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ABSTRACT

Cancer is of paramount medical concern as an increasingly major contributor of disease-related
fatalities of significant prevalence — particularly in the context of current statistical/stochastical
epidemiological studies which predict that one in three people will contract cancer at some stage of
their lives, whilst one in four of these patients will die as a consequence of their particular

neoplastic-associated condition.

The human Rad9 protein exists in two full-length isoforms (termed Rad9A and Rad9B) whose
respective differentially-elevated levels and related expression profiles are distinctive for specific

tumour cell tissue types.

Most known functions of the DNA damage response protein Rad9 are executed via the well-
characterised Rad9-Rad1-Husl (“9-1-1") protein complex, which is loaded onto chromatin in close

vicinity to DNA lesion sites.

The chromatin-loaded “9-1-1" complex functions as both a DNA damage “sliding-clamp” sensor
and a recruitment platform which modulates and co-ordinates the activities of a wide variety of
different proteins implicated in cell cycle checkpoint signalling, steroidal nuclear receptor
signalling, protein chaperoning and DNA repair — via associative protein-protein interactions with

the C-terminal tail domain of the Rad9 sub-unit.
This toroidal, heterotrimeric “9-1-1” DNA sliding-clamp complex is highly conserved and its

recently resolved crystal structure shows a functional similarity to the homotrimeric PCNA DNA

sliding-clamp complex.
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Associative ring formation amongst the individual Rad9, Radl and Husl sub-units is limited, via
stringent steric and thermodynamic parameters, to the heterotrimeric type “9-1-1” DNA sliding-

clamp complex configuration.

Recent clinical data strongly indicate that over-expression of Rad9, but not Husl or Radl, also

promotes tumour growth.

Aside from the well-documented phenomena of the modulation of apoptotic signalling and
pyrimidine nucleobase biosynthesis activities, comparatively little is known about the “9-1-1”
complex-independent functions of the human Rad9 protein — whose dysfunctional activities may

be implicated in the development and progression of carcinogenesis.

The initial research emphasis of this Ph.D. project was focused on the elucidation on the
mechanism of expression and potential functional roles of a novel N-Terminal truncated (“short”)
variant of the Rad9 protein — termed “Rad9-S”, which is expressed in the experimental eukaryotic

cell cycle model organism Schizosaccharomyces pombe.

Expression of relatively low levels of a constitutive form of Rad9-S were detected in S. pombe
cells under normal conditions, whilst significantly increased levels of an expressed inducible form

of the protein were detected in S. pombe cells as part of an exclusive response to heat shock.

In addition to Rad9-S, the constitutive expression of two shorter truncated Rad9 variants — termed

Rad9-VS and Rad9-T (“very-short” and “tiny”), was also detected in S. pombe cells.
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This experimental observation indicates that S. pombe may prove to be a useful homologous
eukaryotic model organism, in future research studies, for the elucidation of the unknown
functions of the four truncated isoform variants of human Rad9B which may be implicated in

novel mechanisms of carcinogenic development and progression.

The mechanism of expression of the Rad9-S, Rad9-VS truncated protein variants was postulated to
involve alternative translation at the alternative AUG start-codon sites at Methionine 50 (M50) and
Methionine 74 (M74) within the S. pombe rad9 gene, in which leaky ribosomal scanning is

implicated.

Heat shock may increase the frequency of leaky ribosome scanning, exclusive to the M50
alternative AUG start-codon site, via alterations of the secondary topological configuration of the
rad9 mRNA, in which rad9 mRNA-protein associative interactions with heat-shock proteins, RNA

chaperones and/or RNA stabilisers may also be implicated.

The rad9 mRNA region spanning the codon region M1 to M50 inclusive may also function as a
novel type of cis-acting hypothermic suppressor element that induces a supramolecular
configurational rearrangement of the mMRNA secondary structure in response to cold shock which
blocks leaky ribosome scanning at the alternative M50 AUG start-codon site with consequential

suppression of Rad9-S expression under low (16°C) and moderate temperatures (25-30°C).
Expression of the Rad9-T truncated protein variant was postulated to involve a limited proteolytic

cleavage mechanism in which metacaspase-mediated and/or COP9 signalosome-mediated limited

proteolytic processing may be implicated.
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In silico sequence alignment analyses identified a potential metacaspase target-site motif within
the S. pombe Rad9 protein and comparative modelling indicated that key residues at the focal
cleavage-site of this motif were situated at the Rad9:Rad1 interface of the “9-1-1” DNA sliding-

clamp complex.

In silico multiple sequence alignment analyses also indicated that the S. pombe Rad9 protein
contained two sequences, flanking the identified potential metacaspase target-site motif, which
exhibited significant homology with the two alternative C-termini of the H. sapiens Rad9B

paralogue and its truncated isoforms.

Distinctive phosphorylation-type post-translational modifications of Rad9-S were also found to
influence the expression of the respective two smaller truncated protein variants; Rad9-VS and

Rad9-T.

It was postulated that a variety of potential Rad9 phospho-isoforms may be implicated in a
interactive “activity-modulatory feedback” mechanism, in which they function as transcriptional
and/or translational regulators of the expression of the Full-length Rad9, NA49-Rad9 (“Rad9-S”)

and NA73-Rad9 (“Rad-VS”).
Whilst kinase-mediated phosphorylation of several key residues, identified within a conserved

potential metacaspase site in the full-length Rad9, Rad9-S and Rad9-VS protein isoforms, may

inhibit proteolytic-cleavage formation of the detected Rad9-T truncated protein variant.
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Taken together, these data indicated that specific checkpoint kinase-mediated phosphorylation of
the S. pombe Rad9 protein may constitute part of a “feedback” signalling network for the
regulation of metacaspase-mediated processing of the S. pombe Rad9 protein which may be
implicated in novel checkpoint responses that suppress the formation and/or alter specific
functional activities of the Rad9-Radl-Husl (“9-1-1”) DNA sliding-clamp and promote the
proteolytic expression of two truncated Rad9 isoforms whose functions are unknown, but may
elicit alternative regulatory cell cycle signalling pathways under particular genotoxic and/or

environmental stress conditions.

Whilst confirmation of the existance of these two postulated metacaspase-generated truncated
Rad9 isoforms and elucidation of their roles in cell cycle checkpoint signalling remains to be
established, their potential novel functions may be analogous to those of the H. Sapiens Rad9B

isoforms which are as yet unknown.

S. pombe cells “Cre-Lox”— engineered for the exclusive expression of the Rad9-S protein variant
exhibited a high degree of cytotoxic sensitivity towards a wide range of different types of

genotoxic agents.

This supported the initial hypothesis which postulated that deletion of the first 49 N-terminal
amino acid residues in the truncated Rad9-S protein variant would sterically suppress the
formation of the constrained ring configuration of the Rad9-Radl-Husl heterotrimeric DNA
sliding-clamp complex and thus render the engineered cells unable to elicit the appropriate cell

cycle checkpoint responses to various types of induced DNA damage.



An unanticipated, exceptional experimental observation was the partial resistance of engineered
Rad9-S cells (~30% retained cell viability) towards acute exposure to the Topoisomerase | (Topo
I) inhibitor drug camptothecin (~30% retained cell viability) — which transiently traps the enzyme

on the DNA in S-phase.

Consequential collision of DNA replication forks with the resultant duplex-immobilised DNA-
CPT-Topo I ternary complex leads to the formation of one-sided double-stranded breaks which are

subsequently detected by the G2-M DNA damage checkpoint.

Five key phosphorylation sites were identified within the truncated Rad9-S protein variant which
were critical for the partial resistance of engineered Rad9-S cells towards camptothecin-induced
DNA damage — notably; Y12 and Y62 (potential Mph1l kinase target sites) and T176, T363, S374
(equivalent Rad3 kinase target sites to those found in the full-length Rad9 protein at positions

T225, T412 and S423 respectively).

A potential DNA-binding domain, spanning residues M50 — M74 Rad9, was also identified within
the truncated Rad9-S protein that may possess additional functions as a nuclear translocation signal
responsive element, a nuclease recruitment-site and/or exonuclease catalytically-active site which

are implicated in the co-ordinated repair of camptothecin-induced DNA double-stranded breaks.

Subsequent genetic and biochemical experimental data indicated that the truncated Rad9-S protein
variant may mediate a co-ordinated cell cycle arrest signal and DNA repair response to
camptothecin-induced DNA damage, that functions outside of the canonical Rad9-Radl-Husl
complex, which is channelled into a novel pathway that interacts independently of both the G2-M

and mitotic checkpoints.
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Comparative acute survival assays performed on cultures of the S. pombe cells engineered for the
exclusive expression of the truncated Rad9-S protein variant, under induced osmotic stress
conditions, rendered the cells hyper-sensitive to camptothecin-induced DNA damage and hyper-

resistant to heat shock.

Comparative acute survival assays also indicated that deletion of the Styl kinase, but not Wisl
kinase, within an exclusive Rad9-S expression type genetic background also increased the

sensitivity of the cells to camptothecin-induced DNA damage.

Whilst comparative bioinformatics-based in silico sequence alignments of the Rad9-S, Styl and
Wisl indicated that both Rad9-S and Styl contained potential interactive motifs for the Rad3

kinase, which were absent in the Wisl protein.

Taken together, these data indicated that the truncated Rad9-S protein variant may be implicated in
two novel separate differential signalling responses upon exposure to either heat shock or
camptothecin, in which appropriate pathway selection is dictated via the suppression or induction

of Rad9:Styl-mediated co-operative activation of the Rad3 kinase.

Comparative acute survival assays indicated that deletion of radl within an exclusive Rad9-S
expression type genetic background rendered the engineered cells hypersensitive to heat shock, but

had no adverse impact on their observed partial resistance to camptothecin-induced DNA damage.
Comparative acute survival assays also indicated that deletion of husl within an exclusive Rad9-S

expression type genetic background rendered the engineered cells hypersensitive to both

hyperthermic- and camptothecin- induced genotoxic cytological stresses.
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Experimental genetic studies also indicated that the Rad17 clamp-loader protein is unlikely to be
directly implicated in these Rad9-S-mediated checkpoint responses to hyperthermic- or

camptothecin- induced genotoxic stresses.

Taken together, these experimental observations indicate that the Rad9-S—mediated response to
camptothecin-induced DNA damage proceeds via formation of a heterodimeric, “open-ring”,
Rad9-S:Husl C-clamp type complex, whilst the Rad9-S—mediated response to hyperthermic stress
proceeds via formation of an alternative heterotrimeric Rad9-S:Radl:Husl toiroidal clamp
complex and that these respective checkpoint pathways are novel functions of Rad9 which operate

outside of the canonical full-length Rad9-Rad1-Hus1 heterotrimeric DNA sliding-clamp complex.

It was also postulated that the shorter truncated isoform variants Rad9-VS and Rad9-T may be
implicated in a feedback regulatory mechanism for modulatory control of the respective functional
activities of the Rad9-S protein-mediated responses to both heat shock- and camptothecin- induced
types of DNA damage — which may also be may also be analogous to those of the human Rad9B

paralogue and its respective truncated isoforms.

Future experimental studies into the identified S. pombe Rad9-S—modelled checkpoint response to
camptothecin-induced genotoxicity may offer potential new insights into the reasons for the
exclusive elevated expression of Rad9, but neither Radl or Husl, in aggressive breast tumours
and/or novel mechanisms of acquired tumour drug resistance to camptothecin-based anti-cancer

chemotherapeutics.
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Whilst future experimental investigation of the identified S. pombe Rad9-S—-modelled checkpoint
response to hyperthermic stress may advance knowledge of the complex mechanisms of action
implicated in the combinatorial hyperthermic-enhanced efficacy of chemo- and/or radio-
therapeutic adjuvant clinical anti-cancer regimens and provide useful information of the acquired

mechanisms of tumour resistance to these types of treatments.

Taken together, in summarised context, progressive research into the initial “pilot data™ acquired
from this Ph.D. project may provide vital information for the future treatment of chronic breast
cancer patients administered camptothecin-derivatised agents, in combination with adjuvant
hyperthermotherapy and/or radiotherapy, to combat the metastatic spread of refractory tumours
which have developed multiple drug resistance to the “conventional arsenal” of chemotherapeutic

drugs utilised in standard clinical practice — such as taxols and anthracyclics.
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Chapter 1

Introduction

[1]
1.1 Human Rad9: A Viable Anti-Cancer Chemotherapeutic Target




Cancer is of paramount medical concern as an increasingly major contributor of disease-related
fatalities throughout the world, which has prompted extensive research focused upon the
progressive development of novel therapeutics with significantly improved pharmacological

efficacy and markedly reduced toxicity-related side-effects.

Statistical and stochastical analyses of clinical data, derived from a variety of epidemiological
studies, indicate that one in three people will be diagnosed with cancer at some stage of their lives
and one in four of these patients will die as a consequence of their particular neoplastic-associated
condition. (American Cancer Society, 2011; IARC, 2011; WHO, 2011).

The pathophysiological aetiology of cancer encompasses a diverse collection of systemically-
related disease conditions, ranging through a progressive series of pre-, intermittent- and post-
neoplastic cytological states and origins with distinctive “biochemical signatures” (defined in Fig
1.1, p.5; Fig 1.9, p.16), which culminate in the manifestation of specific benign and malignant
tumour sub-types — defined in Table 1.1, p.3 (Pecorino L., 2008; Weinberg R.A., 2006).

