.

2.2.1.4lsolation and purification of plasmid DNA,
AMI di prepso
A Genopure Plasmid Midi K{Roche, 03143414001) was useda@ding to
the manufacturerodés recommendations to
200 pg) from the transformed bacterial cells. The-quieure obtained as
described in SectioB.2.1.1was transferred to 100 ml antibicttontaining
LB medium and incubated overnight at 37°C in a shaking incubator. The
bacterial culture was then spun down and the DNA was extracted according

to the protocol illustrieed inFigure2-1.
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Culture
bacteria
overnight Pellet the bacterial cells at 8000
. = rpm for 15 mins
Resuspend the pellet with 4 ml of Resuspention
chilled resuspention buffer &= Mix vigorously by vortex
Lyse the cells with 4 ml lysis Lysis =
buffer ¥ Mix gently & incubate at RT for
=) 2-3 mins
Neutralize the pH of the mixture e e
with 4 ml neutralization buffer Incubate on ice for 5 mins then
. = precipitate the cell debris at
Prepare the column by adding Column 14000 rpm for 30 mins
2.5 ml equilibration buffer 4= Preparation
= Allow the column to empty by
Load the lysate onto the Loading gravity & discard the filtrate
equilibrated column
. : = Allow the column to empty by
Wash the column twice with 5 ml Washing gravity & discard the filtrate
washing buffer
= Allow the column to empty by
Elute the DNA with 2.5 ml B gravity & discard then place the
pre-warmed elution buffer (50°C) column in a clean collection tube
Precipitate the DNA with 0.7 DNA =
volume of isopropanol & Preparation Collect the DNA flow-through
Wash the DNA pellet with 3 ml Washin Centrifuge at 11000 rpm for 30
chilled 70% ethanol ¢= ¢ mins & discard the supernatant
Air-dry the DNA for 10 mins then Drying & = Centrifuge at 11000 rpm for 15
dissolve it in 150-250 ul of Dissolving mins & discard the supernatant
Dnase/Rnase free water Pure DNA
Store at -
20°C

Figure 2-1: Midiprep DNA isolation kit procedure from bacterial
culture. The centrifugation in all steps was performed at 4°C.

2.2.1.5Quantification of DNA by spectrophotometry

DNA concentrations were measured using a NanoDroplB@ U\AVis
spectrophotometer (LabTech International Ltd., Ringmer, UK). To measure
the DNA concentration, the NanoDrop first blanked withi 2.5 DNA
elution buffer. hen, 1.52 pl of extracted DNA was pipetted onto the
NanoDrop to determine its concentration and purity. Generally, the
absorbance of nucleic acid and its contaminants detected during extraction is

between 230 nm and 320 nm. Therefore, the NanoDrop meathee
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absorbance at 230 nm, 260 nm and 280 nm. DNA absorbance peaks at 260

nm (A2sg) and each Aso unit corresponds to 50 pg DNA per ml water. The

Azs0/Azgo ratio is measured to determine the purity of samples comprising
nucleic acid, and ratios of >1.8r2 ar e commonly accept
DNA. A lower Axsd/A2goratio may indicate the presence of protein or organic
contaminantgsuch as phenol). Thex§yAzsoratio can be used as a secondary
measure of nucleic acid purity, and is generally higher thania\Agoratio

(range, 1.82.2). A lower AedA230 ratio can also indicate the presence of

impurities in the extracted DNA.

81



TheUniversity of Nottingham Chap 2: Materials & Methods

2.2.2Gene cloningtechniques

2.2.2.1Restriction enzyme digestion

To validate the DNA plasmids outlined ifable 2-1, specific restriction

enzymes were used according to thecogmition sites. Restriction
endonucleases isolated from bacteria can cut DNA at specific sequences. All
restriction enzymes were purchased from New England Biolabs (NEB) and
were used according to the manufactur
buffers at the optimal temperature. The restriction enzyrbaffers and

appropriate conditions used are listedTiable 2-6. To digest DNA, an

enzymatic mixture containing 0.5 ¢ | DNA (1 eg/¢l), 10
and 1 ¢l restriction enzyme was prepa
20 ¢l with Sigma water. Then, the d

ethidium bromide (EtB-stained gels.

Table 2-6: Restriction enzymes usedh this study.

Restriction Matching | Reaction
Enzyme Buffer |Conditions

EcoR1 #R0101S  NEBuffer 3 37°Cc

Bglll #R0144S  NEBuffer3 37C

2.2.2.2Agarose gel electrophoresis

Agarose gel electrophoresis was performed to visualise the DNA bands.
Agarose gel (1 % [w/v]) was prepardy adding 1 g agarose powder

(Eurogenetec, EBR01G05) to 100 ml % Tris-acetateEDTA (TAE) buffer
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(SigmaAldrich, T9650), and microwavkeated for 12 min. The gel was
cooled at room temperature until it wag B0°C. To detect DNA bands in

the gel, aboutO pl EtBr (SigmaAldrich, E1385) (final concentration, 0.05
po/ul), an intercalating agent that binds to DNA bands and releases
fluorescence when exposed to ultraviolet (UV) light, was added to the
dissolved agarose mixture before solidification. Theaged then poured into

a gelcasting tray containing an appropriate comb and allowed to solidify at
room temperature. DNA samples containin@ Ll 10x gel loading buffer

(final concentration, %; 30 % glycerol and 0.25 % bromophenol blue in
distiled waterwer e | oaded into the gel. DNA
BIO-33025 was used to estimate the size of the DNA bgRdgire2-2). A
Bio-Rad power supply was used for the electrophoresis; the power source
programme was set to B020 V for 50 min, with ¥ TAE buffer as the
running buffer. When the electrophoresis haérbeompleted, the DNA
bands were visualised and images were captured using a UV transilluminator
(UVidoc). If further band separation was required, the electrophoresis was

continued for another 1@0 min.
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Figure 2-2: DNA HyperLadderE 1kb (Bioline

electrophoresis.

2.2.2.3DNA extraction from agarose gel

Agarose gel sections containing the DNA bands of interest were excised
under UV light, cut into small pieces, and placed in cleppendorf tubes.

As prolonged UV exposure damages DNA and consequently reduces cloning
efficiency, short exposure durations ranging from 20 sec up to 60 sec were
used. An illustra GFXE PCR DNA and Gel Band purification kit (GE
Healthcare, 2803470) was used to purify DNA from agarose gels or
soluble PCRmixturesas outlined irFigure2-3. The same protocol was used

to extract the PCR product. The only difference is that 500 pl capture buffer
was added to the PCR and the protocol describEmyure2-3 was followed.
Then, the NanoDrop unit was used to measure the concentration of the

purified DNA as described in Secti@®2.1.5
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» Add 10 ul of Capture buffer <=  Capture

to each 10 mg agarose gel M 7 |
slices and mix by inversion ‘1‘
+ Add 600 ul of sample
+ Incubate at 60 °C until Bind =5 mixture to GFX Microspin™
agarose gel is completely = column placed in a clean
dissolved X eppendorf tube and incubate

. for 1 min at RT
+ Add 500 ul Washing buffer

and incubate for 1 min at RT = Wash ar,.'d dry

o » Centrifuge at 14000 rpm
: = for 30 sec and discard flow
. Centrlfuge at 1'4000 rpm . through
for 1 min and discard flow Bt
through _ _ie "V Transfter the coulumn to a
d clean eppendorf tube and
- add 30-50 ul of Elution buffer
Store DNA * Incubate for 1 min at RT,
At -20 °C centrifuge at 14000 rpm for 1

min, and retain flow through

Figure2-3: DNA extraction from agarose gel
PCR DNA and Gel Band Purification Kit. All centrifugation was
performed at room temperature.

2.2.2.4Polymerase chain reactior(PCR)

All standard PCR were performed using a thermal cycler (Applied
Biosystems). PCR was performedinassd r eacti on system c
DNA templ at eTadDON.A5 peod )y,melr aessle ( Qi agen ;
1017 reaction buf fMdNTRsQQiagen #20)913), Lyl 0.
forward and reverse primer (final con
grade water (Sigmaldrich, W1754).DNA sequences containing digestion

sites for the restriction endonucleasésl and Sal were designed for the

external forward (HP1BRBwd) and reverse primers (HP1BR@v),

respectively.
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The typical PCR cycling conditions are outlinedTiable 2-7. Briefly, the
annealing temperature was changed according to the purpose of the reaction
and the melting temperature (Tm) of the primers] awas5°C below the
lowest primer Tm. The extension time was determined according to the

length of the target gene (amplicon), typically 1 min per kb DNA.

Table 2-7: Cycling parameters for standard PCR.

Cycle Steps | 1Mperature
(°C)
Initial i 1
94
Denaturation minutes
40
Denaturation 94 39
seconds
40
Annealing 5262 29
seconds
1.5
Elongation 72 . 39
minute
10.0 1
Final Elongation 72 .
minutes
Cooling 4 - ~

2.2.2.50verlapping PCR

In this study, the overlapping PQReckman and Pease, 20@vas used to
create a specific point mutation (AA) or internal deletions (D1 or D2) in the
HP1BP3 gene sequence corresponding to the predicted -&8K
phosphorylation site/sAppendixl and 2). An overlapping PCR consists of

two main steps: 1) Two separate PCR (PCR1 and PCR2) to amplify two
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separate DNA fragments (A and B); 2) Fusion of Fragment A and B and PCR
(PCR3) for elongation resulting in Fragment C with either a point mutation

(Figure2-5) or deletion Figure2-4).

The PCR conditions used are describedTable 2-7. The annealing
temperature of 58°C was used in PCR1 and PCR2, whereas temperatures
between 52°C and 62°C were used in PCR3. The primers stated here are
examples for describing the overlappPGR method. The primer sequences
used in this method to amplify Fragment A, B or C are described in
Section2.1.4 Generally, specific externahd internal primers were used for
each modification made (point mutation or deletion). A forward external
primer (OLXF) and reverse internal primer (OIR) were used to amplify
Fragment A (Nterminal fragment). Another reverse external primer (OL2

R) andforward internal primer (OLF) were used to amplify Fragment B
(C-terminal fragment). The internal primers (OE3and OL4R) containing

the desired mutatioshare complementary ends dnbridise to the region

to be modified These primers facilitate tirecombination of the amplified
fragments (A and B), where the ends of the fragmleat® complementary
sequences generated ®1.3-F andOL4-R, allowing the hybridisation of A

to B during PCR3 and producing the final product (Fragment C) with the
desired pot mutation Figure2-5) or creating a deletior-{gure2-4). The
appropriate restriction siteXltd andSal) wer e al soemaded t o
the external primers to facilitate the cloning of the final PCR product

(Fragment C) into the peGFE vector.
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OL1-F eI - OL3-F
— 5-—’ _; \ > )
3 A W B .
E-e: OL4-R OL2R
B & —_— —_—
4 A . M-
5 3
3 M.
OL1-F
~ g e Dm 3
Q.
% g 3 OL2-R ’
C

Figure 2-4: Overlapping PCR for creating deletion mutation. A
representation of theverlapping PCR method: in Step 1, Fragment A and B
(N- and Gterminal domains) are amplified by PCR1 and PCR2, respectively.
These PCR products were then used as a template in Step 2, i.e. PCR3, to
create a mutated DNA fragment (Fragment C) with a distdeleted
sequence (box with red diagonal lines). Green arrows, external primers; red
arrows, internal primers.

&
e A 766 . AGG B .
é_ o OL4-R OL2-R
3
? g 5 A (ST scc... 35 gec cee B
9—_' 3’ CGG .......... CGG... 5-3°CGG ......... CGG ... 5
57 3’
5 e
OL1-F
32|+ [T ’
& OL2R
= C GCC aee ¥
3 CGG ......... CcGG

Figure 2-5: Overlapping PCR for creating point mutation [Threonine
(ACC) and Serine (TCC) are substituted with Alanine (GCC)]. A
representation of overlapping PCR technique: in Step 1, Fragment A and B
(N- and Gterminal domains) are amplified by PCR1 and PCR2, respectively,
and used as a template for Step 2, i.e. PCR3, to create the mutated DN
fragment (Fragment C) with a distinct point mutation (purple box). Green
arrows, external primers; red arrows, internal primers.

88



TheUniversity of Nottingham Chap 2: Materials & Methods

Fragments A and B were electrophoresed on 1 % agarose gel
(Section2.2.2.9 and the expected DNA bands were extracted and purified
as described in Secti@®.2.3(Appendixl and 2). Small amounts tife get
purified Fragment A and B were usad a template for PCR3. Finallyi,2

pl of the Fragment C was run on 1 % agarose gel to authenticate the
amplification of the recombinant DNAAppendixl and 2). The maining
amount of the fragment C was digesteddhd andSal, (Section2.2.2.)

and then extracted from the enzymatic digestion reaction as described in
Section2.2.2.3 Then, the purified recombinant product was cloned into the

peGFRC; vector as described in Sectiar.2.6

2.2.2.6Ligation and bacterial transformation

Sticky- (cohesive) end ligation was used throughout this study. Digested
DNA purified from the agarose gel was ligated to a linearised vector with T4
DNA ligase (NEB, #M0202S). For ligation, pdigested DNAs for both
plasmid backbones andsierts (usually 1:7 ratio) were combined in a sterile
1.5 ml Eppendorf tube containing 1x T4 DNA ligase buffer (NEB, #B0202S)
and 2 ul T4 DNA ligase. Sigma water was added to obtain a final volume of
20 ¢l per reaction and t he4° Thee s
ligated/recombinant DNA was then introduced into bacterial cells by
transformation (SectioR.2.1.) to amplify the new recombinant plasmid
DNA. A volume of 10 pl was transformed into 100 pl chemically competent
cells according to the procedure outlined in Secto?.1.1 Following
transformation, the bacterial culture was poured and spreaxdthe surface

of LB agarplates containing relevant selective antibiotic [kanamycin (30
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png/ml) or ampicillin (50 pg/ml)]. The plates were covered anddeftoom
temperature for 10 min (to allow absorption of the liquid by the agar), then
incubated at 37°C overnight. To check gejation of backbone vectoor
uncut vector, a double restriction enzymes digested DNA vecigr
reaction (negative controlas outlined above. Following incubation,i 16
colonies were picked and regrown overnight at 37°C in LB medium. Finally,
the ligated plasmid DNA was extracted and amplified using the Miniprep
(Section2.2.1.3 or Midiprep (Section2.2.1.9 and finally confirmed by

enzymatic digestion (Secti®.2.2.) and sequencing analysis.

2.2.2.7DNA nucleotide sequence verification by
sequencing
Following confirmation by enzymatic digestion, the DNA seage of the
recombinant constructs and/or purified PCR products was reconfirmed by
automated DNA sequencing. AboutdMNA B0nge | ) and 15 ¢l
and/ or reverse primers (10 &M) were
(QMC) DNA sequencing facility (University of Nottingham). The
sequencing results were analysed using Chromas Lite v2.01 software

(http://www.softpedia.com/get/Scier€AD/Chromasd.ite.shtm).

Furthermorethe protein expression of all plasmid clones were validated by

the western blotting analysis as described in Se&tidd
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2.2.3Cell culture

All cell culture work was performed indass llbiological safetycabinetto
maintainasepti c conditions. I n kxellsforat er i 6
mycoplasma contamination with MycoAl

from Lonza, according to the manufacturer's protocol.