The mechanism of carcinogenesis, implicated in the pathophysiological transformation from
normal, to relatively benign and later aggressive, malignant cytological status, may be
fundamentally regarded as an integral, systemic multi-stage process comprised of four key phases,
notably; Initiation, Promotion, Progression through to Evolution to metastatic and/or multiple drug

resistant morphological phenotypes (Fig 1.9, p.16).

These four key phases are orchestrated via a cumulative complex interactive network of genetic,
epigenetic and proteomic biochemical events (Fig 1.1, p.5; Fig 1.9, p.16) which are triggered via

adverse combinations of acute and chronic lifestyle risk-related factors.

Typical carcinogenic-associated risk factors include; age, sex, genetic/biochemical pre-dispositions,
diet, metabolism, obesity, smoking, alcohol/drug abuse and relative acute/chronic exposure to
various genotoxic and epigenetic toxins, ionising and non-ionising radiation sources which may be
manifested in the form of pollutants, food additives, drugs/xenobiotics, household and a wide
variety of different types of industrial/workplace-related materials/products — to name but a few
examples! (Boelsterli U.A., 2007; Janes S.R.C., 2006; Klaassen C.D., 2008; Matzke M.A. et al,
1999; Simons J.W., 1999; Sugimara T. and Ushijima T., 2000; Timbrell J.A., 2008).

[2]

Table 1.1: Characteristic Features of Benign & Malignant Tumours




[Compiled via Collated Information From: Pecorino L., 2008; Weinberg R.A., 2006]

BENIGN MALIGNANT

Often encapsulated Rarely encapsulated and encapsulation is
often incomplete when present

Non-invasive and remain localised Invasive with tendency to form secondary

absence of metastatic capability bodies with latent metastatic potential
Well differentiated with retained close Poorly differentiated with diminished
resemblance to the cells of origin resemblance to cells of origin and in

some cases completely undifferentiated

Cells/nuclei of uniform size/appearance High incidence of variance in cell size and
nuclei appearance
Nuclei often hyperchromatic

Mitotic figures relatively rare or absent Prevalent incidence of mitotic figures
Low or absent incidence of anaplasia High incidence of varying degrees of
anaplasia
Relatively rare incidence of degenerative Relatively high incidence of degenerative
transformations transformations
Relatively slow/passive growth Relatively rapid/aggressive growth

Benign tumours are not regarded as truly cancerous, in the strictest medical sense, as a consequence of the fact
that they are typically comprised of relatively restrictive, slow-growing groups of well-differentiated cells which
only proliferate locally within well-defined boundary edges, often encapsulated in fibrous sheath type matrices
which limits their invasive capacity (Pecorino L., 2008; Weinberg R.A., 2006).

[In the majority of benign cases it is possible to accomplish complete eradication of the manifested neoplastic
pathophysiological condition via surgical removal of the tumour in conjunction with “follow-up” radio and/or

chemo-therapeutic treatments]

Conversely, malignant tumours are clinically defined as truly cancerous conditions as a consequence of the fact
that they are typical comprised of poorly-differentiated, rapidly-dividing cells which possess the capability to
metastasise and invade neighbouring tissues (Pecorino L., 2008; Weinberg R.A., 2006).

[In the majority of malignant cases it is relatively difficult to accomplish complete eradication of the manifested
neoplastic pathophysiological condition as a consequence of the aggressive morphological nature of the tumour
cells concerned, which enables them develop multiple drug resistance to a wide range of chemotherapeutics and
to eventually spread throughout the body via the lymphatic system with consequential fatal prognosis for the

patient]

[3]



The human Rad9 protein exists in two main forms, designated Rad9A and Rad9B (Dufault V.M. et
al, 2003; Ishikawa K. et al, 2006; Leloup C. et al, 2010; Lieberman H.B. et al, 2006; Lieberman

H.B. et al, 2011) — which can also be expressed as several smaller isoforms (Fig 1.3, p.9).

Elevated levels of expression of the human Rad9 protein isoforms A and B (Fig 1.3, p.9) have also
been identified in tumour cells originating from a variety of different tissue types, which in some
cases has been demonstrated to strongly correlate with hypermethylation of introns 1 and/or 2
within the hRAD9 gene (Fig 1.7, p.13; Fig 1.8, p.14; Table 1.2, p.15).

Suppressed expression of human Rad9A has also been correlated directly with the increased
incidence and progressive development of a variety of different childhood and independent

secondary cancers (Weis E. et al, 2011).

The human Rad9 protein exhibits a versatile array of functions which modulate the activity of
specific cell cycle genetic, epigenetic and proteomic biochemical events (Broustas C.G. and
Lieberman H.B., 2012; Ishikawa K. et al, 2006; Lieberman H.B., 2006; Lieberman H.B. et al,
2011; Marquardt J.U. et al, 2012) and may thus also impinge upon the four key developmental
phases of carcinogenesis - Fig 1.1, p.5; Fig 1.2, p.8; Fig 1.9, p.16.

The “Radl/Husl-Dependent” functions of human Rad9 rely critically upon the formation of the
Rad9-Radl-Husl toroidal, heterotrimeric PCNA-like DNA sliding clamp which acts as both a
DNA damage sensor and a recruitment platform for various signalling proteins and DNA repair
factors whose respective docking interactions involve the highly flexible C-terminal tail domain of
the Rad9 protein which is situated outside of the Rad9-Rad1-Husl complex (Ishikawa K. et al,
2006; Lieberman H.B. et al, 2006; Lieberman H.B. et al, 2011) — Fig 1.2, p.8.

In addition to DNA damage detection, a variety of other key “Radl/Husl-Dependent” human
Rad9 functions have been identified — notably; DNA Damage Checkpoint Activation, Specific
DNA Repair Pathway Selection and Activity Modulation, Cell Cycle Phase-Specific Activity
Modulation, Androgen Receptor Activity Modulation and Protein Chaperone Activity Modulation,
via specific Rad9-Tpr2 regulatory protein interactions (Ishikawa K. et al, 2006; Lieberman H.B. et
al, 2006; Lieberman H.B. et al, 2011; Wang L. et al, 2004; Xiang S-L. et al, 2001) — Fig 1.2, p.8.

[4]



Fig 1.1: Key Factors Implicated in the Promotion of Carcinogenesis

[Compiled via Collated Information from: Chiarugi V. et al, 1994; Luo J. et al, 2009;
Perez de Castro et al, 2007;
Sinclair D.A. and Oberdoerffer P., 2009
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“Nucleocentric” mechanisms of carcinogenic induction are encompassed in the gerontological model (Top Left
Figure), in which initial DNA damage-driven alterations in chromatin supra-molecular structure promote
senescence and ageing, in conjunction with propagated accumulation of further genotoxic and/or epigenetic
events which are amplified during successive cell cycle rounds (Sinclair D.A. and Oberdoerffer P., 2009)

Reversible chromatin alterations implicated in the gerotological model, which are not a consequence of genomic
aberrations, may “re-program” the “epigenomic clock” to a younger cytological transformation status (Sinclair
D.A. and Oberdoerffer P., 2009).

There are 12 essential hall-marks of cancer (Top Right Figure) which may be classified into three major
categories, notably; Dysregulated Cellular Growth, Stress Factor-Induced Genomic Instability (Metabolic
Stress, Oxidative Stress, Proteotoxic Stress, Mitotic Stress, DNA Damage Stress and DNA Replication Stress)
and Dysfunctional Immunosurveillance (Denoyelle C. et al, 2006; Hanahan D. and Weinberg R.A., 2000;
Hanahan D. and Weinberg R.A., 2011; Kroemer G. and Pouyssegur J., 2008; Luo J. et al, 2009; Papp B. et al ,
2003; Whitesell L. and Linquist S.L., 2005).

Mitotic alterations implicated in carcinogenesis may be classified in two major categories, notably;
Dysfunctional Cellular Events (Bottom Left Figure) and Dysfunctional Biomolecular Events (Bottom Right
Figure) that constitute the main “biochemical triggers” which initiate the progressive transformation to
neoplastic cytological status — centrosomal and checkpoint protein kinases are of particular prevalence in this
context (Perez de Castro L. et al, 2007).

The human Rad9 protein has multi-functional roles which impinge on the regulated activity of the majority of
the cellular events summarised in the figures above and thus may also exert significant oncogenic potential
(Broustas C.G. and Lieberman H.B., 2012; Lieberman H.B. et al, 2011).

[5]



Several “Radl/Hus1” — Independent functions of human Rad9, which do not require formation of
the Rad9-Rad1-Husl complex, have also been identified — notably; Apoptotic Activity Modulation
and Pyrimidine Nucleotide Biosynthetic Activity Modulation, via specific regulatory Rad9-CAD
protein interactions (Komatsu K. et al, 2000; Lieberman H.B. et al, 2011; Lee M.W. et al, 2003;
Lindsey-Boltz L.A. et al, 2004; Yin Y. et al, 2004; Yoshida K. et al, 2002) — Fig 1.2, p.8.

Whilst the multiple functions of the human Rad9A protein have been extensively studied,
comparatively little is known about the specific functions of the human Rad9B protein paralogue

and its smaller isoforms (Fig 1.3, p.9).

However, very recent experimental studies indicate that the human RadB protein paralogue may be
functionally implicated in novel phasic G1-S transitional arrest type cell cycle checkpoint
responses to nucleolar stress, which are mediated via both ATR- and JNK- kinase signalling

cascade pathways (Pérez-Castro A.J. and Friere R., 2012).

Two isoforms of the human Hus1 protein, designated Hus1A and Hus1B (Hang H. et al, 2002),
have also been identified (Fig 1.4, p.10) which has led to the deductive hypothesis that four
potential Rad9-Radl-Husl complex isoforms may exist that perform critically distinctive
functional roles in specific cellular responses to replication stress and DNA damage (Dufault V.M.
etal, 2003) — Fig 1.5, p.11..

Loading of The Rad9-Radl-Husl complex onto DNA is accomplished via the Radl17:Rfc2-5
complex (discussed later in detail in Section 1.2.1, pp.23-32).

Intriguingly, four isoforms of the human Rad17 protein have also been identified (Fig 1.6, p.12)
and thus it is conceivable to hypothesise that four isoforms of the Rad17:Rfc2-5 clamp-loading
complex may exist, each of which interacts with and loads a specific isoform of the Rad9-Rad1-
Hus1 complex onto DNA in response to distinctive types of replication stress and/or DNA damage
(Fig 1.5, p.11).

[6]



Human Rad9 is considered to be a particularly valid choice of potential anti-cancer
chemotherapeutic target by the advantageous virtue of the fact that it acts both as a key interactive
DNA damage sensory initiator component at the very start of various cell cycle checkpoint
signalling cascades and as a multi-functional associative recruitment platform which modulates the
activity of a diverse range of different proteins and repair factors implicated in the DNA damage
response and other related biological processes (Broustas C.G. and Lieberman H.B., 2012;
Ishikawa K. et al, 2008; Lieberman H.B., 2008; Lieberman H.B. and Zhu A., 2010; Lieberman
H.B.etal, 2011) — Fig 1.2, p.8.

Thus, the respective pharmacological efficacies of Rad9 activity-targeted anti-cancer
chemotherapeutic strategies (discussed at the end of this section, pp.17-22) are far less likely to be
negated/circumvented via alternative pathway selection by-pass effects (Broustas C.G. and
Lieberman H.B., 2012; De Palma M. and Hanahan D., 2012; Ishikawa K. et al, 2008; Lieberman
H.B., 2008; Lieberman H.B. and Zhu A., 2010; Lieberman H.B. et al, 2011).

As is the case for specific checkpoint kinase inhibitors due to the fact that the pharmacologically-
targeted proteins are functionally-implicated in a wide variety of down-stream cell cycle signalling
cascades which comprise a number of complex, inter-communicative “cross-talk” regulatory
pathways (Garrett M.D. and Workman P., 1999; Workman P., 2004; Yap T.A. et al, 2010).
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Fig 1.2: Summarised Overview of Human Rad9 Functions
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Human Rad9 is an evolutionary conserved, multi-functional protein which spans a diverse
range of activity-modulatory roles in a variety of fundamental biomolecular processes that
can be categorized into two major groups — notably; “9-1-1” Complex-Dependent Functions
& “9-1-1” Complex-Independent Functions (An L. et al, 2010; Broustas C.G. and Lieberman
H.B., 2012; Deshpande A.M. et al, 2011; Ishikawa K. et al, 2006; Komatsu K. et al, 2000;

Lee M.W. et al, 2003; Lieberman H.B. et al, 2006; Lieberman H.B. et al, 2011; Lindsey-Boltz
L.A. et al, 2004; Saberi A. et al, 2008; Wang L. et al, 2004; Xiang S-L. et al, 2001; YinY.etal,
2004; Yoshida K. et al, 2002).

[Solid arrows denote the specific “9-1-1” Complex-Dependent & “9-1-1” Complex-Independent
Functions, whilst dashed arrows denote the potential inter-communicative pathways between
the various functions which may act as an additional “cross-talk” network for regulation of
specific free- and Rad1/Husl-associated Rad9 activities implicated in the preservation of

cellular genomic integrity]
[8]



Fig 1.3: hRAD9A and hRAD9B Gene Locus Sites & Protein Sequences
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Gene Locus q24.11

RADSB Isafarm 5 Uniprot ID Q6WBXS

MLKCVMSGSQVKVFGKAVQALSRISDEFWLDPSKKGLALRCYNSSRSAYG
CVLFSPVFFQHYQWSALUK@SENELDTTLHLKCKLGMKSI LPIFRCLNSLER
70

NIEKCRIFT RSDKCKVVIQFFYRHGIKRTHNICFQESQPLQVIFDKNVCTNTL
MIQPRLLADAIVLFTSSQEEVTLAVTPI.NFCLKSSNEESMDLSNAVHSEMFV
156

GSDEFDFFQIGMDTEITFCFKELKGILTFSEATHAPISIYFDFPGKPLALSIDD
MLVEANFILATLADEQSRASSPQSLCLSQKRKRSDLIEKKAGKN VTG QALE
CISKKAAPRRLYPKETLTNISALEN CGSPAMKRVDGDVSEVSESSVSNTEE

VPGSLCLRKFSCMFFGAVSSDQQEHFNHPFDSLARASDSEEDMNNY CCR
KEFNGSDAKYFCII 409
azs

Designated Comparative
“Full-Length” Rad9B
Canonical Sequence

=lsoform 5
[426 Amino Acids]

RADSB Isoform 1 Uniprot ID Q8WBX8-1

MLKCVMSGSQVKYFGKAVQALSRISDEFWLDPSKKGLALRCYNSSRSAYG
CVLFSPYFFQHY QWSALVKMSENELDTTLHLKCKLGMEKSILPIFRCLNSLER
NIEKCRIFTRSDKCKVVIQFFYRHGIKRTHNICFQESQPLQVIFDKNVCTNTL
MIQPRLLADAIVLFTSSQEEVTLAVTPLNFCLKSSNEESMDLSNAVHSEMF
VGSDEFDFFQIGMDTEITFCFKELKGILTFSEATHAPISIYFDFPGKPLALSIDD
MLVEANFILATLADEQSRASSPQSLCLSQKRKRSDLIEKKAGKNVTGQALEC
ISKKAAPRRLYPKETLTNISALENCGSPAMKRVDGDVSEVSESSVSNTEEVP
GSLCLRKFSCMFFGAVSSDQQEHFNHPFDSLARASDSEEDMNNGSESIF

Truncated Rad9B “GSFSIF”
Type Variant = Isoform 1

M1
AUG
—
Modified C- Terminus:
VCCRKEFNGSDAKYFCII
409 426

—b GSFSIF
409 414

[414 Amino Acids]

RADSE Isoform 2 Uniprot ID QEWBX8-2

70

[MSENELD TTLHLKCKLGMKSILPIFRCLNSLERNIEKCRIFTRSDKCKVVIQFFY
RHGIKRTHNICFQESQPLQVIFDKNVCTNTLMIQPRLLADAIVLFTSSQEEVT
LAYVTPLNFCLKSSNEESMDLSNAVHSEMFYGSDEFDFFQIGMDTEITFCFKE
LKGILTFSEATHAPISIYFDFPGKPLALSIDDMLVEANFILATLADEQSRASSPQ
SLCLSQKRKRSDLIEKKAGKNVTGQALECISKKAAPRRLYPKETLTNISALENC
GSPAMKRVDGDVSEVSESSVSNTEEVPGSLCLRKFSCMFFGAVSSDQQEHF
NHPFDSLARASDSEEDMNNGSFSIF

Truncated Rad9B “GSFSIF”
Type Variant = Isoform 2
Alternative Translation:

M1 M70
AUG AUG
Modified C- Terminus:
VCCRKEFNGSDAKYFCII

[345 Amino Acids]

RAD9B Isoform 3 Uniprot ID Q6WBX8-3

156
[MIQPRLLADAIVLFTSSQEEVTLAVTPLNFCLKSSNEESMDLSNAVHSEMFY
GSDEFDFFQIGMDTEITFCFKELKGILTFSEATHAPISIYFDFPGKPLALSIDDM
LVEANFILATLADEQSRASSPQSLCLSOKRKRSDLIEKKAGKNVTGQALECIS
KKAAPRRLYPKETLTNISALENCGSPAMKRYDGDVSEVSESSVSNTEEVPGS
LCLRKFSCMFFGAVSSDOQQEHFNHPFDSLARASDSEEDMNNG SFSIF

Truncated Rad9B “GSFSIF”
Type Variant = Isoform 3
Alternative Translation:

M1 M70 M156
AUG AUG AUG
Modified C- Terminus:
VCCRKEFNGSDAKYFCI|
&b GSFSIF
409 414
[259 Amino Acids]

RAD9E Isoform 4 Uniprot ID Q6WEBXS-4

156
[MIQPRLLADAIVLFTSSQEEVTLAVTPLNFCLKSSNEESMDLSNAVHSEMFV
GSDEFDFFQIGMDTEITFCFKELKGILTFSEATHAPISIYFDFPGKPLALSIDDM
LVEANFILATLADEQSRASSPQSLCLSOQKRKRSDLIEKKAGKNVTGQALECIS
KKAAPRRLYPKETLTNISALENCGSPAMKRVDGDVSEVSESSVSNTEEVPGS
LCLRKFSCMFFGAVSSDOQQEHFNHPFDSLARASDSEEDMNNVCCRKEFNG
SDAKYFCII

Truncated Rad9B
Type Variant = Isoform 4
Alternative Translation:

M1 M70 M156
AUG AUG AUG )

[271 Amino Acids]

A: hRADY9A Genetic Data Resource: http://www.uniprot.org/uniprot/Q99638

B: hRAD9B Genetic Data Resource: http://www.uniprot.org/uniprot/Q6WBX8
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http://www.uniprot.org/uniprot/Q99638
http://www.uniprot.org/uniprot/Q6WBX8

Fig 1.4: hHUS1 and hHUS1B Gene Locus Sites & Protein Sequences
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HUS1 Uniprot ID Q080921

MKFRAKIVDGACLNHFTRISNMIAKLAKTCTLRISPDKLNFIL
CDKLANGGVSMW CELEQENFFNEFQMEGVSAENNEIYLEL
TSENLSRALKTAQNARALKIKLTNKHFPCLTVSVELLSMSSSS HUS1 Protein
RIVTHDIPIKVIPRKLWKDLQEPVVPDPDVSIYLPVLKTMKSV [280 Amino Acids]
VEKMKNISNHLVIEANLD GELNLKIETELVCVTTHFKDLGNPP
LASESTHEDRNVEHMAEVHIDIRKLLQFLAGQQVNPTKALC
NIVNNKMVHFDLLHEDVSLQYFIPALS

B Chromosome®b
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Gene Locus: p25

p25.1
p2d.3
2.3
w221
p21.31
p2l.2
21 .1
plz.3
plz.1
12

13
gld.1
qld.3
922.31
922.33
423.2

15
gql6.1
ql6.3

21
g22.1
423.3
24 .1
24 .2
0924 .3
425.1
9425.2
425.3
26

27

HUS1B Uniprot ID Q8NHY3

MKFRAKITGKGCLELFIHVSGTVARLAKVCVLRVRPDSLCFG
PAGSGGLHEARLW CEVRQGAFQQFRMEGVSEDLDEIHLEL
TAEHLSRAARSAAGASSLKLQLTHKRRPSLTVAVELVSSLGR HUS1B Protein
ARSVVHDLPVRVLPRRVWRDCLPPSLRASDASIRLPRWRTL [278 Amino Acids]
RSIVERMANVGSHVLVEANLSGRMTLSIETEVVSIQSYFKNL
GNPPQSAVGVPENRDLESMVQVRVDNRKLLQFLEGQQIHP
TTALCNIWDNTLLQLVLVQEDVSLQYFIPAL

A: hHUS1 Genetic Data Resource: http://www.uniprot.org/uniprot/Q060921

B: hHUS1B Genetic Data Resource: http://www.uniprot.org/uniprot/Q8HNYS
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http://www.uniprot.org/uniprot/Q060921

Fig 1.5: Alternative Complex Isoforms of the “9-1-1” Clamp

[Taken and Adapted From: Dufault V.M. et al, 2003)

Various experimental studies have established that both the human Rad9A protein and the
paralogue protein, Rad9B (Fig 1.3, p.9) can associate with human Radl, Hus1 and/or the
Hus1B protein paralogue (Fig 1.4, p.10), along with the human Rad17 protein component of
DNA clamp-loader complex (Fig 1.6, p.12).

It has therefore been postulated that formation of four isoformic “9-1-1” DNA sliding-clamps
is feasible and that each respective complex may possess distinctive biological functions in
specific types of DNA damage and/or cellular replication stress responses (Dufault V.M. et al,
2003).

Somewhat intriguingly, the human Rad17 protein component of the hRad17:RFC2-5 complex
(which loads the “9-1-1” clamp onto the DNA — discussed in detail in Section 1.2.1, pp.23-32)
also exists as four different isoforms (Fig 1.6, p.12).

It is also therefore feasible to hypothesise the potential existence of four isoformic
hRad17:RFC2-5 complexes, each of which associates with and loads a specific “9-1-1” clamp
isoform onto DNA - dictated by the type of structural DNA damage/lesion, in conjunction
with the appropriate cell cycle checkpoint signalling response.
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Fig 1.6: hRAD17 Gene Locus Site and Isoform Protein Sequences
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Gene Locus: gl2.3

RAD17 Isoform 1 Uniprot ID Q75843-1

MSKTF LRPKVSST@TDWUDPSFDDF LECSGVSTITATSLGYMNMNSSHRRKN
GPSTLESSRFPARKRGNLSSLEQIYGLENSKEYLSEN EPWVDKTKPEQ-IELA
VHKKKIEEVETWLKAQVLERQPKQGGSILLITGPPGCGKTTTLKILSKEHGIQ
VQEWINPYLPDFQKDDFKGMFNTESSFHMFPYQSQIAVFKEFLLRATKYN
KLOMLGDDLRTDKKILVEDLPNQFYRDSHTLHEVLRKYVRIGRCPLIFIISDS
LSGDNNQRLLFPKEIQEECSISNISFNPVAPTIMMKFLNRIVTIEANKNGGKI
TVPDKTSLELLCQGCSGDIRSAINSLOFSSSKGENNLRPRKKGMSLKSDAVL
SKSKRRKKPDRVFENQEVQAIGGKDVSLFLFRALGKILYCKRASLTELDSPRL
PSHLSEYERDTLLYEPEEVVEMSHMPGDLFNLYLHQNYIDFFMEIDDIVRAS
EFLSFADILSGDWNTRSLLREYSTSIATRGYMHSNKARGYAHCQGGGSSFR
PLHKPQWFLINKKYRENCLAAKALFPDFCLPALCLQTQLLPYLALLTIPMRNQ
AQISFIQDIGRLPLKRHFGRLKMEALTDREHGMIDPDSGDEAQLNGGHSAE

ESLGEPTOATVPETWSLPLSQNSASELPASQPQPFSAQGDMEENIIIEDYESD
GT

Designated Comparative
“Full-Length” RAD 17
Canonical Sequence

=lsoform
[681 Amino Acids]

RAD17 Isoform 2 Uniprot ID Q75943-2

MNQVTDWYDPSFDDFLECSGVSTITATSLGYNNSSHRRKNGPSTLESSRF

PARKRGNLSSLEQIYGLENSKEYLSENEPWVDKYKPETQHELAVHKKKIEEV

ETWLKAQVLERQPKQGGSILLITGPPGCGKTTTLKILSKEHGIQVQEWINP

VLPDFOQKDDFKGMFNTESSFHMFPYQSQIAYVFKEFLLRATKYNKLOMLGD

DLRTDKKIILVEDLPNQFYRDSHTLHEVLRKYVRIGRCPLIFIISDSLSGDNNQ

RLLFPKEIQEECSISNISFNPYAPTIMMKFLNRIVTIEANKNGGKITVPDKTSL
ELLCOGCSGDIRSAINSLOFSSSKGENNLRPRKKGMSLKSDAVLSKSKRRKK
PDRVFENQEVQAIGGKDVSLFLFRALGKILYCKRASLTELDSPRLPSHLSEYER
DTLLVEPEEVVEMSHMPGD LFNLYLHQNYIDFFMEIDDIVRASEFLSFADILS
GDWNTRSLLREYSTSIATRGVMHSNKARGYAHCOGGGSSFRPLHKPQWFL
INKKYRENCLAAKALFPDFCLPALCLQTQLLPYLALLTIPMRNQAQISFIQDIG
RLPLKRHFGRLKMEALTDREHGMIDPDSGDEAQLNGGHSAEESLGEPTQAT
VPETWSLPLSQNSASELPASQPOPFSAQGDMEENINEDYESDGT

Truncated RAD 17 “MINQ”
Type Variant = Isoform2

Modified N- Terminus:
{\GSKTFLRPKVSSTKM—PFINQ

[670 Amino Acids]

RAD17 Isoform 3 Uniprot ID Q75943-3

[MFNTESSFHMFPYQSQIAVFKEFLLRATKYNKLOMLGD DLRTDKKIILVEDL
PNQFYRDSHTLHEVLRKYVRIGRCPLIFIISDSLSGDNNQRLLFPKEIQEECSIS
NISFNPVYAPTIMMEKFLNRIVTIEANKNGGKITYPDKTSLELLCQGCSGDIRSA
INSLQFSSSKGENNLRPRKKGMSLKSDAVLSKSKRRKKPDRVFENQEVQAL
GGKDVYSLFLFRALGKILYCKRASLTELDSPRLPSHLSEYERDTLLVEPEEVVEM
SHMPGDLFNLYLHQNYIDFFMEIDDIVRASEFLSFADILSGDWNTRSLLREY
STSIATRGYMHSNKARGYAHCQGGGSSFRPLHKPOWFLINKKYRENCLAA
KALFPDFCLPALCLQTQLLPYLALLTIPMRNQAQISFIQDIGRLPLKRHFGRLK
MEALTDREHGMIDPDSGDEAQLNGGHSAEESLGEPTQATVPETWSLPLSQ
NSASELPASQPQPFSAQGDMEENIIIEDYESDGT