2.2.3.1Cell line maintenance and culture

HCT116 and DLDB1 cell lines [with FBXW?7 deletion(-) andFBXW7wild-

type (+/+) alleles], and Tiger cell lines were grown in T75 flasks (Costar) in
complete RPMI 1640 medium (Siga#ddrich, RO883) supplemented with
10 % fetal bovine serum (FBS, Sigrd&drich, F7524), 2.0 mM.-glutamine
(Invitrogen, 2503@081) and 100 units/ml penicillin/streptomycin
(Invitrogen, 15140122). MEFs were also cultured in T75 flasks in
Dul beccods modi fied Eag4Aldrichs D56v&)di um (
supplemented with 10 % FBS, 2.0 mM-glutamine, 100 units/ml
penicillin/streptomycin 0.1 mM 2-mercaptoethanolInvitrogen, 31350
010), 1 % MEM noressential amino acids (Invitrogen, 11140) dnchM
sodium pyruvatglnvitrogen, 11360). MEY9-Y¢ differed from MEFs with
deletion {/-) of Suv39hland Suv39hzalleles in that the flasks of the kit
were coated with 1 % gelatine (SigiAldrich, G7765) to maintain the MEFs

in good condition. The MEFs with deletion alleles were culture in DMEM
(SigmaAldrich, D5671) supplemented with 10 % FBS, 2.0 niM
glutamine, 100 units/ml penicillin/streptomycih,1 mM 2-mercaptoethanol
(Invitrogen, 3135@010), 1 % MEM noressential amino acids (Invitrogen,

11140) and. mM sodium pyruvate (Invitrogen, 11360).
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All cell lines were maintained at 37°C in a humidified incubator (Sanyo)
supplied with 5 % C@ The cellmonolayer confluence was checked and the
colour of the medium was observed to determine the cell growth state;
confluence was maintained at +80 %. Old medium was replaced with the
fresh complete medium every other day for subconfluent flasks, whereas
subculturing (passaging) was performed for any cell line that reached high
confluence, i.e. ~8®0 %. Cells were detached from the surface of the flask
by aspirating the consumed medium, then rinsing the cells with 4 ml sterile
phosphatéuffered saline (PBSSigmaAldrich, D8537), and then 2 ml 1x
trypsin/EDTA (ethylenediaminetetraacetic acid, Sightdrich, T3924) was
added to the flask. Afteif30-min incubation at 37°C in a G@nhcubator, 10

ml fresh complete medium was added to the celdp the trypinisation.

Next, the cells were pelleted by centrifugation for 5 min at 1500 rpm. Then,
10 ml fresh medium was added to the cell pellet anti31n8l resuspended
cells was maintained in a T75 flask containingl® ml fresh complete
growth medium for further experimen The trypsinised cells were diluted

to the preferred concentration in complete medium based on the cell type and

culture confluence, and subcultured into sterile tissue culture flasks.

2.2.3.2Cell counting
The cell concentration/number was counted using a baleer
haemocytometer (Marienfeluperior, Germany) with trypan blwebility
dye (SigmaAldrich, T8154), which ishot absorbed by healthyiable cells
Trypsinised cells were pipetted up and down to disrupt any cell clumps

present. Then, 50 pl cell susE@on was transferred to a new Eppendorf tube
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containing 50 pl trypan blue. After mixing, about 10 pl cell/trypan blue
mixture was loaded to the haemocytometer slide and the cells were counted
in the four large corner squares of the slielech large squars divided into

16 smaller squareqfFigure 2-6) underx10 objective magnification. The
principle of haemocytometer counting is that the total@mticentration per

ml is equal to the number of cells in one large square multiplied byer0

ml. The cell concentration was calculated using the following equation:

Xt
Cellconcentration(cellml) =  =——— % 2 % 104
4
Where
Xt is the total number of cells counted,
4 is the number of squares counted,
2 is the dilution factor.
M~ ] N~
N~ | ] I~ |

Figure 2-6: The Neubauer haemocytometer slide grid layoutked circles
indicate the four corner squares in which the cells were counted.
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2.2.3.3Freezing and thawing cells

Cells were fozen in 10 % dimethyl sulfoxide (DMSO, Sigm&drich,

D4540) + 90 % FBS for storing. First, the cells were trypsinised as described

in Section2.2.3.1 pelleted by centrifugation at 1500 rpm for 5 min and then
resuspended in 90 % FBS containing 10 % DMSO. The mixture transferred
into the cryotube, and it was stored

the liquid nitrogen tank for lontermstorage.

To thaw cells from frozen stocks, cells defrosted quickly in a 37°C water
bath, and transferred to 10 ml pgarmed complete medium. Following
centrifugation at 1500 rpm for 5 min the freezing medium removed and cells
were resuspended in 10 mé$h medium, seeded in T75 flasks and incubated

at 37°C in a 5 % Cg&incubator.

2.2.3.4Transient transfection

Mammalian cell line transfection with DNA plasmidsaple2-1) was carried

out using Lipofectamine 2000 transfection reagent (Invitrogen, 10668

i n accordance with the manufacturero6s
of the experiment, cells were seeded in eith@rel or 10 cn? plates and

incubated overnight in complete growth medium at 37°C t6760%

confluence. As soon as cells had reached the desired confluencé ¢4

47 10 pg plasmid DNA (depending on the plate size) was added to 250 pl
Opt-MEM® ReducedSerum Medium (Invitrogen, 3198%7). In another

sterile Eppendorf tube, 100 pl transfection reagent was diluted in 250 pl

Opti-MEM and incubated for 5 min at room temperature. Then, the contents
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of the two Eppendorf tubes were combined, mixed gently and incubated for
15 min at roomémperature to form transfection complexes. In the meantime,
the complete growth medium of the cultured cells was aspirated and the cells
were carefully rinsed with OpMEM to remove any remaining seram
containing medium that might interfere with efficiegrgnsfection. Then, the
transfection mixture was added gently to the cells and incubated at 37°C for
6i 7 h before being replaced with complete fresh medium. The transfected

cells were incubated for 36 h before use.

2.2.3.5Generating of cell lines stably overexpressing

GFP (control) and GFP-HP1BP3 proteins

Two stable cell lines were generated in this study. HR&BP3gene was

permanently integratethto the cell genome by using eGFP or eGFP
HP1BP3 DNA plasmids expressing’aromycinresistance gene to generate
HCT116B*W™ and Tigercell lines stably expressing HP1BP3 (Chapter 4;

Section 4.2.1).

About 18 h prior to the start of the procedure, B> cells in fresh complete
medium were plated in three wells on-avéll plate. Furthermore, duplicate
wells were used for each plasmid construct. The third well contained
untransfected cells that served as the contraPtopmycinselection After
overnightincubation, the cells at 830 % confluent, were transfected with
eGFP or eGHMP1BP3 plasmids as outlined in Sectih@.3.4 After 36-h
transfetion, the transfection medium was replaced with the fresh imp

medi um cont aiurdmyco (SRmakldyich,A883F. The 3

95



TheUniversity of Nottingham Chap 2: Materials & Methods

e g/ mli concentration was selected bece
the untransfected cells (in the control WweRuromycincontaining medium
for the plated cell lines was replaced every other day for 2 weeks or until

resistant colonies were observed.

After Puromycinresigant colonies appeared, single Puromymsistant

cells were plated in 9@ell plates and matained in complete medium
cont ai ni Ruomyinfer § A days to ensure that orfRuromycin
resistant cells were plated. Then, the medium was replaced with fresh
complete medium and the cells were maintained in culture to expand and
mark Puromycinresistant clones. Proteins extracted from Blueomycin
resistant clones (3 clones) were prepared for western blot analysis to validate
the single cellderived colonies are owexpressing of eGFP or eGFP

HP1BP3 proteins respectively.

2.2.3.6The drugs used forthe biochemical analysis in

cell culture

To testthe influence of GSK3 b i nhi bi ti on on HP1BP3 p
216763 (a selective GSEK b i n h i b-Aldrich, $3443)iwgsmi@pared
according to the manufactureuldrs 1 nstr
(at a final concentration of 10 uM) for 6 h at 37°Then, western blotting

was performed as described in Secoh4
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2.2.4Immunoblotting and protein processing

2.2.4.1Protein extraction and quantification

To lyse the cells and extract the cellular protein, the cells were initially
washed withice-cold PBSin the 10 criculture dishes or-gvell plates. Then,
2501750 pl RIPA buffer supplemented with 1x protease inhibitor cocktail
(SigmaAldrich, P8340) was added to the wells after the PBS had been
discarded. The cells were agitated20 min at 4°C to ensure complete iys

The lysate was then purified and collected in fresh, sterile Eppendorf tubes

following centrifugatorat 013000 r p m .The supetntanmi n a |
(protein extract) was aspirated and placed in a set of new tubes and stored at
180°C.

Total proteinconcentrations were measured using a Bradford Assay Kit for

Protein Quantification (SigmaAldrich, B6916) in accordance with the
manufactureros instructions. Al | avai

water (:20 or 1:40, depending on the expectedginoconcentrationin a

new set of Eppendorf tubes. Diluted samples (20 pl) were placed separately
in triplicate in 96well microplates (Scientific Laboratory Supplies). A
protein standard series was prepared using bovine serum albumin (BSA,
SigmaAldrich, 4503) dilutedwith distilled waterto final concentrations of

0 (blank), 100, 300, 500, 800 and 1000 ug/Edch BSA standard (20 pl)

was addedo themicroplate wells. Subsequently, 200 pl diluted Bradford
reagent (1:5) was added to all wells containgtgndard or sample. The
microplate was incubated for 5 min at room temperature and then shaken for

10 sec before the protein concentration was measured.
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The spectrophotometer was adjusted to the microplate readeRé&é8lioto
measure the absorbance of the standard solutions and the unknown samples
at 595 nm(absorbance values =#). The average concentration of extracted
protein per sample was calculatesing a standard curve in which theo#A

values of the standard solutions were presented on #vasYwhile their
concentrations were presented on thaXis. Then, thesolated proteins were

stored at 80°C prior to use.

2.2.4.2Sodium dodecyl sulfatépolyacrylamide gel

electrophoresis (SDSPAGE) and western blotting

Mini-PROTEAN Tetra Cefl (Bio-Rad, 1658004), a vertical mini gel
electrophoresis system, was used for western blot analygsisrding to the
guidelines inTable2-8, 8 %, 10 % or 15 % resolving gel (10 ml), comprising
the bottom portion of the SBBAGE system, and 5 % stacking gel (4 ml),
which comprised the upper portion of the system, were assembled from the
reagents listed iTable2-9. Gels were cast between two 7 x 8.5 cm glass
plates in a gel casting frame and allowed to solidify fof 320 min.
Meanwhile 100250 pg total protein from the samples was mixeth ux
loading buffer containing SDS &ble2-5) and denatured at 95°C for 4 min.
Eppendorf tubes containing denatured proteins were cooled orr serfio

and then loaded into the SBFRAGE wells created using a Teflon conilo.
determine the molecular mass of the
Dual Color Protein ladder, Broad Rangei(290 kDa) (BieRad, 1610374)

was run beside the samplé&sgure2-7).
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Electrophoresis was performed at 100 V for 2 h in 1x Tris/glycine/SDS (TGS)
running buffer (BieRad 161-0772) to allow proteins to move through the
gels. After the SDAGE was completed, polyvinylidene difluoride
(PVDF) membrane (GE Healthcare, RRISB) was activated by 100 %
methanol for 30 sec. Then, the gel was carefully removed from the glass
plates and placed in a sedry electrophoretic transfer cell (BRad) at 15

V for 30 min, where the electrophoretically separated proteins were
transferre to the PVDF membrane. The membrane and filter papers were
incubated in transfer buffeiTable 2-5) for 15 min before the serdiry
transfer. The tnasfer cell, comprising filter paper, gel, membrane and a
second piece of filter paper, was sandwiched together and air bubbles were
removed by gently rolling a rolling pin on the surface of the filter paper on
the platform of the transfer cefbubsequenyl the membrane was removed
and blocked with 3 % driethilk (GE Healthcare, CPK1075) or 3 % BSA
(for phosphorylated proteins), dissolved Tmis-buffered saline(TBS)
(Table2-5) containing 0.1 % Tween 20 (SigrAddrich, 1379) (TBST) for

1 h at room temperature, and then incubated with the primary antibodies
(Table2-2) overnight at 4°C. The next day, the membrane was washed with
5 ml TBST buffer three times at 7 min per wash, and incubated with the
secomary antibody Table 2-3) for 1 h at room temperatureThe
immunostained cells were then wasHedr times with the washing buffer for

10 mins eachLastly, bands corresponding to proientibody complexes
were detected using enhanagdtemiluminescencéECL) detection reagent
(GE Healthcare, RPN2135). The chemiluminescent signal was visualised by

an Odyssey Fc Imaging System+COR Biosciences, UK) aording to the
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manufacturerds guidelines. Then, t he

anti b-actin or H3 primary antibodies as loading controls.

Figure 2-7: The Precision PlusE Dual Col ou
western blotting analysis.Broad Range (Ii®50 kDa).

100



TheUniversity of Nottingham Chap 2: Materials & Methods

Table 2-8: Solutions for 8 15 % resolving gels for SDSPAGE.

Component volumes

. per gel mold volume
Solution
of
components

Distilled H,O 4.6 6.9 9.3 -
30% acrylamide mix 2.7 4.0 83 A3699
1.5 M Tris, pH 8.8 2.5 3.8 5.0 T9650

10% SDS 0.1 0.15 0.2 L3771
10% Ammonium
persulfate

TEMED 0.006 0.009 0.012 T7024

0.1 0.15 0.2 A9164

Distilled H,O 4 5.9 7.9 -

30% acrylamide mix 3.3 5.0 6.7 A3699
1.5 M Tris, pH 8.8 25 3.8 5.0 T9650
10% SDS 0.1 0.15 0.2 L3771

10% Ammonium
persulfate

TEMED 0.004 0.006 0.008 T7024

0.1 0.15 0.2 A9164

Distilled H,O 2.3 34 4.6 -
30% acrylamide mix 5.0 7.5 10.0 A3699
1.5 M Tris, pH 8.8 2.5 3.8 5.0 T9650

10% SDS 0.1 0.15 0.2 L3771
10% Ammonium
persulfate

TEMED 0.004 0.006 0.008 T7024

Note: All chemicals were purchased from Sigma-Aldrich.

0.1 0.15 0.2 A9164

Table 2-9: Solutions for 5 % stacking gels forISDSPAGE.

Component volumes per

Solution components gel mold volume of
Distilled H,O 27 4.1 55

30% acrylamide mix 0.67 1.0 1.3
1.5 M Tris, pH 6.8 0.5 0.75 1.0
10% SDS 0.04 0.06 0.08

10% Ammonium
persulfate

TEMED 0.004 0.006 0.008

Note: All chemicals were purchased from Sigma-Aldrich.