Truncated RAD 17 ‘NA176"
Type Variant = Isoform3

Alternative Translation:

T
AUG
2oy

[505Amino Acids]

RAD17 Isoform &4 Uniprot ID Q75343-4

MNCOHELAYVHKKKIEEVETWLKAQVLERQPKQGGSILLITGPPGCGKTTTLKI
LSKEHGIQVQEWINPVLPDFOQKDDFKGMFNTESSFHMFPYQSQIAVFKEFL
LRATKYNKLOMLGDDLRTDKKILVEDLPNQFYRDSHTLHEVLRKYVRIGRC
PLIFISDSLSGDNNQRLLFPKEIQEECSISNISFNPVAPTIMMEKFLNRIVTIEA
NKNGGKITVPDKTSLELLCQGCSGDIRSAINSLQFSSSKGENNLRPRKKGMS
LKSDAVLSKSKRRKKPDRVFEN QEVQAIGGKDYSLFLFRALGKILYCKRASLT
ELDSPRLPSHLSEYERDTLLVEPEEVVEMSHMPGDLFNLYLHQNYIDFFMEI
DDIVRASEFLSFADILSGDWNTRSLLREYSTSIATRGVMHSNKARGYAHCQG
GGSSFRPLHKPQWFLINKKYRENCLAAKALFPDFCLPALCLQTQLLPYLALLTI
PMRNQAQISFIQDIGRLPLKRHFGRLKMEALTDREHGMIDPDSGDEAQLN

GGHSAEESLGEPTQATVPETWSLPLSQMNSASELPASQPQPFSAQGDMEEN
IHIEDYESDGT

Truncated RAD 17 “‘MINQ”
Type Variant = Isoform 4

Alternative Splicing
Coupled Translation:

98 99 9899
H—L
ey

[584 Amino Acids]

hRAD17 Genetic Data Resource: http://www.uniprot.org/uniprot/Q75943
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Fig 1.7: Tissue-Specific Expression Profiles for the hRAD9A Gene
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Expression Data Resource: http://www.genecards.org/cgi-bin/carddisp.pl?gene
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Fig 1.8: Tissue-Specific Expression Profiles for the hRAD9B Gene
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Expression Data Resource: http://www.genecards.org/cgi-bin/carddisp.pl?gene
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http://www.genecards.org/cgi-bin/carddisp.pl?gene=RAD9B

Table 1.2: hRAD9 Gene Expression — Neoplastic Correlations

Tumour Correlated hRad9 Experimental Observations Reference
Tissue
Type
Activation and over-expression of the hRAD9 gene at
the chromosomal 11913 locus Chan V. gt al, 2008
Breast Cheng C.K. et al, 2005
DNA hypermethylation at Intron 1 and Intron 2 of
the hRAD9 gene
High significance of over-expression of the hRAD9
Ovary gene in both mitotic and apoptotic indices within de La Torre J. et al, 2008
epithelial ovarian tumour cells
Elevated cytological levels of the hRad9 protein as
as consequence of abberent amplification and/or Rao K.V. et al, 2012
Prostate hypermethylation at CpG islands within the 3’ Zhu A. et al, 2008
end of Intron 2 of the hRAD9 gene
) * Elevated cytological levels of the hRad9B protein Hopkins K.M. et al, 2003
Testicular isoform within testicular seminoma cells
High cumulative cytological levels of the hRad9
protein expressed within the nuclei of non-small Maniwa Y. et al, 2005
cell lung carcinoma cells
Lung
Non-synonymous H239R SNP within the hRAD9 Maniwa Y. et al, 2006
gene expressed in relatively high cytological Tanaka Y. et al, 2010
levels within non-small cell lung adenocarcinoma Yuki T. et al, 2008
cells
Elevated cytological levels of the hRad9 protein
expressed in thyroid tumours and significant
Thyroid expression of higher levels of hRad9 in malignant Kebebew E. et al, 2006
thyroid tumours cells in comparative analyses
with benign tumour cells
Critical hRad9 functional requirement for G2/M
Gastric checkpoint signal-transduction identified within Hayashi K. et al, 2002
gastric cancer cells

* NOTE: Whilst the biological functions of the human Rad9A protein are well-documented, comparatively
little is known about distinctive functions of the human Rad9B protein paralogue.

The equivalent mouse homologue, mRad9b, has been demonstrated to function as an essential
interactive protein component in embryonic development and in cell cycle checkpoint signalling
response-mediated resistance to y-irradiation- and Mitomycin C-induced types of DNA damage
(Leloup C. et al, 2010).

Both hRAD9A and hRADB genes exhibit distinctive expression profiles in different normal and
cancerous tissue types (Fig 1.7, p.13; Fig 1.8, p.14), in which the human Rad9B paralogue may
also serve as a specific biomarker for testicular ssminomas (Hopkins K.M. et al, 2003).
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Fig 1.9: Summarised Biochemical Roles of Rad9 in Carcinogenesis

[Constructed via Collated Information From: Bartek J. et al, 1999; Bartkova J. et al, 2006; Gorgoulis V.G. et al,

2005; Janes S.R.C., 1999; Janes S.R.C, 2006; Matzke M.A. et al,
1999; Simons J.W.,1999; Sugimura T. and Ushijima T.,2000;
Timbrell J.A., 2008; Yamasaki H. et al, 1999]
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Modulation of Specific Genotoxic, Epigenetic & Proteomic Carcinogenic Initiation, Promotion,

Progression & Evolution Events (Broustas C.G. and Lieberman H.B., 2012; Lieberman H.B.
etal, 2011)

Specific Rad9-Modulated activities may also contribute to acquired tumour multiple drug resistance against
different types of anti-cancer chemotherapeutics - named classes of drugs are provided in italic notation
alongside their targeted biomolecular processes (Larsen I.K. and Kastrup J.S, 2002).
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Pharmacological ligand and/or peptidomimetic manipulation of specific types of protein-protein
hRad9-domain interactive associations, via specific targeting of particular functional-associated N-
Terminal terminal and C-Terminal Tail Domain recognition sites (discussed in detail in later
sections of this chapter), may be feasible approaches for the future development of novel anti-

cancer chemotherapeutics with enhanced pharmacological efficacies and reduced toxic side-effects.

Such treatments would potentially enable appropriate biochemical rectification of specific Rad9-
dysfunctional mechanisms (Fig 1.2, p.8) implicated in the various cytological states of

tumourigenic propagation, progression and multiple drug resistance (Fig 1.9, p.16).

A. priori, in order to avoid potentially severe, catastrophic toxicological side-effects, each member
of this novel class of pharmaceuticals would have to possess a sufficiently high degree of

specificity against its intended hRad9-protein interactive functional target.

However, with the exception of enzymatic active-site targeted approaches (as in the case of kinase-
and/or phosphatase-type regulatory post-translational modification of hRad9 functional protein
activities — http://www.freepatentsonline.com./7384761.html), the design of such pharmacological
ligands/peptidomimetics presents a difficult, challenging task as a consequence of several key

factors (Yin H. and Hamilton A.D., 2005) — notably;

(i) The majority of critical interactive residues within the endogenous specific protein-protein
interactive targets and/or respective protein ligands are relatively ambiguously-defined
and only provide indirect correlative data with respect to rational small-molecule drug

design.
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(i1) Relatively large associative intrafacial supramolecular regions (~1600A/~170 atoms of
“buried” biomolecular interactive surface area) are implicated in the stable formation of
the protein-protein complexes, which impose a severe competitive capacity limitation

with regard to small-molecule drug specificity-targeted design.

(i) The supramolecular structural architecture of the interfacial protein-protein associative
regions display relatively flat/featureless topological surface characteristics, which impose

severe limitations on the selectivity of the designed small-molecule drug ligands.

(iv) Ineffective design of simple peptide analogue-based ligand modulation of critical binding
domain motifs located within the individual protein components, implicated in the specificity
of the interactive complex formation, as a consequence of the non-contiguous nature of their

physio-biochemical properties.

Nevertheless, advances in the development and implementation of various approaches for the
design of effective and highly-specific small-molecule, peptide and peptidomimetic-based
modulatory ligands of protein-protein interactions continue to progress (Cai Z. et al, 2008; Chu L-
H. and Chen B-S, 2008; Follis A.V. et al, 2012; Glanzer J.G. et al, 2011; Sillerud O. and Larson

R.S., 2005) with subsequent successful practical applications.

Significant progression into this field has been further augmented via the burgeoning new
discipline of Chemical Biology, in conjunction with the experimental application of “Forward” and

“Reverse” types of “Chemical Genetics” approaches.

One such key example, is the recent development of novel experimental anti-cancer
pharmacological agents which specifically perturb p53-MDM2 type protein-protein interactions

for selective induction of apoptosis in neoplastic cells (Dukina A.S. and Lindsley C.W., 2007).
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Therefore, it is not entirely inconceivable that progressive research advancements into this field
may be applied to the potential future design and development of a novel range of specific hRad9

function-targeted anti-cancer chemotherapeutics (of the type discussed previously — p.17).

An alternative feasible macromolecular-based approach, which may be adopted in the near future,
would focus upon the design and development of novel anti-sense oligonucleotide strategies for
suppression of aberrant ARAD9A/hRADB tumorigenic gene expression (Fig 1.3, p.9; Fig 1.7, p.13;
Figl.8, p.14; Table 1.2, p.15) and therapeutic anti-body conjugates targeted against oncogenic-
associated, elevated levels of expressed hRad9 protein variants (Broustas C.G. and Lieberman
H.B., 2012; Ishikawa K. et al, 2008; Lieberman H.B., 2008; Lieberman H.B. and Zhu A., 2010;

Lieberman H.B. et al, 2011) and/or Rad9-Rad1-Hus1 DNA clamp isoforms Fig 1.5, p.11).

In summarised conclusion, the Rad9 protein is a potentially valid and versatile pharmacological
target for the future design and development of at least seven potential different classes of novel
anti-cancer chemotherapeutics — with respect to their specific biochemical modulatory modes of

action, which may comprise;

(1) Selective DNA damage checkpoint response hRad9/79-1-1” complex-targeted apoptotic

induction in neoplastic cells.

(i) Perturbance of hRad9/ “9-1-1"-complex-mediated enhanced error-prone types of DNA repair
mechanisms for selective suppression of perpetuated genomic errors implicated in the

cytological initiation, promotion and progression phases of carcinogenesis.

(i) Suppression/reversal of elevated DNA repair pathways implicated in the mechanisms of
tumour cell acquired multiple drug resistance to various DNA—-damaging types of anti-prolific

conventional chemotherapeutics in current clinical use.
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(iv) Suppression of aberrant, dysfunctional hRad9/9-1-1"-complex-modulatory hormonal nuclear
receptor-DNA interactions, which may be implicated in cytological neoplastic growth
hormone-mediated progression events, for suppression of tumour cell metastatic
proliferation and/or acquired multiple drug resistance to steroid-based modulatory types

of anti-cancer chemotherapeutics in current clinical use.

(v) Perturbance of adverse hRad9/79-1-1”-complex-induced recombinant V, J, D gene type
immunoglobulin “class-switching” conversions for suppression of tumour cell-specific
immune signalling responses, resistance to anti-body conjugate- and/or viral construct-

based therapeutics.

(vi) Suppression of adverse oncogenic protein mis-folding events via specific modulation of

hRad9-TPR2 associative protein activities.

(vii) Therapeutic modulation of specific levels of free- and Rad1/Husl-ring complexed- hRad9
isoforms, which may be implicated in tumourigenic progression, via appropriate
pharmacological targeting of hRad9-Jab1-interactive COP9 signalosome-coupled

proteosomal pathways and/or anti-sense hRAD9A/B gene expression manipulation.