0.04 0.06 0.08
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2.2.5Immunofluorescence (IF) staining

IF is used taletect and visualisthe expression pattern and distribution of a
specific proteirwithin the cell compartmer{iVeber et al., 19795The main
principle is to visualise the antigeamtibody complexln this study, indirect

IF labelling was usedAccording to the IF protocol, a primary antibody
specific to the protein of interest is agpl, followed by the addition of a
fluorescent dyHabelled secondary antibody directed against the
immunoglobulin of the host species in which the primary antibody was

raised. The IF staining protocol comprises several steps, as detailed below:

2.2.5.1Cell preparation

Cells were trypsinised and counted as described in Se&i@r8.1
and2.2.32 Depending on the experiment,
were selected and cultured on coverslips #wéll plates and incubated at
37°C. Initially, the coverslip was sterilised with 70 % ethanol and washed
three times with PBS. Subsequently, the PBS was discarded and the well was
washed with complete growth mediuraftre the cells were seeded in the

plate.

2.2.5.2Fixation and permeabilisation

The growth medium was aspirated and the cells were washed twice in PBS
and fixed by 30min incubation with 4 % paraformaldehyd@®FA)
(Avocado, 043368) (diluted from 16 % stock sadatiwith PBS) at room

temperature. Fixation is required to prevent further degradation of the cellular
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proteins. Then, the PFA was aspirated and the cells wasbed twice in

PBS at 5 min per waslsubsequently, the cells were incubate@0® pl
permeabikation solution (0.1 % Triton 200 diluted in PBS) for 30 mind
generate pores in the cell membrane to allow antibodies to be delivered to the

cell interior) and washed twice with PBS at 5 min per wash.

2.2.5.3Blocking and immunostaining

To prevent nosspecific antibody interactions, the permeabilised cells were
blocked by 1h incubation in 500 pl blocking solution containing 3 % BSA

in PBS at room temperature. Following this, the cells were washed once with

PBS for 5 min and incubatedaved i ght at 4AC with 300 :
(prepared in 2 % BSA) at the dilution outlinedTiable 2-2. The negative

control was incubated with 2 % BSonly. After overnight incubation, the

cells were washed four times with washing buffer containing 1 % BSA and

0.1 % Tween 20 in PBS at 10 min per w
(prepared in 2 % BSA) was added at the dilution outlin€lchinie2-3, for 1

h at room temperature. As the secondary antibodies were fluorescently
labelled and hence liglsensitive, their addition and subsequent procedures

were performed in a dark room and thevéll plate was wrapped in
aluminium foil immediately after #h secondary antibody had been added.

Then, the cells were washed five times with washing buffer at 10 min per

wash. Subsequently, the coverslips were removed gently from-wedl 6

plate using forceps and placed on a sterilised slide lifhul ProLond

Gold Antifade Reagent with DAPI (Invitrogen;36931). Then, the edges of

the coverslips were sealed using clear nail varnish, and incubated at room
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temperature overnight before images were captured with a DMI3000 B

inverted microscope (Leica Microsystems).

2.2.5.4Phalloidin staining

Phalloidin is a commonly used dye for the morphological analysis. It can
bind Factin and display thehapeandstructure of the cellTheinitial step

of Phalloidin staining is similar to the IF protocol in which the cells were
grown on coverslips, fixed, and permeabid with 0.1 % Triton X100
(Section2.2.5.1- 2.2.5.3. After permeabiliation, cells were incubated with
diluted (50ug/ml, in PBS) fluorescerPhalloidinconjugate solution (Sigma
Aldrich, 1951) for 40 min in dark. The stained cells were wash&dirbes

in PBS for 5 min at room temperature then the coverslips were removed,
mounted and analysed with the Leica microscope as described above

(Section2.2.5.3.
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2.2.6Cell cycle analysis

Cell cycle analysis for the mouse and human cell lines was performed using
Propidium iodide (PI, Sigma&Aldrich, P4864) staining to enable the
assessment of their cell cycle phase distribution (Chapter 5) aedased
previously (BabaeiJadidi et al., 2019aPI is fluorescent molecule with a
molecula mass 0f668.4Da (g/mol) intercalating agent that stains double
stranded DNA. The cells were washed, trypsinised, and collected by
centrifugation at 1200 rpm for 5 min. After washing twice in 2 ml cold PBS,
the cells were transferred ttuorescencectivated cell sorting RACS)
tubes. Prior to the assay, the cells were counted and sufficient cells were
added to the FACS tubes x3.0% to 7 x 10* cells/tube). Then, the cells were
pelleted bycentrifugationat 1500 rpm for 5 miand the celfree supernatant

was decanted carefully, and the pelleted cells were fixed in 1 ml cold 70 %
ethanol added dropwise to the tube while vortexing gently, and incubated at
1 20°C for 15 min. Then, the cells were spun down by centrifugation & 120
rpm for 5 minwashed twice with cold PBStained witt800 plof Plsolution

(50 pg/m), treated with 100 pg/ml RNag&igmaAldrich, R4875 for 30

min and analysed by FACS. RNase was added to tleelPinixture to avoid

Pl binding to RNA. The FACS t@s were kept on ice and cell cycle
distribution was assessed using a FC500 Flow Cytometer. Then, the obtained
data were analysed using WEASEL software version 1

(http://www.frankbattye.com.au/\Weas3el/
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2.2.7Double  thymidine and thymidine-nocodazole

synchronisation

To determine the influence of HP1BP3 on cell cycle progression, normal and
CRC cells were synchronised at the G1/S border or mitosis using double
thymidine (DNA synthesis inhibitorjWhitfield et al., 200D or thymidine
nocodazole(Stoeber et al., 2001Whitfield et al., 2002, respectively
(Chapter 5). Initially, two sets of cells (flow cytometry and western blot
analysis) were cultured in 10 émlates and incubated overnight in complete
growth medium at the 380 % confluence. The experiment wastrolled

by designating one 10 ¢mlate as the untreated (asynchronous) control in
parallel. The old medium in the experimental plates was replaced with fresh
complete medium containing 2 mM thymidine (SigAddrich, T1865) and
were then incubated at 37 for 18 h (double thymidine experiment) or 24 h

(thymidinenocodazole experiment).

Next, we washed the cells twice with PBS and released in standard growth
medium by incubation for 9 h (double thymidine experiment) or 3 h
(thymidinenocodazole experimén After that, the growth medium was
replaced with medium containing 2 mM thymidine (double thymidine
experiment) or 100 ng/ml nocodazole (SigAldrich, M1404, thymidine
nocodazole experiment). The cells were then incubated for 15 h in thymidine
or 12 hin nocodazole. The cells were later released from the treatment by
PBS washing and collected over O h, 4 h, 8 h, 12 h and 24 h. The first set of
cells was fixed and stained for cell cycle analysis as described in

Section2.2.6while the second set was lysed for western blotting analysis to
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explore the expression changes occurred for mitotic and epigeeletied

proteins.

2.2.8Statistical analysis

Thest ati stical anal ys i sttestasing Mierasofto u t
Office Excel All experiments werearried ouin triplicate, repeated at least
2-3 independent times and results are presented as the m&andard

deviation (DEV), unless statecdbtherwise.P val ue O 0. 05

( *

considered statistically significant,

0.001(***) very highly significant.
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CHAPTER 3

Regulation of Chromatin by HP1BP3
via the HP1BP3/ HP1U
Complex in Fibroblast and CRC Cell

Lines
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3.1 Brief introduction

Currently, most studies are focused on epigenetictpasslationahistone
modifications (methylation, acetylation, sumoylation, phosphorylation etc.),
which create aepigenetianechanism for regulatingwariety of normal and
tumourrelated processé€arlberg and Molnar, 201&oshnev et al., 20).6
These modifications may influence the core histones in
euchromatin/heterochromatin  transition, but the identity of the
heterochromatin proteins and their partners has remaargdly unclear.
Moreover, the heterochromatassociated proteins are also exposed to post
translational modifications that modulate their actiy@arlberg and Molnar,
2014 HiragamiHamada et al., 201Boshnev et al., 20)6Therefore, their
levels must be closely controlled; otherwise, they may act as transcription
modifiers through ceepressor(s) coplexes and lead to stable gene

silencing.

One of the most common means of limiting the expression of many proteins
is to destroy them via the ubiquitin/proteasome pathivagker et al., 2006

Tu et al., 2012 FBXW?7 is an E3 ligase that targets several postcogenes

and transcriptional modulators for degradation, and it plays crucial roles in
tumorigenesigBabaeiJadidi et al., 2013aCremona et al., 2018Vang et

al., 2012aWelcker and Clurman, 20p8Ne identified HP1BP3 as substrate
that is targeted by th&BXW7 tumoursuppressor gene for ubiquiin
mediateddegradation(BabaeiJadidi et al., 201DbLi et al., in publication].
HP1BP3 s a heterochromatiassociated nuclear protgidutta et al., 2014a

Garfinkel et al., 2015pHayashihara et al., 2010#at contains several

109



The University of Nottigham Chap 3: Regulation of Chromatin via HP1BP3

important domains, includingglycogen synthase kinaSeb (-8B K
(T/ISXXXS/TP) phosphoryladn sites, three H15 (linker histone H1/H5
globular) domai ns, H&oin: Wbiqutidbindigg si t e,

domain, and nuclear localisation signal (NLShépter 1; Figure-17).

HP1BP3 binds directly tthe heterochromatin protefh P 1(Garfinkel et al.,

2015h Hayashihara et al., 201Qavheretrimethylatedhistone H3 lysine 9

(H3K9me3 r e ¢ r u i {LachnerRtlal, 2001 H3K9 trimethylation is

mediated bySUV39H1/2histone methyltransferaséBartova et al., 2008

Lachner et al., 2001Rea, 2009 and this complex is enriched in the
establishment of constitutive heterochromdhtaison et al., 2002Maison

et al., 2011 Schuhmacher et al., 201Moreover, H3K9me3 protects cells

from genome instabilityPeters et al., 2001 and HP1U modul a
chromatin inversion plays a significant role in normal homeostasis and
cancer(De Koning et al., 200Kwon and Workman, 201Maison et al.,

2002 Thomsen et al., 2011Vad-Nielsen and Nielsen, 20L5More

i mportantly, HP1BP3 binding to HP1U n
of chromatin organisation. However, very little is known about HP1BP3,
particularly the chromatin regulatoryachinery and the function of the
HP1BP3gene in normal and cancer cells; therefore, its function remains to

be explored.

Herein, we show the HP1BP3 protein accumulation in colorectal cancer

(CRC) cells lacking oFBXW7gene. Furthermore, our data indicatieat the

FBXW7 mediates the HP1BP3 degradation in a phosphoryidependent
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manner through GSRB b kinase activity. We al s
upregulation caused byBXW?7 loss, alterghe heterochromatin states, by
impairing the H3K9me3 methylatiprreswiing the repression activity of

HP1U in which it consequently | eads t
structure by further stimulating the acetylated form of the same lysine 9

residue in histone H3 (H3K9ac).
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3.2 Results

3.2.1 Loss of FBXW7 leads to accumulation of HP1BP3

protein in human CRC HCT116 cells

The gl obul ar domai n of (GdfbkBlRRBal.,i nt er &
2015h Hayashihara et al., 2010&nd this complex interaction could play a
role in the formation and/or maintenance of the compaocneatin structure.

In addition, recent work from our laboratory suggested that, in murine
systems, Hplbp3 is targeted for degradation by SERY’-ubiquitin
proteasome activitywhile Hp1bp3mRNA level unchangedAccordingly,

the initial experiment aimed are-evaluating and confirming the
accumulation of human HP1BP@&otein in human CRC cells lacking
FBXW? alleles. To do this, we used HCT116 human colon cancer cells with
the deletion and the wilthpe FBXW?7 alleles, i.e. HCT11&W7¢) and
HCT118B*W7tH) cells, respectivelyBabaeiJadidi et al., 201)aHP1BP3
and HP1U endo g amceosalisatinnpwere sxamioed by
immunofluorescence as described in the Materials and Methods (Section

2.2.5).

Due to the lack of a commercially available antibody specifically eross

reacting and detecting the endogenous FBXW?7 protein, validation of
HCT1168B*W7¥) cells was carried ouby reverse transcription PCR (RT
PCR)[performedby Dr F.Lorenzii n Dr Nat e r(iotkerielah,bor at c
2016)]. We found that HCT116*W#) cells had upregulated HP1BP3 levels

when compared to HCT1I8W ¢ cells Figure3-1 A; Column 2). Despite
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the reported i nt edHPtBPIGarfinkdbetdl. 2@16bn HP 1 U
Hayashiharaetal., 20104 her e was no change in HP1

on HP1U distributi oFigurdBdA;@@uwnmn3)bot h cel

To further confirm the i mmunofl uor ec
expression levels wermvestigated using western blotting (Materials &

Methods; Section 2.2.4). The western blotting also showed increased
HP1BP3 expression levels in the HCTT®87¢) cells Figure3-1 B), but

HP1U expressi on |betweerdhs HGT&165V “Uamct h an g e ¢
HCT1168 Wt cells Figure3-1B). These findings suggest that increased

|l evels of HP1BP3 expression do not af

that theSCHBXW’ activity can specifically targetP1BP3for degradation.
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Figure 3-1: Upregulation of endogenous HP1BP3 protein expression in
human CRC cells lacking ofFBXW?7. (A) HP1BP3(green) andHP1U(red)
proteins expression iHCT116W/ ) and HCT1168W¢) cell lines,
examined by i mmunofluorescence techni
blotting analysis for endogenous HP1BP3 and BiBspression levels in
HCT116 W) and HCT1167W7¢), Cell lysate was extracted and total
protein of 100 pg was run on 10 % SIPAGE and transferred to PVDF
membranes. AntHP1BP3 and -HP1U antibodes were used to detect
endogenous level of HP1BRBAHP1U b-Actin is used as a loading control

in western blotting analysis. The level of HP1BP3 was increased in
HCT1163*W7¢) cells which confirm that HP1BP3 is targeted for degradation
by FBXW7, but HPL expression level was unchanged among
HCT116BW/t™ and HCT11658W7¢) cell lines.Immunofluorescencand
western blottingexperiments were repeated in three different occasions
Control without primary showed no staining.
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3.2.1.1GSK-3 bmediated HP1BP3 phosphorylation can

contribute to HP1BP3 stablisation

GSK-3b phosphoryl ates t he (Cremongettal., subst
2016 Welcker and Clurman, 2098which boosts the substrate binding to

F B XW7nd stimulates target degradation by SEE’-ubiquitin
proteasome activityBabaeiJadidi et al., 201)aTherefore, we wondered

whether overexpressing the activated form of GSKSundqvist et al.,

2005 to potentially stimulate HP1BP3 phosphorylatigould alter HP1BP3

levels as detected by western blottifgg(re3-1 B).

To answer this question, HCT116 cells were transiently transfected with
activated pFLAGGSK-3 b or plasitl Materials & Methods;

Section 2.2.3.4|BabaeiJadidi et al., 2010apFLAG-GSK-3 b pl as mi d w:
constructed and fully validated (by double restriction enzymes digestion and
DNA sequencing) Both pldmidsNantaieed eBOdRI | a b .
restriction site in their multiple cloning site (MCSjigure 3-2 A + B).
Accordingly,EcoRI was used for plasmid validation and diges{idiaterials

& Methods; Section 2.2.2.1FcdRI digestion produced DNA fragments
corresponding to the control vector pcDNA (5.4 kb) and pFLBEK-3 b

(6.6 kb) Figure3-2 C). The digested DNAs were run or¥dagarose gel to

confirm the linearizatiorof the indicated DNAconstructs(Materials &

Methods; Section 2.2.2.2)
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Figure 3-2: The pcDNA3.1 and pFLAGGSK-3 b pl asmi d maps,
validation analysis by restriction enzyme digestion(A andB) Schematic
presentation showing the control vector pcDNA3.1 and pH@SEK-3 b

plasmid withEcaRlI restriction enzyme sites. (Ghe digested DNAswvere

run on 1 % garose gel to coitm the linearigtion of the plasmids.

The pcDNA plasmid was transfected in to HCT116 cells to serve as the
control. After transfection, immunoblotting with aitLAG antibody was
used to identify the expression of exogenous &SK , a nGhK-3abn t i

antibody was used to detect the expressionbath endogenous and
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exogenous GS¥ bFig(re3-3). Anti-HP1BP3 antibody was used to detect
changes in endogenous HP1BP3 expression caused by-3GSK
overexpressionKigure3-3). Interestingly, we found that the overexpression
of activatednonphosphorylatedbSK-3 b decr eased HEB1BP3 ¢

andb isoforms)(Figure3-3).

To further confirm that HP1BP3 is a potential substrate of G3X, HCT 116
cells were treated with the GSKb i n h i-266763 ¢10 uMj & vehicle

control dimethyl sulfoxide (DMSO) for 6 h (Materials & Methods; Section

2.2.3.6), and cell lysates were extracted for western blot detection of
phosphorylated (PBESK-3 b (inactive form) and HF
mentioning that phg#o-specific HP1BP3 is still commercially unavailable

for use, while the top band of HP1BP3, which was detected bH&1tiBP3,

could be the phosphorylated form of HP1BP3 protEigure3-4), however

further studies required to verify thRrevious studies have reported that SB

216763 causes upregulation in the phosphorylation of- 3% on Ser i ne
which inhibits its activity(Dash et al., 2031Guha et al., 201, 1Park et al.,

2009. Mechanistically, SB216763 inhibitsp90-RSK (Smith et al., 2001L

and phosphatidylinositol &inase (Pl kinase)/protein kinase B (PKB

(Cross et al., 20Q1whichinactivates GSK3 b phogphorylahg itsserine

9 (De Mesquita et al., 20QButherland et al., 1993Consistenwith these

studies, lhe western blotting using an d{®)-GSK-3 b anti body con:
the SB216763 mediated inhibition of GSK3 b  a c Figukei3-4).yAs (
expected(P)-GSK-3 b expr essi on Figue34). ixxitinglgul at ec

our results showed h@SK-3 s u p pr e SB-216763 trbaymerit e d t o
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significant a@aanwmunioadte roana eoafn dH Pl, BiPSo f o
respectn vteley, HC(FidqueB-4).c eCdmssequent | vy, 0
r e v poasible HP1BP3 phosphorylation mediated by €SK act i vi ty
However, this possibility requires additionavaluation and further
examination using the si#irected mutagenesis based on overlapping PCR
(Materials & Methods; Section 2.2.2.5), which wasddildespite of many

attemptsn the last PCRtep Appendixl and 2)and kinase assato confirm

the exstence of amino acid residues in HP1BP3 that could be phosphorylated

by GSK3 b .
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pFLAG-GSK-38 - +
+ -
pcDNA IB:
FLAG'ggtb?;ﬁ - | FLAG
FLAG-GSK-3p

(48kDa)
GSK-3 | - GSK-3p
(46kDa)

! —
(71,61kDa)

Figure 3-3. Induced phosphorylation by GSK3 b caused signi
reduction in the HP1BP3 protein level in human HCT116 cellsTransient
transfection of GSK3 b usi n ¢gGSKBFHL AiGh human HCT11
resulted in reduction HP1BP3 protein level compared to contrisl which

are not overexpressed with GSKb . Control cell s were
pcDNA backbone plasmid. Cell lysate was extracted and total protein of 50

ug (for antrtFLAG) or 100 pg(for antk GSK-3 b-HP1BP3)was run on 10 %
SDSPAGE and transferred ®/DF membranes. AMFLAG,-GSK-3 b, and
-HP1BP3 antibodies were used to detect exogenous and/or endogenous level

of FLAG, GSK-3 b , and {A&id B Bsdd as & loading control in

western blotting analysisThis experiment was repeated in two different

occasions.

HP1BP3

SB-216763 (10uM) - + B

(52kD2) | wwe s | P-GSK-3B

(71,61kDa) — - HP1BP3

(42kDa) |V S 0\t

Figure 3-4:GSK-3 b i n hi b iintuces phosphoryldtiah of HP1BP3

in HCT116 cells.Cells were treated with the GSKb i n h i-2167630r S B
(10 uM) or vehicle control DMSO for 6 h and cell Iysavas extracted and
examined fo(P}>GSK-3 b (i nactive form) and HP1B
Total protein of 100 pg was run on 10 % SBAGE and transferred to PVDF

me mb r a-Actirsis usell as a loading control in western blotting analysis.

This experiment was repeated in two different occasions.
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3.2.1.1.1The consensus sequencef@SK-3 b substrates

HP1BP3 arefunctional

GSK-3b i s a s ekinase thdt phbspr®nylates AH&/SP in the
CDC4phosphedegron (CPD) motifs of several FBXW7 sulases

(Cremona et al., 201®elcker and Clurman, 2098Moreover, our above

data revealed that GSEKb mi ght phosphoryl ate HP1B
were interested in identifying the CPD motif in HP1BP3. Sequence
comparison revealed that HP1BP3 might have two 38K phosphor yl at
motifs similar to the CPD motifs described in other FBXW?7 target proteins
(Cremona et al., 2018Velcker and Clurman, 2098Figure3-5). Onemotif

is located at the Nerminus (S47 and Thr51) and the other is located at the
C-terminus (Thr461 and S466jigure3-5). MoreoverDr Na @akehas 6 s |
indicated thatin the presence of GSK b , HP1BP3 is targete
and | ess s dAbuzipadah BtXa\7pieparatiop Therefore, to

identify which motif is functional in HP1BP3, peGHRAG-MYC-

FBXW7 U, -FuAGAWYE-FBXW7 2 peGRFRHP1BP3S (short

HP1BP3 isoform lacking the #&rminus motif) or peGHPIP1BP3 (long

HP1BP3 isoform containing the-tédrminus and @erminus motifs) plasmids

were cetransfected in to HCT116 cel(§igure 3-6). These plasmidshas
beenconstructed and fully validated (by double restriction enzymes digestion

and DNA sequenci nTgavoid differé€hces iNtaahseectiond s | a
efficiency, trasfected cells were divided into twi® cn¥ plates and treated

with SB-216763 (10 uM) or vehicle control DMSO for 6 h and cell lysates

were extracted and examined for FLAG)-GSK-3 b and green f 1l u

protein (GFP) by western blottingigure3-7).
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N-terminal C-terminal
domain (NTD) domain (CTD)

HP1BP3
(553aa)

[Detected band: 71 kDa;
predicted molecular
weight: 61 kDa]

HP1BP3-S
(401aa)

[predicted molecular
weight: 44 kDa]

Figure 3-5. A schematic representation of the HP1BP3 protein and its
predicted GSK-3 fphosphorylation sites.Schematic shows the presence of

two putative GSK3 b consensus phosp-f/SR)pnthat i on
wild type isoform, whereas HP1BFS (short isoform) has one predicted

motif.

Prior to transfection, the above mention@asmids Figure 3-6 Ai E) were
validated by digestion usirtecaR| or Bglll restriction enzymeslhe digested
DNAs were run on 1 % agarose gel to confithe release of the indicated
DNA fragments and the aatrol vector (peGFR2) linearistion. The
digestion confirmed the existence of the estimated DNA fragment presented

in Figure3-6 F.
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peGFP-FLAG-MYC- peGFP-FLAG-MYC-

peGFP-C2 FBXW7a FBXWT7y
4.7 Kb 6.8 Kb 6.6 Kb

Band #1= 1.6 Kb

[ |
EchI EcoRI

GFP  HP1BP3-S MCS HP1BP3 MCs

(0.14'Kb) (1.7'b)

peGFP-HP1BP3

peGFP-HP1BP3-S

59Kb 6.3 Kb

Band #2= 4.7 Kb

peGFP-FLAG-MYC-
peGFP-FLAG-MYC-

FBXW7a
peGFP-HP1BP3-S
peGFP-HP1BP3

'Q

Figure 3-6: The peGFRC2, peGFRFLAG-MYC-FBXW7 U, -peGFP
FLAG-MYC-F B XW7 2, -HPAEFPB®(HP1BP3 shortisoform), and
peGFP-HP1BP3 (wild-type) plasmid maps and validation analysis by
restriction enzyme digestion (AF). Schematic presentation shows the
backbone vectorA) peGFRC2, (B) peGFFFLAG-MYC-F B X W7 U, ( D)
peGFRHP1BP3S, and (E) peGHPIP1BP3 plasmislwith EcaRl restriction

enzyme site/s. (C) Schematic presentation showing the pEGAB-MYC-
FBXW792 pl aBglihrestrictioniebzyme site. (F) The digested DNAs
wererun on 1 % garose gel to confirm the linearization of the vector or the
release of the expected DNA fragment/s out from the backbone vector.
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Our data reveal that the expression level of the long HBIi&®orm was
increased more than the short HP1BP3 isoform inSlB216763 treated
HCT116 cells Figure3-7 A; lane 2 vs. 4put that DMSO decreased tlezel

of HP1BP3 Figure3-7 A; lane 1 vs. 3). As the stability of the short HP1BP3
isoform was less increased in the presenceB216763(Figure3-7 A and

B; lane 2) in compason to the long HP1BP3 isoforrRigure3-7 A and B
lane 4), it appears that bothtBrminusphosphorylation (Thr51 and Ser47)
and Gterminus phosphoylation (Thr461 and Ser466), contribute to the
recognition of HP1BP3 by SE¥Y for degradation. Altogether, the data
further suggest that the E3 ligase $E#7 degrade¢P)-HP1BP3 in a GSK

3 bdependent manne€onsistent with this, the expressionesfdogenous
HP1BP3 was upregulated in HCTE#8Y"¢) cells Figure3-1B) and as well

as that the FBXW?7 directly interacted with HP1BP3 protein @madeh et
al., in submission), we can conclude that the 'SE¥ activity modulate the
HP1BP3 protein for degradation in G&K-dependent manneHowever,
these findings need to be supported by an additional experiment, using

specific SIRNA against GSR b
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Figure 3-7: The Serind Threonine (T/S--T/SP) domains in HP1BP3 are
responsible for its degradation by FBXW?7. (A) FLAG/GFRtagged
versions of the indicated proteins wereeogpressed in HCT116 cellseated
withthe GSK3 b i n h ir2b6763 ¢10 uVJ @ vehicle control DMSO for

6 h. Cell lysate was extracted and total protein of 50 ug was run on 8 % or 10
% SDSPAGE, transfaed to PVDF, and subjected teestern blotting for
FLAG,(P)-GSK-3 b (i hacm) yeand GRAEniausddia odi e ¢
a loading control in western blotting analy$B) Band intensities of HP1BP3
long isoform and HP1BP3 short isoformGFP blotsvere normalised tb-

Actin and calculated using ImageJalves are represented fatd change

Error bars show th8TDEV of two independergxperiments
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3.2.2 HP1BP3 upregulation mediated byFBXW?7 loss could
increases nuclearcd ocal i sati on of HP 1B

in HCT116 cells

As outlined ab ov eeteroehPoindtiradsciated proteirs s e nt i
typically involved in the epigenetic regulation of gene silen¢{bgnzio et

al., 2014 Lachner et al., 200Maison et al., 20L,Iyamamoto and Sonoda,

2003. Ot hers have demonstrated that HPI1
in certain contextgCryderman et al., 201XKwon and Workman, 2011

Piacentini et al., 200%Bdek et al., 20135hoji et al., P14). As mentioned
earlier, although recently reported t
associated with chromatin condensatid@Garfinkel et al., 2015b
Hayashihara et al., 201)dut the biochemical/biological mechanisms and
consequences of this interaction remain largely unclear. As FBXW?7 deletion

had no effect on HP1 BiguedtA Cadumahd/ or
and Figure 3-1 B), whereas HP1BP3 was accumulated in HCT#4%'¢")

cells Figure3-1 A; Column 2 andrigure 3-1 B), we aimed to explore the

role of HP1BP3 via the signifc ance of the HP1BP3/ HP

regulating carcinogenesis.

Previous reports have stated that knowledge of the biological system can
sometimes be derived indirectly from quantitativel@oalisation(Costes et

al., 2003, therefore, we first -lgcalisationi f i e d
using immunofluorescence images of HCTEI®Y) cells versus
HCT11688W+*) cells Figure3-8). To achieve this, fluorescence images for

HP1BP3 were manually enhanced to HP1
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nuclear foci regalless of the actual protein expression level. The number of

foci wi t h HP 1 BM&lisatiom dyellbwbBrange), aobco-

localised HP1BP3 (green) and fieo-l ocal i sed HP1U (red)
separately in more than 16 cells per cell lifigre3-8 A + B) using ImageJ

software. Then, the average number of nuclear foci in each cell line was
estimated and compareBigure 3-9 Ai C). The merged imagesiggests a

highercol ocal i sati on between HPTHE®3 and
cells Figure3-8 B) compared to the HCT1IBW*) cells Figure3-8 A).