Specific pharmacological manipulation of the aforementioned hRad9 protein functions may also be
utilised in combination with the current “conventional arsenal” of anti-cancer drugs in use,
including the progressive development and clinical implementation of “3' generation
therapeutics”, for enhanced efficacy via suppression of potential novel hRad9-mediated
biochemical mechanisms of acquired tumour multiple cross-resistance to a wide range of different

agents (Table 1.3, p.21).
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Table 1.3: Potential Rad9-Mediated Tumour Resistance to Novel Therapeutics

Therapeutic
Agent/Type
Classification

Examples

Potential Mechanism(s)
of "Rad9-Propagated"
Tumour Resistance

Photedynamic

eg Levulinic Acid-Based Derivatives

Modulatory MAP Kinase Pathway Activity in
Response to PDT Oxidative/Free-Radical -

Cyclin-Dependent
Kinase Inhibitors
(CDKIs)

eg Synthetic Flavenes

eg Tri-Substituted Purines
eg Paullones

eg Purvalanols

Ras-Raf-Mek-Erk
Pathway Receptor
Tyresine Kinase
Inhibitors

eg CAAX-Box Mimetics
eg Farnesyl Transferase
Inhibitors

mTor Pathway

eg Rapamycin Derivatives

Therpi?_:u““ eg Porphyrin-Based Derivatives Induced DMA Damage and/or Elevated DNA
(PDTs) Repair Activity

pl3-Kinase eg Wortmanin

Inhibitors eg Demethoxyviridin Derivatives

Modulatory Alternative Checkpoint
Kinase Activity and/or Associated
Pathway Inhibitory "By-Pass” via
"Checkpoint Signal-Responsive
Switching"”

eg Carbazole Derivatives
eg Triethylene Tetramine Derivatives

Inhibitors
p53-G2 eg Methylxanthine Derivatives
Chz;::;sc:nt eg 7-Hydroxystaurosporine
Inhibitors eg Pifithrin-o.
21 Gene-T ted Anti-S
le/C.lP./WAFl egp. ene afge ed Anti-sense Rad®9-p21Gene Promoter Interactions
Inhibitors Oligonucleotides
Catalytic Active Site Inhibitors
el eg Oxadiazole-Derivatised Chloropyridines Associative Rad9-Induction of
fnﬁ?h"ﬁ?rs: G-Quadruplex Substrate Binding Inhibitors

Elevated Telomerase Activity

Nucleosomal Histone
Acetylase/Deacetylase
Modulators/Inhibitors

eg Trichostatin

eg Trapoxin

eg Depudecin

eg Synthetic Benzamide Derivatives

Chromatin Re-Modelling By-Pass Activities

Mediated via:
Rad9-HDAC/MYH1 Interactions

Rad9-Metnase Interactions
Rad9-TLK1/1B Interactions

Hsp20 Inhihitors

eg Radicicol
eg Geldanamycins

Chaperone Protein Folding Pathway Activity
By-Pass Mediated via Rad2-TPR2 Interaction

Ubiquitination-Coupled
Protecsomal Pathway

eg Peptide Aldehydes
eg Lactocystin Derivatives

COP9 Signalosome-Mediated Proteolytic
Pathway Activity Modulation By-Pass via

Inhibitors eg Dipeptide Borenic Acids Radg-Jabl Interactions

Anti-Angiogenic Factors - eg Endostatin
VEGF ReceptorAntagonists - eg SU5416
VEGF Release Inhibitors - eg Marimistat

Interactive Rad9-Hormenal Receptor

Angiogenesis Activity Modulation By-Pass

Inhibitors
Anti-VEGF Anti-Bodies - eg Avastin Rad9-Mediated Immunoglebulin V, D, J
Recombinant Gene Conversion By-Pass
eg Pro-Drug Enzyme-Ab Conjugates . .
: " " o s ) eg Immunoglobulin-Targeting
Conjugated ["ADEPT"-Specific Cytotoxic Targeting] of Ab-Based Therapeutics
Anti-Body (Ab) eg Ricin-Conjugated Immunotoxic Ab's 1obuli .
Therapeutics eg Radiocisotope-Conjugated Ab's € Ir:mur?og obu 'n'TEFIEEh"Ed
eg Polymeric Ab Conjugates of Anti-Tumour Viral-Base:
Therapeutics
Anti-Tumour " "o
Viral-Based eg "GDEPT" Viral Constructs eg Modulation of Regulatory Immune
Therapeutics eg Oncolytic Viral Constructs Response "Cross-Talk" Activities

Summarised examples of “3' generation” cancer chemotherapeutics in current development and their
efficacious biochemical mode(s) of action which may be countered via potential Rad9-mediated mechanisms of
tumour multiple drug resistance.

[Compiled via Collated Information From: An L. et al, 2010; Canfield C. et al, 2009; Carmeliet P. and Jain R.K., 2000;
Chang D-Y et al, 2011; Cortajarena A.L. et al, 2008; Davids L.M. and Kleemann B., 2011; De Haro L.P. et al, 2010; Denny
W.A., 2004; Fan Y. et al, 2003; Francia S., et al, 2006; Francia S. et al, 2007; Garrett M.D. and Workman P., 1999;
Govinden S.V. and Goldenberg D.M., 2010; Hu J.C. et al, 2006; Huang J. et al, 2007; Ishikawa K. et al, 2006; Kristeliet R. et
al, 2004; Lieberman H.B., 2006; Lieberman H.B., 2008; Lieberman H.B. et al, 2011; Liu J. et al, 2008; McDonald E. et al,
2006; McLaughlin F. and La Thangue N.B., 2004; Maloney A. and Workman P., 2002; O’Shea C.C., 2005; Pommier Y. and
Kohn K.W., 2003; Ronald S. et al, 2011; Ruoslahti E. and Rajotte D., 2000; Saberi A. et al, 2008; Schellmann N. et al, 2010;
Sunavala-Dossabhoy G. and De Benedettia A., 2009; Wang L. et al, 2004; Workman P., 2002; Workman P., 2003a;
Workman P., 2003b; Workman P., 2004; Workman P., 2005; Workman P., 2010; Xiang S-L et al, 2001; Yang D-Y. et al,
2007; Yap T.A. etal, 2010; Yin Y. et al, 2004; Zawacka-Pankau J. et al, 2008; Zheng Q.Z. et al, 2010]
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A significant proportion of the “conventional arsenal” of anti-cancer drugs which are utilised in
current clinical practice may be regarded as strictly anti-proliferative chemotherapeutics which
elicit their cytotoxic pharmacological efficacy via DNA damage induction and/or perturbance of

DNA replicative processes (Larsen I.K. and Kastrup J.S., 2002; Pecorino L.,2008) — Fig 1.9, p.16.

Consequently, such drugs are only capable of targeting actively cycling cells and are relatively

ineffective against dormant neoplastic cells in the latent/quiescence Go phase of the cell cycle.

Thus, there is serious post-treatment potential for the re-emergence and proliferation of surviving
dormant tumour cells if they later undergo cytological transition from Go to active phases of the

cell cycle (Pecorino L., 2008; Weinberg R.A., 2006).

This necessitates regular monitoring of the patient after an apparently successful chemotherapeutic
regimen, typically over a 5 year “remission” period, for early detection and appropriate clinical
management in the case of a possible relapse of their respective neoplastic pathophysiological

condition (Larsen I.K. and Kastrup J.S., 2002; Pecorino L., 2008; Weinberg R.A., 2006).

Recent experimental studies have indicated that Rad9 may be implicated in mechanisms of
alternate sensory DNA damage-mediated suppression of cell cycle checkpoint adaptations to cyclic
re-switching between DNA re-section and DNA double-strand break-like structural formation

events, which act “in concert” to maintain a senescent/”’dormant” cytological status (Deshpande

AM. et al, 2011).

Future potential research and development of novel “anti-Rad9 senescence-abrogative” type
pharmacological agents could be employed for the targeted biochemical enforcement of dormant
tumour cells back into active phases of the cell cycle to ensure their eradication, via

polychemotherapeutic regimens, thereby circumventing the clinical problem of remission.
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1.2 Associative “9-1-1” Complex-Dependent Rad9 Functions

1.2.1 Sensory Sliding-Clamp Physico-Biochemical Dynamics

A wide variety of different types of biophysical- and/or biochemical- mediated structural
distortions of DNA topology, may stall DNA polymerases and induce helicase-dissociation at the
duplex replication fork, with consequential formation of large tracts of single-stranded DNA
(ssDNA) at the damaged sites, which then become coated with Replication Protein A (RPA) — Fig
1.11A, p.25 (Byun T.S. et al, 2005; Delacroix S. et al, 2007; Namiki Y. and Zou L., 2006; Walter J.

and Newport J., 2000; Xu X. et al, 2008).

The resultant sSDNA.RPA tract complexes function as protein-interactive recognition substrates
for the independent recruitment of the PCNA-like toroidal, heterotrimeric Rad9-Rad1-Husl DNA
sliding-clamp complex (referred to commonly as the “9-1-1" complex — Fig 1.10, p.24), along with
the primary/proximal transducer DNA damage response cell signalling kinases ATM and ATR
(Fig 1.11D, p.25) in complex-association with its binding partner ATRIP (Fig 1.11C, p.25), to the
respective chromatin-localised DNA damage sites (Alderton G.K. et al, 2004; Byun T.S. et al,
2005; Cortez D. et al, 2001; Delacroix S. et al, 2007; Kondo T. et al, 2001; Namiki Y. and Zou L.,
2006; Unsul-Kacmaz K. and Sancar A., 2004; Walter J. and Newport J., 2000; Zou L. and Elledge

S.J., 2003).

Initial loading of the Rad9-Radl-Husl complex (Fig 1.10, p.24) onto the resultant DNA
polymerase a-RPA-ssSDNA tract complexes at the stalled replication forks is accomplished via co-
associative recruitment of the Replication Factor C (RFC)-like “9-1-1” clamp-loader complex,
termed “RSR” (Fig 1.12B, P.28) — which is comprised of the major Rad17 sub-unit (Fig 1.11E,
p.25) in association with the smaller sub-units; Rfc2, Rfc3, Rfc4 and Rfc5 respectively (Byun T.S.
et al, 2005; Griffith J.D. et al, 2002; Kanoh Y. et al, 2006; Kondo T. et al, 2001; Lee J. et al, 2003;

Wu X. et al, 2005; You Z. et al, 2002; Zou L. et al, 2003), discussed on pp.25-26 with Fig 1.12,

p.28. [23]



Fig 1.10: Key Structural Features of the Rad9-Rad1-Husl Complex
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Absolute Anti-Clockwise N—C Stereochemical Configuration of the Rad9-Rad1-Husl Toroidal PCNA-like
Heterotrimeric DNA Sliding-Clamp Complex (Bermudez V.P et al, 2003; Bylund G.O. et al, 2006; Doré A.S.
et al, 2009; Griffith J.D. et al, 2002; Venclovas C. and Thelen M.P., 2000; Xu M. et al, 2009).

Unlike the Radl and Husl Sub-Units, Rad9 also possess a highly mobile, unstructured C-Terminal Tail
Domain which protrudes outside of the “9-1-1” ring and engages with variety of DNA Damage Checkpoint
and Repair Proteins (Lieberman H.B. et al, 2011; Singh K.K. et al, 2007).

: X-Ray Crystallographic Resolution of the Protein Structure of the Rad9-Rad1-Husl Toroidal Complex

(Doré A.S. et al, 2009) , this image was generated from the appropriate PDB file via utilisation of the
Polyview 3D software tool (PDB ID: 3G65) — the approximate location of the Rad9 C-Terminal Tail
Domain is depicted (which is non-crystallisable as a consequence of its relatively high, unstructured
Mobility/Intrinsic Disordered Propensity and is thus evasive to X-Ray crystallographic resolution).
http://www.genome.jp/dbget-bin/www _bget?.pdb.3G65
http://polyview.cchmc.org/polyview3d.html

: Key Amino Residues, within the - - and Sub-Units, which are implicated in various

“9-1-1” Complex N—C Interface Associations and other Protein/DNA-Interactions (Doré A.S. et al,

2009; Gilljam K.M. et al, 2009; Sohn S.Y. and Cho Y., 2009; Warbrick E., 1998; Xu M. et al, 2009)

= Rad9 Interface-Associative Amino Acid Residues

= Radl Interface-Associative Amino Acid Residues

WO 9.0 = Husl Interface-Associative Amino Acid Residues

= PIP Box-Binding Pocket Amino Acid Residues (Absent in Radl) — p.96
L9881 = Husl Single DNA Nucleobase-Binding Pocket Amino Acid Residues

: Summarised Comparison of the Key Structural Features of the Rad9:Hus1, Husl:Radl and Rad9:Rad1l

Associative Interfaces within the “9-1-1” DNA Sliding-Clamp Complex (Doré A.S. et al, 2009; Sohn S.Y.
and Cho Y., 2009; Xu M. et al, 2009).
[24]


http://www.genome.jp/dbget-bin/www_bget?.pdb.3G65
http://polyview.cchmc.org/polyview3d.html

1>

[oy]

0

|wj

Im

Fig 1.11: Interactive Domains of “9-1-1” Clamp-L oading Proteins

RPA70 RPA32 RPA14
WI197W212 W361W414 Wa42 W528 W2 107
DBD-F LINKER DBD-A BDB-B DBD-C P DBD-D DBD-E
7 NTerminal K183K2509K263 K343 K489K577 K588616 1 270 1 121
Interactive
Domain

Acidic Alpha Helical Motif
Recognition and Binding Site

PCNA-Like Domain I JJ5{e .50 81l E 0 A

1 130 17%RGI§R1*75 2703272 341 3875391
“PRMTS (ATM) (CK2) {CK2)
Methylation 296ppFANDDIDsYMI308

Acidic Alpha Helical Motif
RPA70 N-Terminal DBD-F
Assaociative Interaction

[Coiled-Coil Domain
CRD

1RID-1
a3—108

ATR-Binding Domain

218 —— 390|390 —————————— ) 791

I
53GDETADDLEELDT®3
Acidic Alpha Helical Motif
RPA70 N-Terminal DBD-F
Associative Interaction

ATRIP HEAT1 HEAT2 FAT [ PRD ]
1 799 835 1329 1365 1640 2185 |2322 2567|2612 2644
Nuclectide
TSS Binding 'I'304 $646 5656
[
[ Site
1 137 144 432 5635 5645 681

> Human Replication Protein A (RPA) is an ssSDNA-binding, heterotrimeric toroidal complex comprised of three subunits;

RPA70, RPA32 and RPA14 (named according to their respective molecular weights — 70 kDa, 32 kDa and 14 kDa).

The DNA-Binding-Domains (DBDs) are indicated, along with key amino acid residues implicated in ssSDNA associations
and the N-terminal recognition motif in the RPA70 sub-unit which binds to specific motifs within the Human Rad9A
protein (Fig B) and ATR-Interacting Protein (ATRIP — Fig C) (Binz S.K. and Wold M.S., 2008; Liu Y. et al, 2005;
Oakley G.G. and Patrick S.M., 2010; Shell S.M. et al, 2005; Xu X. et al, 2008 [Uniprot: P27694, P15927 and P35244]

> Key Structural Domains and Functional Motifs within the human Rad9A protein, of particular note; the C-terminal tail

domain motif which binds to the N-terminal RPA70 sub-unit recognition site, the “HFD” motif implicated in enhanced
activation of the human ATR kinase (Fig D) and methylation of three key Arginine residues (R172, R174 and R175) by
the PRMTS5 methylase enzyme which is implicated in human Rad9-mediated activation of the human Chk1 cell cycle
checkpoint kinase. [Uniprot: Q99638] (He W. et al, 2011; Navadgi-Patil V.M. and Burgers P.M., 2009; Xu X. et al, 2008).

. Key Structural Domains and Functional Motifs within the human ATR-Interacting Protein (ATRIP) partner of the

human ATR cell cycle checkpoint kinase (Fig D), of particular note; the three RID domains (RPA-Interacting Domains),
the N-Terminal Checkpoint Recruitment Domain (CRD), the ATR-binding domain, the TopBp1 checkpoint mediator
protein-binding domain and the CDK2-Interacting Protein Domain (CINP) (Lovejoy C.A. et al, 2009; Mordes D.A. and
Cortez D, 2008; Nakaya R. et al, 2010; Namiki Y. and Zou L., 2006; Xu X. et al, 2008). [Uniprot: QW8XE1]

. Key Structural Domains and Functional Motifs within the human ATR cell cycle checkpoint kinase protein, of

particular note; the N-terminal ATRIP-binding domain, the two “HEAT” domain motifs (Huntingdon, Elongation
Factor 3, PP2A Substrate and TOR1), the “FAT/FAT-C” motif domains (FRAPP, ATM, TRAPP) and the “PRD”
(PIKK, PI3K/PI4K Regulatory Domain) which possesses kinase catalytic activity (Mordes D.A. and Cortez D., 2008).
[Uniprot: Q13535]

> Key Structural Domains and Functional Motifs within the human Rad17 Protein, of particular note; the ATP Nucleotide

Binding Site, the C-Terminal proximal/primary cell checkpoint ATR/ATM kinase interactive C-Terminal Domain and
key phosphorylated amino acids residues which modulate the functional activity of the protein (Bao S. et al, 2001;
Medhurst A.L. et al, 2008; Post S. et al, 2001; Xu M. et al, 2009). [Uniprot O75943]
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The biochemical mechanism of deployment of the Rad9-Rad1-Husl complex onto large tracts of
RPA-coated ssDNA (Fig 1.10, p.24) is thermodynamically-driven via a hydrolytic ATP-coupled
protein-interactive process, analogous to that implicated in loading of the homotrimeric PCNA
clamp onto replicative sites of the duplex (Bermudez V.P. et al, 2003; Bloom L.B., 2009; Ellison
V. and Stillman B., 2003; Xu M. et al, 2009) — which may be defined in terms of 6 key co-

operative, sequential steps (Fig 1.12, p.28), notably;

(i) Initial associative formation of the ternary [RSR clamp-Loader-9-1-1"-clamp-RPA.ssDNA]
complex is elicited via ATP-binding to a specific nucleotide acceptor “pocket” within the

Rad17 sub-unit (Fig 1.11E, p.25) of the RSR clamp-loading complex.

(ii) The resultant ATP-bound Rad17 sub-unit triggers supra-molecular conformational changes in
the modified [RSR clamp-Loader-<9-1-1"-clamp-RPA.ssDNA] ternary complex which induce
conversion of the “Rad9-Rad1-Hus1” complex from the “closed” conformer state to the partial
“open-ring” conformer state via thermodynamic promotion of non-covalent bond dissociation

events at the Rad9-Rad1 interface (Fig 1.10, p.24).

[This localised specificity of “9-1-1” ring-opening is attributed to the physico-biochemical
properties of the Rad9-Rad1 interface which is extensively flat with the lowest surface area
span, has fewer associative interactions and is the least energetically stable — Fig 1.10D, p.24

(Doré A.S. et al, 2009; Xu M. et al, 2009]

(iii) Transient passage of the duplex through the dissociated Rad9-Rad1 “interfacial slot” enables

the Rad9-Rad1-Husl complex to encircle and associate with the DNA.
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(iv) Simultaneous phosphorylation of the ATP-bound Rad17 sub-unit at Ser635 and Ser645 (Fig
1.11E, p.25) by the primary ATR checkpoint transducer kinase (in the form of a proximal
ATR-ATRIP-RPA.ssDNA type independently-loaded complex) induces supra-molecular
conformational changes within the ternary [RSR clamp-Loader-<9-1-1"-clamp-RPA.ssDNA]
which enhance the thermodynamic stability of the established open-ring conformer state-type
Rad9-Rad1-Hus complex-DNA associative interactions, prior to ring-closure of the “9-1-1”
clamp around the duplex (Bao S. et al, 2001; Bloom L.B, 2009; Medhurst A.L. et al 2008;
Post S. et al, 2001; Xu M. et al, 2009).

[The Rad9 sub-unit of the “9-1-1” clamp also contains a potential “HFD”” ATR-activation
motif, located within its PCNAII-like domain — Fig 1.11B, p.25 (Navadgi-Patil V.M. and
Burgers P.M., 2009; Navadgi-Patil V.M. and Burgers P.M., 2011), which may facilitate ATR

phosphorylation of the Rad17 sub-unit component of the RSR clamp-loader complex]

(v) Stabilised duplex-association of the Rad9-Rad1-Hus1 open-ring conformer state induces
supra-molecular conformational modifications within the ternary [RSR clamp-Loader-
“9-1-17-clamp-RPA.ssDNA] complex which trigger hydrolysis of the ATP molecule
bound within the nucleotide-specific acceptor pocket of the Rad17 sub-unit (Fig 1.11E, p.25)

of the RSR clamp-loader complex (Kanoh Y. et al, 2006; Xu M. et al, 2009).

(vi) Hydrolytic conversion of the Rad17-bound ATP molecule to Rad17-bound ADP, within the
RSR component, induces supra-molecular conformational alterations within the ternary
[RSR clamp-Loader-“9-1-17-clamp-RPA.ssDNA] complex which thermodynamically
promote Rad9-Rad1 interfacial re-association (thereby affecting “9-1-1" ring-closure around
the duplex) and dissociation of the Rad17:Rfc2-5 clamp-loader complex from the sSDNA.RPA

substrate. (Bloom L.B, 2009; Kanoh Y. et al, 2006; Xu M. et al, 2009).
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. Absolute Anti-Clockwise N—C Termini-Interfacial Stereochemical Configuration of the Toroidal,

Heterotrimeric Rad9-Rad1-Husl PCNA-Like DNA Sliding-Clamp Complex (Burtelow M.A. et al,
2001; Doré A.S. et al, 2009; Xu M. et al, 2009)

> Co-Operative Binding-Site Locations of the Individual RSR “9-1-1” Clamp-Loader Complex Sub-Units;

Rad17, Rfc2, Rfc3, Rfc4 and Rfc5, within the Rad9-Rad1-Husl Complex (Doré A.S. et al, 2009)

> Summarised Co-ordinated Biochemical Mechanism of RSR Complex-Mediated Loading of the “9-1-1”

Clamp onto DNA (Bloom L.B., 2009; Shiomi Y. et al, 2002; Xu M. et al, 2009) — Discussed in Detail

on pp.26-27.
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Initial polarity-specific loading of the Rad9-Rad1-Husl PCNA-like sliding-clamp complex onto
the DNA may proceed via either 5°- or 3’- orientated junctions proximal to the lesion site(s),
determined via the supra-molecular, topological architecture of the localised area of damaged

chromatin (Majka J. et al, 2006) — described summarily in Fig 1.13, p.30.

The motion of the Rad9-Radl-Husl complex along the DNA may proceed via alternative “nut and
bolt” or “washer and bolt” type mechanisms (Fig 1.14, p.31), which are determined, selectively
via the physico-biochemical structural characteristics of the respective DNA lesion site(s), that in
turn may modulate nucleosomal-based chromatin supra-molecular architecture re-modelling events
(Beck S. and Olek A., 2003; Morales V. et al, 2001; Strahl B.D. and Allis D., 2000; Turner B.M.,
2002), which may later impinge sterically upon the traversal duplex progression of the loaded “9-
1-1” sliding-clamp (Adelman J.L. et al, 2010; Blanco F.J. and Montoya G., 2011; Bloom L.B.,
2009; Bowman G.D. et al, 2005; Georgescu R.E. et al, 2008; Ivanov |. et al, 2006; Kazmirski S.L.,

et al, 2005; Laurence T.A. et al, 2008; Yao N.Y. et al, 2000; Yao N.Y. and O’Donnell M., 2008).

Translocation of the loaded Rad9-Radl-Husl complex, to proximal DNA lesion sites within
localised regions of chromatin, may proceed via 1D or 3D mechanistic pathways (Fig 1.15, p.32),
which may be determined, selectively by the specific types of encountered DNA damage which
may exert influential effects upon chromatin supra-molecular architecture and/or topological re-
modelling alterations (Bloom L.B., 2009; Gowers D.M. and Halford S.E., 2003; Gowers D.M. et
al, 2005; Halford S.E., 2009; Halford S.E. and Marko J.F., 2004; Laurence T.A. et al, 2008; Yao

N.Y. et al, 2000).
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Fig 1.13: DNA Polarity-Specific Models of “9-1-1” Clamp-L oading

[Taken and Adapted From: Majka J. et al, 2006]
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RPA-ssDNA Heterocomplex Orientation

The Rad9-Radl1-Husl toroidal heterotrimeric complex is postulated to function as a DNA damage
scanner, which may slide back and forth along DNA-associated chromatin supramolecular structural
complexes, thereby acting as a continual “pro-active monitoring system” of genomic integrity
(Burtelow M.A. et al, 2000; Roos-Mattjus P. et al, 2002).

The functional polarity, with respect to 5°- or 3’- junction-specific orientated “9-1-1” complex-
loading, may be dictated by a variety of interactive, chromatin supramolecular architecture-related
physico-biochemical parameters — including; clamp-loading site localisation, DNA lesion type and/or
proximal/distal associative influences of DNA damage responsive proteins implicated in cell cycle
checkpoint signalling and DNA repair (Majka J. et al, 2006).

A\ In the case of naked DNA, initial functionalized “9-1-1” complex-loading may be accomplished via
equivalent selective prevalence at either 5°- or 3’- junction termini prior to clamp-sliding to a
neighbouring junction site (Majka J. et al, 2006).

B: RPA-coated DNA restricts initial functionalized “9-1-1” complex-loading onto 5°-junction termini,

in which 3’-junction terminal “9-1-1” complex-functionality may be elicited via 5°— 3’ type
clamp-sliding to a neighbouring junction site (Majka J. et al, 2006).

Different types of “9-1-1” clamp polarity-loading orientation may serve as a selective biochemical
mechanism for the initiation of particular sensory-signals towards different types of DNA damage
which are “translated” into Rad9 C-terminal tail domain-mediated functional interactions with
specific target proteins implicated in the appropriate cell cycle checkpoint and/or DNA repair
responses respectively (Majka J. et al, 2006).
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Fig 1.14: Mechanistic Models of “9-1-1” DNA Sliding-Clamp Motion

[Compiled via Collated Information From: Adelman J.L. et al, 2010; Blanco F.J. and Montoya G., 2011;
Bowman G.D. et al, 2005; Georgescu R.E. et al, 2008;
Ivanov I. et al, 2006; Kazmirski S.L. et al, 2005;
Laurence T.A. et al, 2008; Yao N. et al, 2000;
Yao N.Y. and O’Donnell M., 2008]

"Nut and Bolt"” "Washer and Bolt"
Model

The relative sliding velocity of the Rad9-Radl-Husl heterotrimeric complex along the DNA, which may be
critical to the detection of different types of DNA damage, is “biochemically governed” via the differential
counter-strengths of repulsive (DNA-dissociative) and attractive (DNA-associative) interactions between the
DNA molecule, amino acid residues and/or functional motifs within the three sub-units of the “9-1-1” toroidal
clamp.

DNA-dissociative interactions serve to reduce the frictional forces between the “9-1-1” clamp and DNA, thereby
increasing the relative “sliding-velocity” of the complex along the DNA molecule.

These DNA-dissociative interactions comprise electrostatic repulsion between negatively-charged acidic amino
acid residues and the DNA phosphodiester groups, in conjunction with exclusion of hydrophobic amino acid
residues from the extended “hydration spine” that is derived from the proximal chain of water molecule shells
which surround the phosphodiester groups of the DNA.

DNA-attractive interactions serve as braking forces between the “9-1-1” clamp and the DNA, thereby
decreasing the relative “sliding-velocity” of the complex along the DNA molecule.