Moreov e r , HP 1 B P ®-localisetfodHiPthe(HCT1165%W¢) cells

were significantly increased versus the HCTEX8"/* cells Figure 3-9

C). However, the number of HP1BP3 foci that were nelocalised with

HP1U, and vice versa, "W&¥ cellsiTheher i n
guantitative cdocalisation data may support ourgoghesis that HP1BP3
upregulation and consequent additi on;
rescue the repression activity of HPI1
interaction between HP1BP3 and other heterochromatin components such as
SUV39H1, as repted previouslyMaison et al., 2011 Obviously, further

studies are required forunct i on al analyses of the
Moreover, further experiment, such as fluorescence resonance energy

transfer (FRET), is required to further support our observation.
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A DAPI HP1BP3 HP1a B/G/R

HCT11 6FBXW7(+/+)

HCT116FBXW7()

Figure 3-8: Increasing number of col ocal i sed HP1BP3 ar
nuclear foci in HCT116™8*XW7th) versus HCT1168XW7(+*) cells. HP1BP3

(green) andHP1U(red) endogenoygroteins expression iHCT116BXW7(+/+)

(A) and HCT116%*W7¢) (B) cell lines,examined by immunofluorescence
technique. For counting foci, HP1BP3 fluorescent images were enhanced to
the HP1U I evel regardless their actue
by I maged software. Scale bar is 10¢n
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Figure 3-9: HP1BP3 upregulation caused byFBXW?7 losscould increases
thecol ocal i sati on between HP1BP3 and F
cells.(A-C) Statistical analysis of average numbercfcoc al i s e d HP1U
HP1BP3, not cdocalised HP1BP3, and not4ooc al i sed HP1U nu
betweerHCT116BXW M and HCT1165W7¢) cell lines.IF were performed

for endogenous HP 1 B P 3ndicaded dcell Hireg; U I n
HCT118BW7t*) (A) and HCT116%*W7¢) (B) cell lines HP1BP3images

were manually enhanced to the level of HPtb visualise nuclear foci of 16

individual cells from each cell lines, using ImageJ software. Then, the average

of nuclear foci indicated in each cell line, were compared in (C). Nuclear foci

were manually counted which shows significant increase in interaction

bet ween HP1BP3 a &V derhpdred toconttdl dells1 6
HCT116®W/¢)  Moreover, free not cb ocal i sed HP1BP3 a
nuclear foci are higher IHCT116B*W(*+*) than HCT1168*W7¢), Statistical
significant values wetntest*Ps@&.0lctww0.08,t ed u
**p=0.001 to 0.01, ***p<0.001.
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3.2.3 Reduced level of trimethylated H3K9 hetegochromatin
marker and increased level of acetylated H3K9

euchromatin marker in HCT1168XW7(") cells

It is well established that high 4methylated H3K9 (H3K9me3level is

associated with action of the histone methyltransferase SUV39Barbva

et al.,, 2008 Rea, 200) which facilitates H3K9me
(Bannister et al., 2001I€Canzio et al., 20%4.achner et al., 20QMaison et

al., 201). I n this manner, both SUV39H1/ 2
propagation of heterochromatic domains through H8KS and
consequently lead to the maintenance of the silencedBacinister et al.,

2001k Lachner efal., 2001 Maison et al., 203;1Yamamoto and Sonoda,

2003. On the other hah as our data suggestadhigh degree oto-
localisation bet¢ en HP1U and HP1BP3, we subse:t
H3K9me3 heterochromatin marker profile and cellular distribution in
HCT116®W¥) and HCT1168*W7(*™ cells. The H3K9 residue can be
methylated and/or acetylated, leading to the formation of hdtenoatin

and/or euchromatin, respectivéBark et al., 2011 Therefore, we postuled

thatFBXW?7loss could mediate changes to these chromatin markers.

The HP1BP3 and H3K9me3 primary antibodies available in our laboratory
areproduced in rabbits, hence their croeactivity renders the establishment
and immunofluorescence examination of endogenous HP1BP3 and
H3K9me3 celocalisation in HCT118*W () and HCT116%*W¥) cells are
difficult. Therefore, the ctocalisation aady was performed for H3K9me3

and HP1U -wW3&9Imey(greemtand ardP1 U (red) ant i

130



The University of Nottigham Chap 3: Regulation of Chromatin via HP1BP3

(Figure3-10 A) instead. The fluorescence-taralisation study revealed no
changes in the distribution of both proteins, while H3K9me3 levels were
markedly reduced in the HCT1EW'¥) cells compared to the
HCT116 W) cells Figure 3-10 A; Column 2). Western blotting
confirmed that H3K9me3 levels were reduced in the HCTRY¥6%) cells
compared to the HCT1I&W ™) cells Figure 3-10 B). However,HP 1 U
expression was unchanged between the HCTF8*) and
HCT116BXW¥) cells (Figure 3-10 B). Moreover, increased H3K9ac was
detected in the HCT1iBW¥) cells versus theHCT116BXW/+*) cells
(Figure3-10B). The data suggest that the los$8XWZmediated HP1BP3
accumulation may lead to the loss of H3K9me3 and consequent H3K9ac
upregulation in CRC cells. However, further studies need to be performed to
dissect theross talk between HP1BP3/H#Pto-localisation and the H3K9

methylation inHCT116®W7¢) cells versus the HCT1I&W ) cells
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Figure 3-10: Inhibition and stimulation of endogenous H3K9me3 and
H3K9ac, respectively, in human CRC cells lackingFBXW?7. The
expressiorevelsof (A) H3K9me3 markefgreen) andHP1U(red) protein in
HCT116BW/t™  and  HCT1168W¢)  cell lines, examined by

i mmunofl uorescence technique. Scal e
analysis for endogenous H3K9me3, H3K9ac, andB#Xpression levels in
HCT116BW/t™ and HCT116%W7¢)_ Total protein of 100 pg was run on
10 % (for antik HP1D) or 15 %(for ant H3K9me3,-H3K9ac) SDSPAGE

and transferred to PVDF membrangsti-H3K9me3,-H3K9ac, andHP1U
antibodies were used to detect endoger®ysessioriével of H3K9me3,
H3K9ac,andHP1U. The level of H3K9me3 was reduced, whereas H3K9ac
level was increaseih HCT116%W7¢) cells compared teICT116BXW7 ¢
cells. #\ctin and H3 are used as a loading control in western blotting
analysis. IF and WB experiments were repeatddandifferent occasions.
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324Nucl ear distribution of HP1U
with Suv39hl/2-mediated H3K9 trimethylation in

mouse embryonic fibroblast (MEF) cells

As outlined above, SUV39H1/ 2 binds t
histone methyltransfase that methylates lysine 9 of histone H3, i.e. H3K9
(Lachner et al., 20Qlyamamoto and Sonoda, 200$UV39H1/2plays an

essential role in ensuring faithful chromosome segregation through its
modulation at pericentric/paracentric chromatin inversion, which is vital in

normal homeostasis and in can¢Beters et al 2001 Petti et al., 201p
Accordingly, we examined whether SUV39H1/2 activity via possible H3K9

trimethylation is required for HP1BP3

To do this, we used MEF cells derived fr@@nv39h1l/Zouble null mice
(MEFSW3h120)) (Peters etl., 2003, i n which HP1U is no |
the pericentric heterochmmatin (Maison et al., 2001 and control MEF cells

with wild-type of Suv39i/2 alleles (MEFW3h2++y — HP1BP3 and H
endogenous expression and -loocalisation were examined by

i mmunofl uorescence. I nterestingly, H
affected in the ME®V3"Y20) cells Figure 3-11 B), but the distribution

patterns of both proteins was altered in the BHERM/20) cells versus
MEFSU3oh12(++) cells (Figure 3-11 A and Figure 3-12 B vs. A). In the
MEFSW320) cells HP1BP3 and HP1U hevrmuclear di st t
periphery around the nucleoli but were also distributed throughout the
nucleoplasm FKigure 3-12 B). Moreover, there was diffuse

immunofluorescence staining throughout the euchromatic regions of the
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MEFSU3h/20) cells (Figure 3-12 B). Conversely, in the MEJRV3OhL/2(+/+)

cells, both HP1BP3 and HP1U had more
foci and larger foci Figure 3-12 A vs. B). The observed foci in the
MEFSUW3h2(+M) cells correspondetbt he accumul atmajan of
satellite repeats reported previoubly Maisonet al (Maison et al., 2011
However,ImmuncDNA fluorescence in situ hybridization (FISH) with anti

H P ZHP1BP3and major/mior satellite DNA probeis requiredo further
confirmtheaccumulation of both proteins majoror minorsatellite repeats

in MEFSUV3hL2(++)gr MEFSU3hL20) cells, respectively

Additionally, HP 1 BP 3 and HP1U distribution
diaminophenylindole (DAP#staining patterns in thMIEFSU312t+/*) gel|g

(Figure 3-12 A), where DAPI stainsthe pericentromericheterochromatin

domains strongly.Furthermore, there appeared to be no observable

di fferences i n -lddRlkdiondatvwkbenkthe MEFPE2 ¢ o

) and MEFY3M2()cells Figure3-12 A + B). Western blotting confirmed

t hat there wer e no changes I n HP1E

MEFSW3h12(+)cellsversus MERY3M/20) cells (Figure3-11B).

Together with other previously published d#@kdaison et al., 2011 our
findings suggest that the heterochron
in MEFSUW3h12(+*)cel|s is lost iINMEFSU3h20) cells via alteration of the

HP1U and HdistriBuBoB withio tbhe nucleus
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Figure 3-11: The expression patterns and protein expression levels of
endogenous HP1BP&red) and HP1U (green) proteins in MEFSuv3oh1/2(++)

and MEFSWwsoh12¢) cell lines examined by IF and western Iotting

analysis.( A) I F analyses of endogenous HP
proteins in MERW3N2(Mgnd MEFW20c e | | | i nes. Scal e
(B) Western blotting analysis for endogenous HP1BP3 andlidRdression

levels in MEF3h2(++)nd MEFU3hY20)_ Total protein of 100 pg was run

on 10 % SDSPAGE and transferred to PVDRembranes. AmHP1BP3 and

-HP1U antibodieswere used to dett endogenous level of HP1BR&d

HP1U b-Actin is used as a loading control in western blotting analysis. The

| evel of HP1BP3 and HP1U 8&w3ohlRssi on
knockout, but the distributions pattern of both proteins was significantly
different between these cell linds and WB experiments were repeated in

two different occasions.
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A DAPI

HP1BP3

ME F Suv39h1/2(+/+)

ME F Suv39h1/2(-/-)

W

Figure 3-12: The distributions pattern of endogenous HP1BP3 an#lP1U
co-localisation is associated with Suv39h1/2 expressio®\) Endogenous

HP1BP3 (red) ant#iP1U (green) inMEFSUW3h12(+/*)(A) and MEFPUV320)

(B), examined by IF assays. Images were enhanced by ImageJ software to
visualise nuclear foci. HP1BP3 fltescent images were enhanced to the
HP1U |l evel regardless their actual pr
ImageJ software. The distribution pattern of HP1BP3Hufd 1ptbteins was

altered between both cell lind§ experiment was repeated in taifferent
occasionsScal e bar is 25 &m.
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After examining HP1BP3 and HP1U | evel
MEFSUW32(t) and MEFY3Y20) cells, we examined the H3K9me3 and

HP1U | evels and expression patterns
the HP1BP3 and HP1UMEFRYEY) celsunightben pat t
associated with H3K9me3 status. First, H3K9me3 levels were exatmned

western blotting. As expected, H3K9me3 was abolished i 2"/

M cells Figure3-13).
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Figure 3-13. Depletion of Suv39hl/2abolishes endogenous H3K9me3
levelsin MEF cells. Total protein of 250 pug was run on 15 % SBSGE
and transferred to PVDF membranes. Af8K9me3 antibody was used to
detect endogenous level of H3K9nia MEFU12(+)gnd MEFUSOhL/2()
cell lines H 3is used as a loading control in western blotting analygi.
experiment was repeated in three different occasions.

Next, the cd ocal i sati on of the endogenous
MEFSU32(+) cells versus MEBY3N/20) cells was examined by
immunofluorescenceF{gure 3-14 A vs. B). The H3K9me3 distribution

pattern in theMEFSW3h12(+*)cells differed from that in thMEFSUv3oh1/2()
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cells Figure3-14 A + B). Upon examination of the cellular distribution of
eachfoci, the immunofluorescence imagssggestedess H3K9me3 and

H P 1 Ulocaligation in theMEFSU3h1/20) cells versus thEFSUV3Sh1/2(+/+)
cells(Figure3-14B vs. AandFigure3-15 C). Moreover, the H3K9me3 and
HP1U distribution patt MEF' Y Reellse | ess
versus thaVIEFSW3h2tM cells Figure3-14 B vs. A). Additionally, there
were more and small er HERYMNEZcelsnd HP1
than in theMEFSW3h2+) cells (Figure 3-14 B vs. A). Furthermore, as
SUV39H1/2 trimethylates H3K{Bartova et al., 20Q8Rea 2000, the
H3K9me3 immunofluorescence staining patterns in both cell lines resembled
that of SUV39H1, as expected and as reported previgishuwels et al.,
2005. Moreover, althoughthe western blot inFigure 1-13 showed
abolishment oH3K9me3 levelsin MEFS'3hY/20) cellg residual staining

was detected in these ce(lSgure3-14). It has beemeported thathe level

of H3K9me3 is slightly detectable MEFSU3°h/20) cells in compressiono

the control cell line (Peters et al., 2001 However,the observedtaining
pattern is in agreement with previous immunocytochehsitud that used a
specific antiH3K9me3 antibody inMEFS"3h120) cells and detected the
presencef slighttrim ethylatedH3K9 (Krouwels et al., 2005 In figure 3

13, it could be that 25@ig of protein lysate was insufficient to detebe
minimal expression of H3K9me3 which might be expressed rasudt of

other methyl transferases in these cells.

I n additi on, t he number -locdlisafioo,an f or H

co-localised H3K9me3 andnoool ocal i sed HP1U were co
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per cell line after ImageJ enhanciggure3-14 andFigure3-15). Then, the
average nuclear foci in the indicated cell linegy(re3-15) were compeed
(Figure 3-15C) . The H3 K9 me docalsatiah fotl ithe c o
MEFSU3h/20) - cells were significantly decreasedompared to the
MEFSU3h2(+) cells (Figure 3-15 C). The MEFSW3h12(+*)cells hadarger

and fewer H3K9me3 foaompared to th&EFSW3hY20) cells confirming

that H3K9me3 is built up by SUV39H1/2 and associates with
heterochromathusilenced foci, as previously report@daison et al., 2001
However, threalimensional imaging, using a confocabtack images, is

required to further support our observation.

Considering all the data together, we may conclude th&t3K®me3 status
IS negatively correlated with the increasing binding between HP1BP3 and
HP1U and -and edricentrip mversions/ distribution within both

HCT1168BXW7¢) and MEFPY3h12() cglls,
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Figure 3-14 Endogenous H3K9me3 (green) andHP1U (red) co-

localisation in (A) MEFSuW3%h2(+/) gnd (B) MEFSU3h/2¢) cell lines

examined by IF. Images were manually enhanced by ImageJ software to
visualise and count nuclear foci. For counting foci, H3K9rfleBrescent

i mages were enhanced to the HP1U |l eve
to visualise nuclear foci by Image software.-l6ocalised foci of H3K9me3

and HP1U was & ecarspared tol MERVRIE2 R IF

experiment wasepeated in two different occasioSgale bar is 25 um.
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Figure 3-15. Analysis of average nuclear foci number of cdocalised
H3K9me3 and Hddlised H3KIMe3, and not cdocalised

HP1U f BSWMRE)(A) and MEFSW3M2¢) (B) cell lines IF were
performed for endogenous H3K9me3d and
Images were enhanced to visualise nuclear foci of 16 individual cells from
each cell lines, using ImageJ software. Thbe average of nuclear foci in

the indicated cell lines, were compared in (C). Nuclear foci were manually
counted whichsuggestsdecreased ctocalisation betweerH3K9me3 and

HP1U i AY*¥AE Eompared to control cells (MER3NY2(7)
Significant values were calcul ated u:
**p=0.001 to 0.01, ***p<0.001.
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3.2.5 Further confirmation analyses of an endogenous

HP1BP3/ HP1U/ H3K9 me 3 c-beelsl ex |

To avoid context dependence from the use of a simgiean CRC cell line
(HCT116), western blotting was repeated to examine HP1BREH P 1 U
expression leveland H3K9med3evelsin another CRC cell line (DLEL)
with and withouFBXW?7deletion mutation, i.e. DLEL™®W7¥) versus DLD
1FBXWT) - regpectivgl (BabaeiJadidi et al., 201taRajagopalan et al.,
2004). Briefly, consistent with the earlier observations in HCTE1g7¢")
(Figure 3-1 B and Figure 3-10 B), H3K9me3 was undetectable, while
HP1BP3 was highly accumulated in DEIDP*W7) yersus DLR1FBXW7(+)

cells Figure3-16).
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Figure 3-16. Western blotting analysis for endogenous HP1BP3,
H3K9me3, and HP1 DLRP-1FFBYW@E)ivs1 DLD-AFG¥Et- s
) cells. Total protein of 100 pug was run on 10 % or 15 % SPSGE and

transferred to PVDFmembranes. AriHP1BP3,-HP1U and -H3K9me3

antibodieswere used to detect endogenous level of HP1BHBIU, and

H3 K9 me 3. -Adin aemnskd & a loading control iresten blot

analysis. WB experiment was repeated in two different occasions.
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3.3 Discussion

As euchromatin and heterochromatin can be distinguished by specific histone
tail modifications, epigenetic modifications such as H3K9neithylation,

have been well characterised as a mark of transcriptional repression.
However, acetylation of the samesidue has been correlated with
transcriptional activation. Deregulation of enzyme activity and other non
histone cofactor molecules responsible formathylating or acetylating
H3K9 may associate in carcinogengsiayami et al., 201;,1Hu et al., 2014
Khanal et al., 201,Xogure et al., 203,3Vang et al., 2013kin et al., 201%.
Consequently, the dysregulation of H3K9me3/H3K9ac levels is a hallmark
of many cancer¢Benard et al., 20348enard et al., 201Deligezer et al.,
2010 Hamamoto et al., 2015Leszinski et al., 2002 Moreover, low
H3K9me3 levels contribute tcelevated selfenewal capability of
differentiated melanomeells(Tan et al., 20144 In CRC, the genetic cause

of the disease is well understood, b tinderlying epigenetic modification

requires more investigation.