These DNA-attractive interactions comprise electrostatic attraction between positively-charged basic amino
acid residues and the DNA phosphodiester groups, in conjunction with hydrogen-bonding between hydrophilic
amino acid residues and the extended DNA “hydration spine” and possibly II-electron stacking/intercalative
interactions between aromatic amino acid residues and DNA nucleobases.

The Husl sub-unit of the “9-1-1” clamp also contains a hydrophobic pocket which can bind a single DNA
nucleobase and may function as a component detector of modified base type DNA lesions.

In the “Nut and Bolt” model, the “9-1-1” complex slides progressively along the DNA in a rotating type motion
which follows the “helical contour” of the duplex, via the central elliptical hole of the complex which facilitates
passage of the DNA in a tilted orientation “in-plane” with the nucleobases.

In the “Washer and Bolt” model, the “9-1-1” clamp slides progressively along the DNA in a “straddling/out-of-
plane” motion, which does not adhere to the conventional “helical contour” of the duplex and may be
implicated in the detection and by-pass of bulky DNA lesions in special cases, such as PCNA- and “9-1-1”-
clamp-mediated template-switching in Translesion Synthesis (TLS) mechanisms of DNA damage-site avoidance
and repair (discussed later in detail — Section 1.2.5, pp.112-116; Fig 1.51, p.112).
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Fig 1.15: 1D & 3D “9-1-1-DNA” Lesion Site Translocation Pathways

[Compiled via Collated Information From: Bloom L.B., 2009; Gowers D.M. and Halford S.E., 2003;
Gowers D.M. et al, 2005; Halford S.E., 2009;
Halford S.E. and Marko J.F.,2004; Laurence T.A. et al, 2008;
Yao N.Y. et al, 2000]

1D PATHWAY MODEL: "Slide-to-Lesion"

3D PATHWAY MODEL: "Intersegmental
Conveyance”

Sliding clamps, including the Rad9-Rad1-Husl toroidal, heterotrimeric complex, typically move along the DNA
in a continuous manner, via a direct one-dimensional diffusion type process, between adjacent, non-specific
localities to the lesion in the absence of any transient dissociation of the respective protein complex from the
DNA molecule.

The “9-1-1” sliding clamp may also adopt a one-dimensional “skip-to-lesion” motional pathway mechanism, in
which the complex may be simultaneously moved through three-dimensional space along the one-dimensional
duplex contour to the lesion site within the same DNA molecule, mediated via transient DNA dissociation/re-
association events co-ordinated via “inter-communicative” physico-biochemical events between adjacent
Rad17:RFc2-5 clamp-loading complexes and the chromatin supramolecular architecture.

Alternatively, the “9-1-1” sliding clamp may also adopt a three-dimensional “inter-segmental conveyance”
motional pathway mechanism, mediated via transient DNA dissociation/re-association events co-ordinated via
“inter-communicative” physico-biochemical events between adjacent Radl7:RFc2-5 clamp-loading complexes
and local/global changes within the chromatin supramolecular architecture as a consequence of “bent-DNA”
configurations induced by certain types of “bulky” types of DNA lesions (eg inter- and intra- strand cross-

linkages). [ ]
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1.2.2 DNA Damage Checkpoint Signal Activation and Modulation

As discussed previously, DNA damage and genotoxic events play key significant roles in a variety
of mechanisms associated with the cytological initiation, promotion and progression phases of

carcinogenesis (Fig 1.9, p.16).

The high fidelity of DNA replication, with regard to precision co-ordinated chromosomal
segregation and accurate transmission of genetic information to daughter cells during mitotic or

meiotic processes, is critical to the propagation of normal cytological status and functions.

The vital requirement for accurate maintenance of genomic integrity and stability during mitotic
and meiotic processes, under the constant evolutionary pressure of daily exposure to a wide variety
of endogenous and exogenous inductive sources of DNA damage (discussed later in Section 1.2.5,
pp.86-118), has culminated in the cytological establishment of a highly conserved, well-developed
intercommunicative network of protein-protein associative signal transduction cascades which
function collectively in cell cycle regulatory DNA damage response checkpoint pathways (Boye E.
et al, 2009; Dasika G.K. et al, 1999; Houtgraaf J.H. et al, 2006; Kaufmann W.K. 1995; Latif C. et

al, 2001; Mercer W.E., 1998; Sancar A. et al, 2004; Smith J. et al, 2010).

The overall “cytological reaction” to DNA damage essentially comprises three main types of
response, notably; the transient phase-specific cessation of cell cycle progression, the initiation of
appropriate DNA repair mechanisms and/or induction of apoptotic pathways (Boye E. et al, 2009;
Chiarugi V. et al, 1994; Houtgraaf J.H. et al, 2006; Humpal S.E., 2009; Kaufmann W.K., 1995;

Sancar A. et al, 2004; Smith J. et al, 2010).
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Selection of the most appropriate response is dictated via specific protein-protein interactive
signalling events within the checkpoint pathways whose elicitation is governed by several key
factors, notably; cytological phenotype/morphology, biochemical type, nature/origin,
severity/relative abundance and/or combinations of DNA lesion(s) concerned and respective

point(s) within the cell cycle at which DNA damage has occurred .

Large tracts of ssSDNA, generated as a consequence of stalled DNA polymerases during DNA
replication at sites of DNA damage-induced lesions and resultant helicase dissociation at the
advanced duplex replication fork, are coated with Replication Protein A (RPA) — which serves as a
recognition trigger signal for the independent recruitment-activation of the “Rad9-Radl-Hus1”,
ATM and ATR/ATRIP complexes respectively (Byun T.S. et al, 2005; Delacroix S. et al, 2007;
Richard D.J. et al, 2009; Walter J. and Newport J., 2000; Shin M.H. et al, 2012; Zou Y. et al,

2006).

The primary (proximal) transducer component proteins ATM (Ataxia Telangiectasia Mutated) and
ATR (ATM and Rad3 Related) are members of the Phosphotidylinositol-3-OH Kinase-Related-
Kinase (PIKK/PI3K) family, activated in early checkpoint responses upon binding to the end sites
of DNA damage (Abraham R.T., 2001; Brown K.D. et al, 2003; Matsuoka S. et al, 1998; Savitsky

K. et al, 1995; Smith G.C. et al, 1999; Smith J. et al, 2010).

These “proximal” transducer kinases specifically recognise and phosphorylate specific Ser and Thr
residues within the “SQ/TP” phosphorylation-target motifs, displayed on their respective protein
substrates, comprised of the characteristic consensus sequence; Ser-Thr-GIn-Glu (Kim S.T. et al,

1999).
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ATM is a 350 kDa oligomeric protein which incorporates a myriad of “HEAT” (Huntingdon,
Elongation Factor 3, PP2A substrate and TOR1) type sequence motifs (Bakkenist C.J. and Kastan
M.B., 2003; Perry J. and Kleckner N., 2003) and possesses significant homology to
phosphoinositide 3-kinases, but with the notable exception of an absence of lipid kinase activity

respectively (Savitsky K. et al, 1995; Shiloh Y., 1997).

Under normal cytological conditions, the specific kinase activity of ATM is maintained at a
regulatory suppressed minimal level in which the protein exists predominently in its inactive

heterodimeric complex state (Niida H. and Nakanishi M, 2006).

Conversion of the inactive homodimeric form of ATM, that exists predominantly within the
normal, unstressed cytological environment, to the active monomeric species is triggered via
protein-DNA interactions as a consequence of detected alterations in higher level chromatin
supramolecular architecture which are induced via ionising radiation-induced duplex double-
stranded breaks in conjunction with the formation of linear DNA substrates (Bakennist C.J. and
Kastan M.B., 2003; Finn K. et al, 2012; Ira G. and Hastings P.J., 2012; Niida H. and Nakanishi M.,

2006; Quevedo O. et al, 2012; Shin M.H. et al, 2012).

These associative ATM-DNA interactions induce supramolecular conformational rearrangements
within the ATM homodimeric complex that thermodynamically-facilitate intermolecular
autophosphorylation of a critical Ser1981 target residue within the kinase domain of each ATM
monomer (Bakennist C.J. and Kastan M.B., 2003; Finn K. et al, 2012; Ira G. and Hastings P.J.,

2012; Niida H. and Nakanishi M., 2006p; Shin M.H. et al, 2012).
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Autophosphorylation of the ATM subunits at Ser 1981, within the ATM homodimer, functions as
a sensitive/rapid “switch mechanism” for the induction of further supramolecular conformational
changes within the homodimeric complex that promote dissociative formation of the active ATM
monomeric species respectively and also expose the kinase active site of the protein to enable it to

phosphorylate its “down-stream” transducer and effector targets (Bakennist C.J. and Kastan M.B.,
2003; Finn K. et al, 2012; Ira G. and Hastings P.J., 2012; Niida H. and Nakanishi M., 2006; Shin

M.H. et al, 2012) — Figs 1.21-1.27, pp.57-63.

The precise mechanism of activation of ATM, in response to ionising radiation type DNA damage-

induced alterations of higher level chromatin supramolecular structure, remains to be elucidated.

Recent experimental studies have demonstrated that the implicated changes in chromatin
conformational architecture may be detected by ATM at a considerable distance away from the
originating double-stranded DNA break-site (DSB), in support of previous observations that have
inferred that the initial early phase activation of ATM does not appear to involve association of
ATM in close proximity and/or directly with the DSB site respectively (Niida H. and Nakanishi M.,

2006; Finn K. et al, 2012; Ira G. and Hastings P.J., 2012; Quevedo O. et al, 2012).

Associative MRE11 protein interactions have also been demonstrated, in vitro., to enhance the
catalytic kinase activity of post-activated ATM monomer and promote the cumulative recruitment
of activated ATM to DSB-type DNA lesion sites within damaged chromatin (Finn K. et al, 2012;
Ira G. and Hastings P.J., 2012; Lee J.H. and Paull T.T., 2004; Longhese M.P. et al, 2009; Niida H.

and Nakanishi M., 2006).
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The MRE11 protein is also a key component of the MRN complex, which is comprised of
MRE11-RAD50-NBS1 associated proteins and participates in DSB type damage-site
recognition/targeting events implicated in Homologous Recombination (HR) and Non-
Homologous End-Joining (NHEJ) DNA repair pathways respectively (Carney J.P. et al, 1998;
Christmann M. et al, 2003; Finn K. et al, 2012; Ira G. and Hastings P.J., 2012) — discussed later in

Section 1.2.5, p.109; Fig 1.48, p.109.

The primary (proximal) transducer ATM kinase also phosphorylates Ser residues, at positions 278

and 343, located within the NBS1 protein (Lim D.S. et al, 2000) — Figs 1.21-1.24, pp.57-60.

These ATM-mediated post-translational phosphorylation events induce supramolecular
conformational changes within NBS1 which serve as a critically favourable thermodynamic pre-
requisite for promotive associative participation of the protein in the formation of MRN complex

foci at DSB-type DNA lesion sites within damaged chromatin (Zhao S. et al, 2000).

ATM-mediated phosphorylation of BRCAL is also a critical pre-requisite for the initiated
formation of the BRCAL1 Associated Surveillance Complex (BASC), which is comprised of a
multi-functional interactions between various associative protein constituents that encompass;
ATM, BLM, BRCAL, MLH1, MSH2 and MSH6 and the MRN complex respectively (Cortez D. et
al, 1999; Finn K. et al, 2012; Foray N. et al, 2003; Ira G. and Hastings P.J., 2012; Niida H. and

Nakanishi M., 2006; Wang Y. et al, 2000).

The BASC protein components MLH1 and MSH2 are also implicated in the direct activation of
ATM in response to ionising radiation (I.R.)-induced DNA damage via two distinctive types of
intrinsically-co-ordinated biochemical signalling events which are comprised of associative
protein-protein binding interactions between ATM-MLH1 and MSH2-CHK2 (Brown K.D. et al,

2003)
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These ATM-MLH1 and MSH2-CHK2 associative protein interactions may also constitute a
synergistic molecular scaffold mechanism for ATM-induced phosphorylation of CHK2 at Thr68
for activation of the S-phase cell-cycle checkpoint (Fig 1.21, p.57) and consequential initiation of
DNA base mis-match repair (MMR) recognition of L.R.-induced DNA lesions respectively.

(Matsuoka S. et al, 2000; Zhou B.B. et al, 2000; Christmann M. et al, 2003).

ATM-activated CHK2 kinase-induced phosphorylation of the histone 2AX protein (H2AX), in
close proximity to chromatin dsDNA breaks, may also constitute a biochemical sensory trigger

for “downstream” signal recognition of these DNA lesions (Burma S. et al, 2001).

ATM phosphorylated-inactivation of the NFkp kinase inhibitor (Ikp kinase) also triggers activation

of the NF«p kinase protein in response to dsSDNA breakage events (Li N. et al, 2001).

In addition to ATM activation, as discussed previously (pp.35-37), the Mrel1-Rad50-Nbsl (MRN)
complex also provides tracts of ssDNA substrate-binding sites for Replication Protein A (RPA),
which are generated via MRN complex-mediated re-section of duplex dsDNA breakages (Jazayeri

A. et al, 2006; Myers J.S. and Cortez D., 2006).

The resultant stretches of RPA-coated DNA, formed via the MRN complex-mediated rectification
of DSB lesion sites, also act as recruitment substrates for activation of the ATR/ATRIP complex

respectively. (Zou L. and Elledge S.J., 2003).
ATR exists predominantly in the form of a stable complex associated with its regulatory protein

counterpart “ATRIP” — ATR-Interacting Protein (Cortez D. et al, 2001; Alderton G.K. et al, 2004;

Unsal-Kacmaz K. and Sancar A., 2004) — Fig 1.17B, p.51; Fig 1.17C, p.53.
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ATR is a 303 kDa protein, which shares significant sequence homology with the H. sapiens ATM
and S. pombe Rad3 proteins respectively — hence its designated abbreviated name; ATM and

Rad3-related protein (Cimprich K.A. et al, 1996) — Fig 1.17B, p.53.