According to our results, it appears tR&XW7 which is mutated in 120

% of CRC casefDauvis et al., 2014Kuipers etal., 2015, participates in the
degradation of HP1BP3 in a phosphorylatdependent manner via GSXb
activity (Figure3-3 andFigure3-4) and in maintaining a high H3K9me3 ratio

in human CRC cells. High HP1BP3 expression in HCT116 cells with the
FBXW?7 alleles deletion may result in decreased H3K9me3 and increased
H3K9ac Figure3-1 B, Figure3-10, andFigure3-16) (Figure3-17), leading

to aberrant activatioof gene expressiacand/orgenomic instability
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Normal ~20% of CRC
SCFFBXW?

proteasome-mediated
Degradation of HP1BP3

Mutated

HP1BP3

Figure 317 FBXW7 regulation of chromatin via
HP1BP3/ HP1U/ H3K9me3 complex in nor mal
cancer cells mutated for FBXW?7.

Nevertheless, the HP1B®3duced alteration between trimethylated and
acetylated H3K9 can consequently be mediated by blocking the activity of
SUV39H1/2 histone methyltransferase or other histone methyltransferases
and/or histone deacetylases, or stimatathistone acetyltransferases or
histone demethylases but further studies are required to verify this in CRC
cells. Despite the involvement of HBin transcriptional gene silencing
(Canzio et al., 20IDialynas et al., 2006it was reported that HRI(located

in Drosophilad shromosomes) is found at many euchromatic/gene active
sites(Kwon and Workman, 201 Piacentini et al., 200%5dek et al., 2D3)

with an ability in opening the chromatCryderman et al., 20)11It is
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possiblet h at the | oss of the H3K9me3/ HP1
localisation in MEFSU29hY2¢7) cells Figure 3-11 A, Figure 3-14 B and

Figure 3-15 B) can inducest h e HP1BP3/ HP-lothlisatiommp | e x /
observed in human colorectal cancer HCTEXE"¢) cells(Figure3-8 B and

Figure3-9 B) (Figure3-17). Therefore, the subsequent chapters will focus on
exploring the mechanisms by whiEBXW?7is mutated, leading to HP1BP3
accumulation, H3K9me3 repression and H3K9ac stimulation in CRC cells,

as well as the possible oncogenic activity of HP1BR&vever,it would be
interestingto explore the leveland the patternsf H3K9 mone and dt

methylaton in the tested cell linedHopefully, future experiments reveal

more about the underlying mechanisms, i.e. how FBXW?7 inhibits H3K9me3
accumulation via HP1BP3 or possibly a histone methyltransferase such as

SUV39H]1, and their biologicasignificance in arcinogenesis
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CHAPTER 4

HP1BP3 Regulates Epithelidl
Mesenchymal Transition (EMT),

Epigenetically
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4.1 Brief introduction

Apart from the few recent publications regarding HP1EPa8tta et al.,
201443 Garfinkel et al., 2015aGarfinkel et al., 2015bHadac et al., 2016
Hayashihara et al., 209, little is known about the function and role of
HP1BP3 in normal and cancer cells via the epigenetic programming. Tumour
cells respond to transcriptionabnd epigenetichanges and undergo
epithelialto-mesenchmal transition (EMT)Bedi et al., 2014Lamouille et

al., 2014 Wu et al., 2012 Moreover, ve and other groups have recently
demonstrated that there is an intimate correlation between the FBXW7, EMT
and drug resistand®u and Shim, @16, Li et al., 201%Lorenzi et al., 2016

Mao et al., 2008Wang et al., 2013dYu et al., 2013 Here, therefore we
investigated the possible role of HP1BP3 as the FBXW?7 target, mediated

epigenetic reprograming the EMT ibfoblast and HCT116 CRC cell lines.

EMT is proof of cell plasticity that is critical to normal development and
malignant progressiofLamouille et al., 2014Mani et al., 2008Nieto and

Cano, 201p This process is gerally accompanied by enhanced cell
migration and metastasis via acquiring mesenchymal charactefsstotsas
up-regulation of Vimentin, Ncadherin, Snaill, ZEB) and loss of
expression oépithelial markers (such asdadherinLamouille et al., 2014

Mani etal., 20081 n EMT, mi grating tumoiukea el l
propertiesand exhibit drug resistace, explainingthe eradication of cancer

cells by chemotherapiBedi et al., 2014Du and Shim, 2016 Despite their

close orrelation, thedeep insight into EMTcancer stem cells (CSC), and

drug resistance remains largelgexplored Moreover, although extensive
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epigenetic reprogrammin@fam and Weinberg, 2013NVu et al., 201p
occurs during cell differentiation and malignant transformafMeissner,
2019 Mohn and Schubeler, 2009how epigenetics regulate EMT via
heterochromathassociated protein(s) remaiasknown. Consequently, we
examined the level of heterochromatieuchromatin and EMTrelated
proteins using lossand gairof-function in a human skin fibroblast cell line
(Tiger) and a colorectal cancer cell line (HCT116) to explore the biological

importance of HP1BP3 in linking between the epigenetics and EMT process.

Consistent with the results presented in the previous chapter, we found a
negative correlation betweéiP1BP3 and H3K9me3 via downregulation of
the SUV39H1 expression, while HP1BP3 positively correlated with the
H3K9ac. Ectopic expression of HP1BP3 was involved in EMT induction by
upregulating ZEBL and Snaill transcription factors and consequently the
leve of N-cadherin and Vimentin mesenchymal markers and, inhibiting of
E-cadherin epithelial marker. Interestingly, we also found that depletion of
HP1BP3 could reverse the EMT process through suppressing thel ,ZEB

Snaill, Vimentin, and upregulating ofdacherin levels.
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4.2 Results

4.2.1 Generation and validation of stable fibroblast (Tiger)

and HCT116 cell lines overexpressing GFRPHP1BP3

Stable integration and lortgrm expression of a gene of interest @ommon
gainof-function approach that allow efficienttatation of gene function
(Bussow, 201p Stably transfected cell lines are used in a wide range of
research application¢Chaudhary et al., 2012Lai et al.,, 2013 The
generation of a stable cell line is important in structural famttional
biology. Therefore, to investigate the role of HP1BP3 in regulating chromatin
structure and gene transcription, we initially generated the human fibroblast
and colorectal cancer cell lines that stably expressing the long HP1BP3

isoform (Material& Methods; Section 2.2.3.5).

To this end, we oveexpressed pLVXeGFP or pLVXxeGFRHP1BP3 (from

Dr M. Abuzinada in Dr Nateri6s | abor a
Theseplasmid was constructed and fully validated (by double restriction
enzymesdjesti on and DNA sequ@8aihcplasmgdd i n D
contained arEcoR restriction site in their multiple cloning site (MCS).
Accordingly,EcoR was used for validating the given plasmids and digesting

the pLVX-eGFRHP1BP3 and the pLV>@GFP backbne vectors

(Figure 4-1 A and B), as outlined in the Material and Methods (Section
2.2.2.1)EcoR has an additional restrictionsitee ar t o t he 5Nj end
DNA sequence in theLVX-eGFRHP1BP3plasmid This digestion should

then result in two DNA fragments corresponding to HP1BP3 (1.6 kb) and the
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backbone vector lp/X -eGFP (8.8 kb). Digested DNAs were run on 1 %

agarose gel (Matexis & Methods; Section 2.2.2.2) to confirm the release of
the indicated DNA fragments and the backbone vector linearisation
(Figure 4-1 C). Thedigestion confirmed the presence of the two expected

DNA fragments Eigure4-1 C).

A B | Band#1=16Kp |

| |
EcoRlI EcoRlI EcoRI

[ I [

pLVX-eGFP
8.8 Kb

| Band #2= 8.8 Kb

C

pLVX-eGFP
pLVX-eGFP-
HP1BP3

Ladder
+
+
m
(9]
(@]
A

Figure 4-1: The pLVX-eGFP and pLVX-eGFP-HP1BP3 plasmid maps,

and validation analysis by restriction enzyme digestion(A and B)
Schematic presentation showing the backbone vector pe@KP and
pLVX-eGFRHP1BP3 plasmid witlEcaRlI restriction enzyme sites. (C) The
digesed DNAs (pLVXeGFP and pLX-eGFRHP1BP3) were run on 1 %
agarose gel to confirm the linearisation of the vector (8.8 kb) and the release
of the two expected DNA fragments (1.6 kb and 8.8 kb length) out from
pLVX-eGFRHP1BP3 plasmid.
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To validate GFFHP1BRB expression, the pLVGFRHP1BP3 and the
control pLVX-eGFP plasmids were transfected into the cells. These plasmids
express #uromycinresistant gene that acts as an antibiotic selection marker.
Briefly, cells seeded in-@ell plates until 560 % confuent, followed by
plasmid transfection as illustrated in Materials and Methods (Section
2.2.3.4). The transfected cells were maintained for 3 days in culture, prior to
selection. Subsequently, thromycinselection was carried out every 2
days for 10 day, during which all green fluorescent protein (GFP)
Puromycinnegative cells had died; the remaining cells contained plasmids
emitting GFP fluorescence. Single cells were transferred 4oedi6plates

and grown until they formed colofliike structures andeached high
confluence (Materials & Methods; Section 2.2.3.5), following which they

were amplified and inspected for GFP or GFP1BP3 expression.

Prior to western blotting verification of HP1BP3 expression by the generated
stable cell lines, we observeHlP1BP3 expression via fluorescence
microscopy. The fluorescence microscopy analysis of the cells expressing
enhanced GFP (eGFP, as a control for transfection efficiency) or-eGFP
HP1BP3 confirmed eGFP or eGIFP1BP3 expression, respectively, in all
generagd cell lines Figure4-2 A and B). As shown ifrigure4-2 A and B,
HP1BP3 was expressed in spotty nuclearalisation similar to the
expression pattern of the endogenously expressed HP1BP3 (CBapter
Figure 38 and Figure d2). In the eGFRexpressing cells (control), the eGFP
was expressed in both nuclear and cytoplasmic subcellular compartments

(Figure4-2 A and B).
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Western blotting (Material & Methods; Section 2.2.4) of whole cell lysates
confirmed the eGHPIP1BP3 and eGFP expressiofigure 4-2 C).
Moreover, as shown ifigure4-2 C, the expression of HP1BP3 fused to
eGFP in the pLVXeGFRHP1BP3 construct yielded the expected size of
around 98 kDa [71 kDa (HP1BP3) + 27 kDa (eGFP)]. Frequently; non
specific bands were observed when using theedBEP antibody. These can
easilybe distinguished from GFP irigure4-2 C for both cell lines stably
expressing the eGFP. These +specific bands were detected in a molecular
weight range of 1i719 kDa, and the intensity of the nepecific bands were
usually distinct from the eGFP bands. Together, thesesdg@gesthatthe
eGFPand eGFFHP1BP3 DNA fragmente/ere incorporated in the genome

of transfected cell lines.
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and HCT116 stable cell lines(A) Fluorescence microscopy of transfected

Tiger cells with pLVXeGFP (top) and pLV>GFRHP1BP3 (bottom). (B)
Fluorescence microscopy of transfected HCT116 celld witVX-eGFP
(top) and pLVXxeGFRHP1BP3 (bottom). Scale bare56& m.
blotting analysis shows the expression of GHPLBP3 in Tiger and HCT116
stable cell lines with antsFP,-HP1BP3, andb-Actin (as a loading control)
antibodies. Total protein of 100 ug was run on 10 % $A&E and

transferred to PVDF memnanes. Cells stably expressing pLA&GFP

(C)

We st e

plasmid used as a control for transfection efficiency. The red stars indicate
unspecific bands and western blotting analysis experiments were repeated at

least in three different occasions.
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4.2.2 Characterization and epigeneticgene expression

profiling of stable cell lines overexpressing HP1BP3

As outlined in chapter 3, the SUV39HI1
histone methyltransferase to methylate -Bysf histone H3Lachner et al.,

2002, Yamamotoand Sonoda, 2003SUV39HL1 plays an essential role in
ensuring faithful chromosome segregation through BiRtbdulation at
pericentricparacentric chromatin inversion, which is vital in normal
homeostasis and in candg@&e Koning et al., 2009Kwon and Workman,

201% Maison et al., 20QZPeters et al., 200TThomsen et al., 201 Vad
Nielsen and Nielsen, 20L5H3K9me3 is a welknown transcriptional
heterochromatin repressive marker; H3K9ac is a-tWmdwn epigenetic
marker enriched in the euchromatic promoter region of activated genes
(Bannister and Kouzarides, 201Rartova et al., 20Q8Vang et al., 2008
Therefore, we examined whether the stably overexpressed HP1BP3 protein

could affect H3K9ac and/@UV39H1/H3K9me3 expressitiavels

To further testing the possibility of the deregulated HP1BP3 altering the
heterochromatineuchromatin inversion of mammalian cells, we used Tiger

and HCT116 cell lines that stably expressed GFP or-BIFPBP3 proteins.

Western blotting showed that ectopicPEBP3 expression decreased
SUV39H1 and H3K9me3 while has increased the H3K®azlsin both cell

lines (Figure 4-3). Note that the SUV39H1 expression was undetectable or

very low in CRC HCT116 cell&gure 4-3). Moreover, consistent with our

earlier finding (Chapter 3; FigureBB and Figured3 0 B) , HP1U pr .

levels were unalteredr{gure 4-3). This finding suggests that HP1BP3 might
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act as an important regulator of the transcription of many genes by altering
the levels of two common markers of heterochromagnchromatin
inversion: H3K9me3 and H3K9adowever, further work is needéalassess

the expression obther histone modifying enzymes involved irH3K9
acetylationand methylationAlso, it will be interesting in future to define
genes, which are involved in the regulation of cancer progression, associated

with the HP1BP3.
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Figure 4-3: HP1PB3 decreases the expressibevels of
SUV39H1/H3K9me3 while increases H3K9aevels Western blot analysis

for GFP, HP1BP3, SUV39H1, H3K9me3, or H3K9ac was performed in both
Tiger and HCT116tably expressing GFP or GIHP1BP3. Total protein of
100 pg (for antiGFP,-HP1BP3-H P 1 B13K9me3,-H3K9ac,-H3) or 250

ug (for antiSUV39H1) was run on 10 % (for af@FP,-HP1BP3-HP 1 U,
SUV39H1, -b-Actin) or 15 % (for antH3K9me3,-H3K9%ac, -H3) SDS
PAGE and transferred to PVDF membranes. Anfictin and -H3 were
served as loading control. The red stars indicate unspecific bands and western
blotting analysis experiments were repeated at least in two different
occasions.
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4.2.3 Deletion of HP1BP3 leads toSUV39H1/H3K9me3
induction and inhibition of H3K9ac in HCT11678XW7tH

cells

As outlined earlier, Dr Nateriods | abc
FBXW?7-associated proteins including HP1BP3, and by using a wide range

of experimental models showed that FBXW7 targets HP1BP3 for
degradation (Abuzinada M. et al., in submissi@r earlier results (Chapter

3; Figure 31 B) further confirmed the accumulation of HP1BP3 protein

when FBXW?7 deleted in HCT116 cells. Furthermore, RBXW7-deleted

HCT116 cells H3K9ac (euchromatin marker) was upregujatbdreas the

H3K9me3 (heterochrontia marker) downregulated (Chapter 3; Figur&(

B). Moreover, a stable overexpression of HP1BP3 in HCT116 cells and
fibroblasts downregulated H3K9me3 and upregulated H3KRBaels

(Figure 4-3).

Herein, we aimed to explore the specificity of the HP1BP3 by-dbss
function HP1BP3 knockout alleles) strategy. Mice homozygous for a
knockoutHplb@® allele exhibit postnatal lethality and reduced body size
(Garfinkel et al., 2015aGarfinkel et al., 2015b While, |1 was working on
this project, Dr M. Nor matova in Dr
HP1BP3deficient CRC cell lines using the CRISPR/Cas9 system
(NormatovaM. et al.,, 2016, in submission). The CRISPR/Cas9 system
provides a highly accessible and amendable geredit;g tool that
researchers implemented to manipulate the genome sequence precisely and

to elucidate the function of a gene in biology and humseadie$¢Cho et al.,
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2013 Ran et al., 2013 Subsequently, | have also used the HCTP1%'
JHPIBP3() cells (wildtype controlwith accumulated levels of endogenous
HP1BP3) andHP1BP3deficient HCT116%W7¢)HPIBP3) cellsto confirm

the role ofHP1BP3 in regulating heterochromatuchromatin inversian

In our laboratory, theHP1BP3 knockout cell lines are characterized in

details, and | have further validated the HP1BP3 protein expression of the

given cell lines. The western blotting assaysvged the complete absence of

botha and IHP1BP3 isoformg$71 and 6 kDa, respectivelyin theHP1BP3

knockout HCT1168*W7¢) cells compared to the control HCT1FEW¢-

JHPIBP3() cells Figure 4-4; Lane 2 and 3 vs. 1). Furthermore, western

blotting data showed the upregulation of H3K9me3 and H3K9ac reduction,
while HP1U protein expressiHPIBP3l evel s
knockoutcells Figure4-4; Lane 2 and 3 vs.). This confirms the specificity

of HP1BP3 in chromatin remodelling via alteration of H3K9me3 and
H3K9aclevelsregar dl ess of HP IHoweexitpwowddshe i on |
interestingo examine whethearp-regulated HP1BP®ifluences the levels of

H3K9mel and H3K9me?2.
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HCT116FBXW7(--)
HP1BP3: (+/+) (-I-) (/) |B:
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(17kDa) | S . e | H3K9me3
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Figure 4-4: HP1BP3deletion leads to los®f H3K9ac in HCT116FBXW7(/-

). Western bl ot analysis for HP1BP3,
HCT116BXW7¢-)HPIBP3() (control cell line)and HCT1167BXW7¢/-)HP1BPSE:)

Lane 2 and 3 represent differddP1BP3knockout cells raised from two
different CRISPR/Cas9 clones during bacterial transformation. Total protein
of 100 pg was run on 10 % (for aiiP1BP3,-H P 1 18-Actin) or 15 % (for

antr H3K9me3, -H3K9ac, -H3) SDSPAGE and transferred to PVDF
membranes. Anib-Actin and-H3 were serveds loading control. The red
stars indicate unspecific bands. This experiment was repeated at least in two
different occasions.
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4.2.4 Regulation of epitheliakmesenchymal transition (EMT)

by HP1BP3

4.2.4.1Ectopic HP1BP3 expression upregulates the level of
mesenclymal markers in Tiger fibroblast cells while
downregulating the epithelial marker and

upregulating mesenchymal markers in HCT116 cells

Upon the initial microscopic observations, we observed cell morphological
changes of fibroblastic mesenchymal phenotyp&sRC HCT116 cells that
are overexpressing HP1BP3-{gure4-5). Changes in cell morphology and
cytoskeletal architecturare often associated with EM{Lamouille et al.,
2014 MorenoBueno et al.,, 2009 Additionally, changesn cytoskeleton
actin from cortical actinfilamentsto stress fiber (filopodia formation) was
documented as another hallmark of EMT which is involved in cell migration
and invasior(Lamouille et al., 2014Li et al., 2010 Vignjevic et al., 200k
Phalloidin staining is a valuable imaging tool used to observe the distribution
of the filamentousstructure of Factin and Factin stress fiber formation
which shows the disorganization adherens junctionsconsequent
weakenedell-cell association and induction of cell motilif€ooper, 1987

Lamouille et al., 2014Li et al., 2010.

In HCT116, the effects oHP1BP3over-expression on morphological
changes and possible EMT association was initially inspected using
tetramethylrhodamine B isothiocyanate (TRI&Dbnjugated Phalloidin that

presented the morphological alterations (Materials & Methods; Section
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2.2.5.4) of HO'116°FPHP1BP3yersus the parental HCT1t6lls Figure4-5;

row 3, B vs. A). Branched and elongated phenotypes with protruding actin
fibores were observed in HCT196"P1BP3cells Figure 4-5; row 3, B). In
opposition to HCT118PHPBPS HCT116 cells maintained the circular
epitheliatlike morphology with a cortical distribution of&ctin at the edge

of the cells Figure4-5, row 3, A). These data suggest that HP1BP3 may

involve in cell morphology via EMT alterations.
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A
HCT116

DAPI

Phalloidin GFP

B/G/R

Figure 4-5: HP1BP3 alters the morphology of human HCT116 CRC cells.

(A) HCT116 and (B) HCT118PHPBP3 cells were examined by using
tetramethylrhodamine B isothiocyanate (TRI&Dnjugated Phalloidin and

stained 6r DAPI (blue, row 1) and Phalloidin (red, row 3). GFP represents

the exogenous stable expression of HP1BP3 (row 2). The junction between
HP1BP3 expressing cells or control cells is boxed and magnified (row 3) as
indicated. HP1BP®verexpressing HCT116 ds show gain of fibroblast

like pattern This pattern has been seen in at least three different fidids.
experimenwas repeated in two different occasioBx al e bar s i s 20C
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Additionally, as ectopic expression of HP1BP3 downregul&i8d9me3,
while the H3K9ac was upregulatedrigure 4-3), we have therefore
hypothesised that HP1BP3 could be involved in chromatin relaxation, and
leading to transcriptional activation of EMiElated genes. To test this, we
used the HP1BR®ver-expressing Tiger and HCT116 cell lines to examine
the expression level of the wé&hown EMT-associated markers and
regulators such as tiecadherin, VimentinE-cadherin, ZEBL, and Snaill
(Batlle et al., 2000Lamouille et al., 2014Vlaeda et al., 2005RomerePérez

etal., 2013

Western blotting indicated that ectopic HP1BP3 expression in the Tiger cells
upregulated Mcadherin, ZEB1, Snaill, and Vimentin ¢xession
(Figure4-6). We also examined the expression of these Eddted markers

in GFR or HP1BP3overexpressing HCT116 cell lines and found that the
mesenchymal markers Vimentin,-dddherin, ZEBL, and Sniél were
upregulated in HCT116PHPIBP3 cells compared with the control cells
(HCT116°™)) (Figure 4-6). Additionally, the epithelial marker-Eadhem

was downregulated in HCT1%8P1BP3cells (Figure4-6). Taken together,
these data suggest the involvement of HP1BP3 in the EMT activation of
HCT116 cells, while the {adherin expression was still undetectable in

fibroblasts.
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Figure 4-6. The over-expression of HP1BP3 upregulated Madherin,
ZEB-1, Snaill, and Vimentin in Tiger cells, while upregulated ZEHRI,
Vimentin, and Snaill, and inhibited E-cadherin protein expression in
HCT116. Total protein of 50 ug (for antt-cadherin), 100 pgfér antrGFP,
-HP1BP3-N-cadherin;Vimentin,-Snaill) or 250 pg (for ardN-cadherin;
ZEB-1, -Vimentin, -E-cadherin) was run on 8 % (for asMicadherin;ZEB-
1, -E-cadherin) or 10 % (for anGFP,-HP1BP3,-Snaill,-b-Actin) SDS
PAGE and transferred 8VDF membranes. Membranes were probed with
primary antibodies against GFP, HP1BR3¢adherin, ZEBL, Vimentin, E-
cadherin and Snaill. Anti-b-Actin wasserved as loading controrhe red
stars indicate unspecific bands and western blotting analysisireepés
were repeated at least in two different occasions.
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4.2.4.2Loss of HP1BP3 in HCT116FXW/tH) cells supresses
EMT Dby inhibiting ZEB -1, Vimentin, and Snaill and
upregulating E-cadherin

To confirm the involvement of endogenous HP1BP3 in regulating EMT

activity, we performed HP1BP3 lossof-function experiments using

HP1BP3deficient HCT116 cells witiFBXW?7 allele deletions. Western

blotting confirmed the loss of HP1BP3 expression in the HCTHYB¢"

JHPIBP3) cells (Figure4-8) when compared to the control HCTI#6V7¢-

)HP1BP3(+/+) calls

It has been shown th&BXW7 depleted cellsindergo dramatic activation

of EMT in vitro and/orin vivo[(Wang et al., 2013dvang et al., 2015Yu et

al., 2014; Li N & BabaetJadidi R., et al., Canc@ell, 2016 under revision].

As expectedthe microscopic examination and Phalloidin staining displayed
morphological alteration iflCT1168XW7¢-)HP1BP3t) (Figure4-7; row 2, B)
when compared to the control cel$GT116 BXW7¢-)HPIBP3C)] (Figure4-7;

row 2, A). It was obvious that loss of HP1BP3 RBXWZnull cells
attenuated thebranched and elongated phenotypes observed in both
HCT116BXW7¢-)HPIBP3(™) (Figure 4-7; row 2, A) and HCT118@™HP1EP3
(Figure 4-5; row 3, B) which further suggests the role of HP1BP3 in

activating EMT pathway.
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Figure 4-7: Loss of HP1BP3 alters the morphology of human HCT116

CRC cells. (A) HCT11@BXW7t):HPIBP3() (control cell line) and (B)
HCT116 FBXWIED:HPIBPER)  cell  lines were examined by using
tetramethylrhodamine B isothiocyanate (TRI&bnhjugated Phalloidin
stained for DAPI (blue, row 1) and Phalloidin (red, row 2). The junction
between HP1BP3 null cells or control cells is boxed and magnified (row 2)
as indcated. HP1BP3 loss in HCT198W¢") cellsshow loss of fibroblast

like pattern This pattern has been seen in at least three different fidids.
experimenwas repeated in three different occasiéhs.al e bar s i s

Additionally, HP1BP3 knockat caused a modest reduction in Z&Band
Vimentin expression levels and decreased significantly the Snaill expression
level in the HP1BP3deficient cells when compared to the control
HCT116BXW7¢)HPIBP3(+) cells Figure4-8). On the other hand -Badherin

was upregulated in HCT1T&W7¢)HPIBP3) cells compared to the control
cells Figure4-8). These findings suggest that the loss of HP1BP3 can reverse

EMT.
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Figure 4-8: Loss of HP1BP3 upregulates Ecadherin while
downregulates ZEB1, Vimentin, and Snaill proteins expressionin
HCT116FBXW7tI), Western blot analysis for HP1BP3, ZHAB Vimentin, E
cadherin, or Snaill in HCT1I®&W7¢)HPIBP3() gnd HCT116 FBXW7E-
JHPIBP3E) | ane 2 and 3 represent different HP1E@®®ckout cells raised
from two different CRISPR/Cas9 clones during bacterial transformation.
Total protein of 50 pg (for ant-cadherin), 100ug (for antiP1BP3,-
Snaill), or 250ug was run (for asfEB-1, -Vimentin) on 8 % (for antE-
cadherin-ZEB-1) or 10 % (for antHP1BP3,-Vimentin, -Snaill,-b-Actin)
SDSPAGE and transferred to PVDF membranes. Amdictin was served
as loading control. Thisxperimenwas repeated in two different occasions.
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4.3 Discussion

EMT and its reverse process MET (mesenchyemthelial transition) and

their regulatory mechanisms play critical roles in carcinogenesis and
metastasigLamouille et al., 201ANietoand Cano, 2012In addition, recent

reports suggest that the epigenetic changes such as msidifecations and

DNA methylationareinvolved in EMT/MET regulation and reprogramming

(Bedi et al., 2014Kiesslich et al., 201,3_e Bras et al., 20)2Previously, we

showed HP1BP3 upregulation and H3K9me3 reduction in LBnd

HCT116 cells lacking=-BXW?7 alleles regardless of their differing genetic
backgrounds (Chapter3; Figurel3B, Figure 310 B, and Figure -36).
Nevertheless, therewaswoa r i ati on in HP1U protein
3-1 and Figure & 6 ) and no effect on HP1U d
HCT116 W/ gand HCT1168W*®) c el | |1 ines regardl es
HP1BP3 localisation (Chapter 3; Figure83and Figure ® C).Moreover,

statistical analysisuggesteasignificanti ncr ease i n HPRP1BP3 a
localisation in HCT118*W7¢) versus HCT118*W' ) cells (Chapter 3;

Figure 39 C). Therefore we assume that binding HP1BP3 may rescue the
repressive activity of HPU Vi a competitive i nh
HP1 U/ SUYV 3HBK9IMe3asedorted previousl{Maison et al., 201)1

We foundthat her e were no changes in the d
H3K9me3 although H3K9me3 levels were reduced significantly in
HCT11683W¢) cells compared to HCT1I®W/*™*) cells (Chapter 3;

Figure 310 A and B). Tle data suggest that the loss of FBXWédiated

HP1BP3 accumulation may lead to chromatin modulation via H3K9me3 loss

in cancer cells. However, we wonder how HP1BP3, via possible
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interactiorinhibition with/of histonemodifying enzymes such as the
SUV39H1 methyltransferases, obstrutis buildup ofH3K9me3 and what

the biological implications behind HP1BP3 in cancer development are.

It is well-known that highly active genes show strong H3K9ac enrichment at
their promoters while silenced genes are strongly correlated with H3K9me3
enrichment(Barski et al. 2007 Wang et al., 2008 To maintain the
repressive heterochromatin state, théehninus of SUV39H1 recruits and
interacts with HIAC1, 2, or 3 (histone deacetylas€¥pute et al., 2002
(Figure 4-9). Additionally, a histone deacetylase called SIRT1 regulates
SUV39H1, deacetylating H3K9ac (at promoters of several tumour
suppressors genes) and SUV39H1, and leading to elevated levels of
SUV39H1 and H3K9me3 and to heterochromatin formation and tumour
suppressors genes go silébiu and McCall, 2013Vaquero etal., 2007
(Figure4-9). Conversely, many proteins/enzymes participate to promote and
maintain euchromatistructure. It has been reported thablfArlsomerase
Pinl interacts with SUV39H1 in a phosphorylatadependent manner and
stimulates theibiquitinationmediated degradation of SUV39H1 via MDM2

E3 ubiquitin ligase, causing reduced H3K9me3 leylsanal et al., 2013
Mungamuri et al., 203Zhou and Lu, 2016 Moreover, Wang et al. revealed
that SET domakitontaining protein 7 (SET7/9), a protein methyltransferase,
plays role in methylating SUV39H1, inhibiting theethyltransferase activity

of SUV39HJ], and leading to decreased H3K9me3 leydl&ang et al
20133. Furthermore, the enzymes PCAF/GCN5 (H3K9 acetyltransferase)

and JMJCZKDM or LSD-1 (H3K9 demethylasegHamamoto et al., 2015
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Kouzarides, 2007are involved in maintaining an active chromatin state,

where their activity is specific to H3K9 residues.

Thus, to gain insight into the influence of HP1BP3 in modulating the
heterochromatin state imammalian cells, the HP1BP3 lesnd gairof-
function approaches were applied. HP1BP3 gdifunction confirmed the
negative correlation between HP1BP3 and SUV39H1/H3K9me3
(Figure 4-3), which in turn correlated with the increased H3K9ac
(euchromatin marker) in the Tiger and HCT116 cell linEgye 4-3).
However, HP1U protein expression
upregulation of HP1BP3F{gure 4-3). It was dificult to detect SUV39H1
expression in HCT116P cells in comparison to Tig€f" cells Figure 4-3).

This reduction of SUV39H1 and consequent transcriptiac@ationcould
further support the fact that cancer cells have more tumour suppressor or/and
oncogene transcription activity tharormal cells. Regardless of the low
expression of SUV39H1 in HCT116 cells, its expression was further reduced
by the ectopic expression of HP1BHsgure 4-3). HP1BP3 los®f-function

in the HCT116%W7¢") cells confirmed this finding Figure4-4), suggesting
that the upregulation of endogenous HP1BP3 in HCTY8¢) cells is
involved in inhibiting the SUV39H1/H3K9medediated silencing of
euchromatic genes and may also be astatiaith inducing the acetylated
state of H3K9 (euchromatin marker). In fact, it is possible that HP1BP3
contributes to SUV39H1 inhibition, may be by competing between SIRT1
and SUV39H1 interaction sites or by supressing SIRT1 activigu(e4-9).

Additionally, induced expression of HP1BP3 could block the transcriptional
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repression of SUV39H1 by inhibiting HDAC1, 2, or 3 recruitment or by
promoting SET7/9 expressiorFigure 4-9). Another possibility is that
HP1BP3 upregulation mediates SUV39H1 inhibition and degradation by
upregulating Pinl expression. However, these possibiliggaire further

investigation.

Taking into account that HP1BP&verexpressing cells showed
morphological changesFigure 4-5), we postulated that the HP1BP3
accumulation caused B§BXW?7loss could be involved in transcriptionally
activating EMTrelated genes by inducing chromatin relaxation through
H3K9ac. It is weHknown that the switch from-Eadherin to Ncadherin is

an important indicator of EMT in many cancers, including colorectal cancer
(Kiesslich et al., 2033.amoulle et al., 2014Maeda et al., 20Q050ur data
showed Ncadherin upregulation in HP1BR3verexpressing Tiger cells
(Figure 4-6). However, Tiger cells are mesenchymal, therefo@mdherin
expression was not detectable, as expected. Consequently, we were unable to
determine whether HP1BP3 repressasaBherin in fibrblasts. On the other
hand, Snaill is a transcription factor family member highly expressed in
mesenchymal cells and that mediatesaherin repression by binding to its
promoter(Batlle et al., 2000Lin et al., 201). Snaill expression was slightly
higher in Tigef™"P18P3in compression to Tig&f (control) cell lines
(Figure4-6). We also showed the upregulation of Vimentin, a mesenchymal
cell migration regulatoBatlle et al., 2000 Lamouille et al., 201¢ in
HP1BP3 overexpessing Tiger when compared to the control cells

(Figure 4-6). The expression of ZERBR, a weltknown transcriptional
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suppressor of adherin epithelial marker in many cancé@edi et al.,
2014 Lamouille et al., 2014RomerePérez et al., 201 BancheTillo et al.,

201Q Vaiopoulos et al., 2094 was also higher in Tig€f"P1BP3 cells in
compared to the controFigure4-6). Taken together, our data suggest that
HP1BP3canupregulates the expressionNfcadherin, ZEBL, Snaill, and
Vimentin in Tiger fibroblast cells, where it induces the euchromatic state and

consequently affects thenscription of these EMielated genes.

In CRC, HCT116 cells, the ectopic expression of HP1BP3 upregulated
Snaill expression and represseddgherin Figure 4-6). Western blotting

did not reveal Ncadherin upregulation in HCT1%8HP1BP3cells, although
Vimentin and ZEB1 expression was very low in HCT116 cells, but the
upregulation of their expression levels was observed in the HCT116 cells
expresing HP1BP3 ectopically. Additionally, the les&function study
highly supports our finding of HP1BRBediated EMT activation

(Figure4-8).

In summary, HP1BP3 might be an upstream regulator of SUV39H1 activity
and subsequent chromatin remodelling cause changing cell morphologies via
activating EMT pathway. Furthermore, HP1BP3 could be a potential target
for reversing EMT and intervention inghprogression of about 20 % of
colorectal cancer cases that acq&iBXW7mutation Figure4-9). However,
further work is required tmeasureghe mRNAlevels d EMT-related genes,
usingquantitative PCR (qPCRThis could elucidatgpotential mechanisms

by which HP1PB3 induces EMT in normal and/or CRC.
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Figure 4-9: FBXW7 mutation upregulates HP1BP3 expression, which leads to
chromatin decondensation and consequently inappropriate activation of EMT
associated genes most likely in aroun2l0 % of CRC cases.
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5.1 Brief introduction

The accurate expression and transmission of genetic information requires
chromatin rearrangement from a decondenseda highly condensed
structure. This rearrangement mechanism enables cell diy&sianin and
Neumann, 206). DNA is wrapped around histones, in which histone tails
are subjected to numerous ptstnslational modifications that dictate its
level of compactiofiSoshnev et al., 20).6The accessf transcription factors

to the designaterkgulatorysites is highly regulated through the packaging

of DNA andchromatin configurationThese modifications affect structural
changes in chromatin condensation during the cell djdke et al., 2014

Park et al., 2011

During the cell cycle progression, the chromatin iscdedensed in the S
phaseto enablereplication (Alexandrow and Hamlin, 2005 However,
chromosome recondensation is a vital processeéigatates the separatioh
sister chromatidgn mitosis and maintains the genomic stabi(Bimini et

al., 2003. The H3K9me3 is a markef heterochromatic status which it is
highly expressed in G2 to M transition while the H3K9acmarker of
euchromatistatus, is highlgxpressed during the S ph#&Bark et al., 2011
Therefore, an irregular chromatin remodeltthgpendent regulatory system
results in cell cycle deregulation. Deregulation of the cell cycle can lead to
unfaithful chromosome segregatiomberrant proliferation, and cancer

development.
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In addition to the histone modification, teepression of nchistone proteins

is requiredor cell cycle progression, whereas the contribution ofimstone

proteins and in particular HP1BP3 protein to cell cycle progression and
chromatin rearrangement remain poorly understood. In Chapter 3, we found

that, the loss dFBXW7in HCT116 and DLDB1 colorectal cancer cells led to

the accumulation of nuclear HP1BP3 and H3K9me3 reduction, whereas
HP1U | evels wer e EBXWhadimediated HMBR3e ov e r
induction decreased H3K9me3 levels in the cells. Furthermore, there were
fewer colocalisato n f o c i bet ween HPBXWH*and HP
colorectal cancer cells than FBXW17) cells. Accordingly, we suggested

that FBXW?7 losg mediated HP1BP3 induction can rescue the repression
activity of HP1U via conmpWBdHLandve i nh
H3K9me3asreported by Maisowt al. (Maison et al., 2011 Furthermore,

we reported in Chapter 4 that HP1BP3 alters heterochromatin states, inhibits
SUV39H1, impairs H3K9 methylatiomnd enhancethe acetylation of the

same lysine residue, which activates EMT. Additionally, a study conducted

on HP1BP3 reportedagly postnatal lethality itdp1bp3”) mice (Garfinkel

et al., 2015h Taken these data together, wWgpothesised that the
upregulation of HP1BP3, a hedehromatin component, could cause global

defects in chromatin compaction during cell cycle progression.

To address the influence of HP1BP3 upregulation or its loss on cell cycle
progression, we used HP1BR¥erexpressing Tiger (human skin
fibroblasts) ad HCT116 cells, HCT1f8XW7EHPIBPSE)  cells, and

HCT116BXW7¢) shRNAHP1BP3 HP1BP3 knockdown) cells. We also
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used HCT118XW7t versus HCT118*W¥) cells in which FBXW?7loss
causesndogenously inducedP1BP3 expression. Then, the cell cycle in
each cell line was examined and analysed, and compared to the appropriate

control.

Moreover, to investigate the effect of HP1BP3 upregulation on specific cell
cycle phases, Tig€f® versus Tigett™P1BP2 cells and HCT1165XW7(+)
versus HCT118*XW¥) cells were treated wittdouble thymidine(arrests

cells at G1/S) and/or thymidine/nocodazole (arrests cells at G2/M) treatments
(Materials & Methods; Section 2.2.{3toeber et al., 200Whitfield et al.,

2002 Whitfield et al., 200D We have therfocusedon mechanisms that
regulate the timing specific cell cycle phases in these csilgywestern
blotting for antt HP1BP3,-SUV39H1/H3K9me3;H3K9ag and Cyclin B1

antibodies.

In brief, we found that the HP1BP3 overexpression alter the cell cycle
progression by induction of the early S phase entry, while cause delays in
mitotic entry and its exitHowever,HP1BP3loss accelerated the exit from

mitosis and delayed S phase entry.
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5.2 Results

5.2.1 HP1BP3 expression is highly correlated with cell cycle

progression in mammalian cells

5.2.1.1Constitutive overexpression of HP1BP3 induces the- S

and G2/M-phases transiton in Tiger and HCT116 cells

Many histone and nehistone proteins participate in chromatin remodelling

regulation during the cell cycle progression. As our previously obtained data
revealed that HP1BP3 regulates chromatin structure, it was of interest to
explore the influence of HP1BP3 expression on cell cycle progression in

Tiger and HCT116 cells stably overexpressing HP1BP3 protein.

Western blotting (Material & Methods; Section 2.2.4) of Tiger and HCT116
cell lysates confirmed the eGHP1BP3 or eGFP gxession ffigure5-1 A

and Figure 5-2 A). We used the Propidium iodide (PI) staining and the
fluorescenceactivated cell sorting (FACSbased analysis (Materials &
Methods; Section 2.2.6 and 2.2.8) to study the cell cycleldlisiion of cells
stably overexpressing HP1BP3. The WEASEL software was used to
generate both the cell cycle histograms and statigtigare5-1 B and C and
Figure5-2 B and C). Importantly, ectopic expression of HP1BP3 noticeably
decreased the percentage of cells in GO/G1, which was compebygdtes
increased percentage of TigEtP18P3and HCT116HP1BP3cells in S and
G2/M phases as compared with the respective control cells expressing only

GFP (TigeF P and HCT116) (Figure5-1 C andFigure5-2 C).
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Compared to the control, the ratio of G1 to GO phase cells in the®Tiger
HP1BP3population was significantly lower than control cells (from 40.5 % to
27.8 %), while the Tig&f™HP1BP3cells in S phase was significantly higher;
from 41.4 % to 47.1 %Higure5-1 C). In addition, the G2/M population of
TigerCFPHPIBP3 cells increasedsignificantly from 155 % to 18.9 %

(Figure5-1 C).
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Figure 5-1: HP1BP3 overexpression induced cell cycle progression in
fibroblasts (Tiger cells). (A) Western blotting analysis with af@FP, -
HP1BP3, and-b-Actin (loading control) antibodies for cell lysates of
TigerCFPHPIBP3or TigefFP (control cells). The red ats indicate unspecific
bands. After two days in culture, cells stained with Pl as outlined in Materials
& Methods chapter. Then, the cells were prepared for FACS analysis, to
analyse cell cycle phases. (B)stogramsof cell cycledatawere generated

by WEASEL software for Tigét™" or TigePFPHPIBPS (C) Statistical analysis

of the cell cycle for Tigéf™™ or Tigeff™™"P1BP3 cells in which statistical
differences resulted with stably expressing HP1BP3 are compared to control
(GFP expressing cells). Staitstl significant values were calculated using

s t u d #estt *B=s0.01 to 0.05, **p=0.001 to 0.01, **p<0.001. Error bars
show theSTDEV of seeded cells in triplicate wells for each cell lifbe
percentage of sub Gff super G2/Mepresents a smaikgative numbers of
cells that are added to a little more or a little less thar£4.00
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In Addition, flow-cytometric analysis showed the HCT £16P1EPG0/G1

phase population was decreased; from 39.3 % to 31.0 %, while the S and the
G2/M phase populaties were increased respectively; from 33.0 % to 35.5 %

in S phase and from 12.3 % to 17.8 % in G2/M phiggpufe5-2 C). These
results demonstrate thectopic HP1BP3 expression induces mammalian cell

division.
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Figure 5-2: HP1BP3 overexpression induced cell cycle progression in
HCT116 cells.(A) Western blotting analysis with afFP,-HP1BP3,and-
b-Actin (loading control) antibodies for cell lysates of HCT&Tg(control

cells) or HCT116F*HP1BP3 The red stars indicate unspecific bands. After two
days in culture, cells stained with Pl as outlined in Materials & Methods
chapter. Then, the delwere prepared for FACS analysis, to analyse cell cycle
phases. (B)Histogramsof cell cycle datawere generated by WEASEL
software for HCT118™ or HCT11&™HP1BP3 (C) Statistical analysis of the

cell cycle for HCT116 or HCT116FPHPIBPS cells in which statistical
differences resulted with stably expressing HP1BP3 are compared to control
(GFP expressing cells). Statistical significant values were calculated using
s t u d &estt *B=s0.01 to 0.05, **p= 0.001 to 0.01, **p<0.001. Error bars
show theSTDEYV of seeded cells itriplicatewells for each cell line.
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