Previous experimental studies have indicated no measurable change in the overall kinase activity
for ATR and thus it may be biochemically-primed to phosphorylate protein substrates in a
constitutive manner in response to DNA damage (Abraham R.T., 2001; Finn K. et al, 2012; Ira G.

and Hastings P.J., 2012; Niida H. and Nakanishi M., 2006) — Fig 1.19, p.55.

Whilst more recent research work has established that the kinase activity of ATR may be induced
via TopBP1-independent and TopBP1-dependent type mechanistic interactions with other proteins,
such as FEM1B, MTA1 and RHINO, whose associative recruitment is co-ordinated via the sensory
DNA sliding clamp Rad9-Radl-Hus complex-coupled detection of DNA damage lesion sites
within the chromatin supramolecular architecture (Cotta-Ramusino C. et al, 2011; Li D.Q. et al,
2010; Lin S.J. et al, 2012; Navadgi-Patil V.M. and Burgers P.M., 2009; Pfander B. and Diffley J.F.,

2011; Qu M. et al, 2012; Smits V.A. et al, 2010; Sun T.P. and Shieh S.Y., 2009) — Fig 1.19, p.55.

Experimental studies have also demonstrated that the ATR/ATRIP complex is implicated in the
phosphorylated-modulation of a range of protein activities which initiate a variety of different
DNA damage checkpoint response pathways, including; RAD9, H2AX, CHK1, CHK2 and p53
(Tibbetts R.S. et al, 1999; Ward 1.M. and Chen J., 2001; Liu Q. et al, 2004) — Figs 1.20-1.27, pp.

56-63.

Taken together, the experimental evidence indicates that the ATR primary (proximal) transducer
checkpoint kinase may exist in both constitutive and inducible forms whose respective functional
activities are dependent upon its sub-cellular translocation in response to environmental stresses

and/or genotoxic type cytological events which adversely impinge upon DNA replication.
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In contrast to ATM, activation of ATR is also triggered via associative interactions of the protein
with various ssSDNA-protein complexes in response to bulky DNA base adducts/lesions — notably;
U.V.-induced pyrimidine dimers, large base-adducts, DNA cross-links and stalled replication forks

(Unsal-Kacmaz K. et al, 2002).

The overall major principle function of the primary (proximal) transducer proteins ATM and ATR,
implicated in the initiation of various DNA damage response pathways, may be considered to be
the phosphorylated activation of the secondary (distal) transducer type centrosome-associated
checkpoint kinase proteins CHK1 (at Ser317 and Ser345), CHK2 at Thr68 and Ser123) and the

p38 Mitogen-Activated Kinase (MAPK).

These three secondary (distal) transducer/effector kinases are implicated in the phosphorylation-
mediated regulation of the activity of various “down-stream target” effector protein components
that initiate the appropriate cell cycle checkpoint responses (Abraham R.T. et al, 2001; Brown A.L.
et al, 1999; Bulavin D.V. et al, 2001; Bulavin D.V. et al, 2002; Chaturvedi P. et al, 1999;
Matsuoka S. et al, 1998; Nyberg K.A. et al, 2002; Shieh S.Y. et al, 2000; Zhao H. and Piwnica-

Worms H., 2001), discussed summarily in Figs 1.21 — 1.27, pp.57-63.

Co-ordinated biochemical orchestration of orderly cell cycle progression is normally regulated via
the modulated activity of Cyclin-Dependent Kinases (CDKs), which are inactive in the
phosphorylated form and require appropriate temporal activation via CDC25 phosphatase-
mediated dephosphorylated-induction of transient conformational changes within the CDK protein
supramolecular structure, to enable the associative formation of the pre-requisite CDK-cyclin
complexes that trigger specific sequential phases of the cell cycle (Nurse P., 1997; Morgan D.O.,

1997; Sherr C.J. and Roberts J.M., 1999; Stewart Z.A. et al, 2003).
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A core critical function of the CHK1, CHK2 and p38-MAPK kinase proteins is the
phosphorylation of the CDC25 effector class of protein phosphatases (A, B and C) — which induce
supramolecular conformational changes within the respective CDC25 protein which abrogate its
functional interactions with its Cyclin-Dependent Kinase (CDK) effector target(s) via three main
biochemical mechanisms (Banin S. et al, 1998; Canman C.E. et al, 1998; Niida H. and Nakanishi

M., 2006), notably;

(i) Promotion of thermodynamically-favoured complex formations between the CDC25
protein and the 14-3-3 class of proteins (eg 14-3-3c) and subsequent translocation of the
resultant CDC25-14-3-3 protein complexes from the nucleus to the cytosol, where they
are sequestered — with consequential inhibition of CDC25-CDK associative interactions.

(Dalal S.N. et al, 1999; Hermeking H. et al, 1997; Peng C.Y. et al, 1997).

(if) Promotion of CDC25 protein ubiquitination events, prior to subsequent degradative

destruction of the CDC25 protein (Mailand N. et al, 2000).

(iii) Inactivation of the phosphatase catalytic active-site within the CDC25 protein with resultant
inhibition of CDC25-mediated de-phosphorylation-activation of CDK targets and
consequential perturbed formation of critical CDK-cyclin signaling complexes implicated

in cell cycle progression (Niida H. and Nakanishi M., 2006).

CHK1- and CHK2- phosphorylated abrogation of the critical biochemical pre-requisite CDC25A-
mediated dephosphorylation of Thrl4 and Tyrl5 of CDK2 inhibits the functional formation and
activities of the CDK2-Cyclin A and CDK2-Cyclin E complexes with consequential initiated G1/S
cell cycle arrest. (Falck J. et al, 2001a; Falck J. et al, 2001b; Mailand N. et al, 2000; Niida H. and

Nakanishi M., 2006; Peng C.Y. et al, 1997; Sanchez Y. et al, 1997) — Fig 1.21, p.57.
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Whilst p38-MAPK-phosphorylated abrogation of CDC25A phosphatase activity inhibits the
functional formation and activity of the CDK4-Cyclin D and CDK6-Cyclin D complexes with
consequential initiation of G1/S cell cycle arrest (Lavoie J.N. et al, 1996; Yee A.S. et al, 2004;

Thornton T.M. and Rincon M., 2009) — Fig 1.24, p.60.

CHK1- and CHK2- phosphorylated abrogation of the the critical biochemical pre-requisite
CDC25C-mediated dephosphorylated-activation of CDK1 (also known as Cdc2) inhibits the
function formation and activities of the CDK1-Cyclin A and CDK1-Cyclin B complexes with
consequential induction of G2/M cell cycle phase arrest (Abraham R.T. et al, 2001; Niida H. and

Nakanishi M., 2006) — Fig 1.23, p.59.

Protein phosphatase CDC25B-targeted dephosphorylation of CDK1 induces supramolecular
conformational changes within the activated Cyclin-Dependent Kinase protein which promote the

asscociative formation of the CDK1-Cyclin B1 complex (Schmitt E. et al, 2006).

The CDK1-Cyclin B1 heterodimeric complex is a key functional biochemical signaling component
in the mechanistic regulation of centrosomal microtubule nucleation events which are implicated
in the modulatory control of the G2/M interphase transitional progression of the cell cycle prior to

initiation of early mitotic phase commitment (Schmitt E. et al, 2006; Trovesi C. et al, 2011).
Unlike the CDC25A and CDC25C phosphatases, the CDC25B phosphatase functions as both a

constitutive effector protein in the absence of DNA damage and an inducible effector protein under

cytological conditions of genotoxic stress (Schmitt E. et al, 2006).
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In the absence of DNA damage, constitutive CHK1-mediated phosphorylated-inactivation of the
CDC25B phosphatase (at N-terminus Ser151 and Ser230 residual sites) is a key negative feedback
biochemical regulatory mechanism which serves two critical purposes; the cytological prevention

of catastrophic premature cell division and premature apoptotic induction (Schmitt E. et al, 2006).

Phosphorylation of Ser230 within the CDC25B phosphatase is an essential pre-requisite for the
centrosomal localisation of protein to enable it to elicit the progressive duration of early S-phase

through to mitosis (Schmitt E. et al, 2006) — Fig 1.24, p.60.

Whilst phosphorylation of both Serl51 and Ser230 N-Terminal Domain residues, within the
CDC25B phosphatase protein, is an essential pre-requisite for the associative formation of the
dimerised 14-3-36:CDC25B complex — which is then translocated out of the nucleus and
sequestered in the cytoplasm with consequential inhibition of CDK1-Cyclin B functional activities

and initiated G2/M arrest (Schmitt E. et al, 2006) — Fig 1.24, p.60.

Inducible CHK1- and CHK2-mediated phosphorylated-inactivation of the CDC25B phosphatase
(at Ser151, Ser230 and Ser563 residual positions), in response to upstream DNA damage signal
transduction, triggers the G2 Checkpoint and subsequent G2/M phase cell-cycle arrest as a
consequence of the inhibited formation and functional activities of the CDK1-Cyclin B complex

(Dalal S.N. et al, 1999; Schmitt E. et al, 2006) — Fig 1.24, p.60.

Phosphorylation of Ser563, situated in close proximity to the CDK1 substrate-binding domain
contained within the catalytic active-site of the CDC25B phosphatase protein, induces
supramolecular conformational changes within the enzyme which inhibit its dephosphorylation of
CDK1 with consequential abrogation of associative formation and functional activities of the
CDK1-Cyclin B heterodimeric complex and initiation of G2/M cell cycle arrest (Schmitt E. et al,

2006) — Fig 1.24, p.60.
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Phosphorylated-inactivation of the CDC25B protein, independent of “downstream” CHKI1 and
CHK2 biochemical cell-cycle modulatory signal transduction events, is also elicited via the
p38aMAPK/MAPKAPK?2 pathway in response to U.V.-induced DNA damage (Bulavin D.V. et al,

2001; Bulavin D.V. et al, 2002; Nyberg K.A. et al, 2002) — Fig 1.24, p.60.

In this case, phosphorylated-activation of the p38a Mitogen Activated Kinase (p38aMAPK)
protein, via MAPK Activating Protein Kinase 2 (MAPKAP2), enables it to phosphorylate
CDC25B at residual position Ser309 (Bulavin D.V. et al, 2001; Bulavin D.V. et al, 2002; Nyberg

K.A. et al, 2002) — Fig 1.24, p.60.

p38-MAPK-mediated phosphorylation of Ser309 within CDC25B induces supramolecular
conformational changes in the CDK phosphatase protein that thermodynamically promote
associative binding interactions with 14-3-3 proteins resulting in cytoplasmic sequestration of the
CDC25B-14-3-3 protein complex with consequential inhibition of CDK1 activation, perturbed
associative formation and activities of the CDK1-Cyclin B complex, culminating in G2 checkpoint
activation and G2/M cell-cycle phase arrest (Bulavin D.V. et al, 2001; Bulavin D.V. et al, 2002;

Nyberg K.A. et al, 2002) - Fig 1.24, p.60.

The expression of Cyclin-Dependent Kinases (CDKSs) is constitutive throughout the entire cell
cycle and their respective activity levels are also regulated via two main families of Cyclin-
Dependent Kinase Inhibitors (CDKIs), in addition to interactions with CDC25 phosphatases,

which are implicated collectively in the modulatory control of the cell cycle checkpoints, namely;

(i) The INK4-type class of CDKIs, which include; p16INK4A (p16), p15INK4B (p15), p18INK4C

and p19INK4D (p19).

(i1) The Cip/Kip-type class of CDKIs, which include; p21/Waf1/Cipl (p21), p27/Kipl (p27) and

p57/Kip2 (p57). [44]



The INK4-type CDKIs inhibit the activity of the CDK4 and CDKG6 proteins and are G1-phase
specific, whilst the Cip/Kip-type CDKIs possess a greater degree of versatility with respect to their
capability to inhibit a range of CDKSs throughout all phases of the cell cycle (Fig 1.20, p.56; Fig

1.21, p.57; Fig 1.24, p.60; Fig 1.27, p.63).

Cytological control of the relative levels and activities of cyclins during cell cycle progression is
elicited via regulatory transcriptional mechanisms which result in the induction or suppression of
cyclin-encoding genes and via polyubiquitination-type post-transcriptional modification cyclin-

targeted proteosomal degredation events (Knoepp D.M. et al, 1999; Stewart Z.A. et al, 2003).

Both primary and secondary DNA damage checkpoint signal transducer kinase proteins; ATM,
ATR/ATRIP, CHK1, CHK2 and p38-MAPK, are also implicated in the phosphorylation-enhanced

stabilisation and activation of the effector “downstream” tumour-suppressor protein p53.

The p53 protein is a versatile sequence-specific inductive transcriptional regulator which binds to
the promoter-target domains of a range of modulatory genes that are implicated in the control and
initiation of cell cycle progression, apoptosis, cell-cycle phase-specific arrest and DNA repair

respectively (Shieh S.Y. et al, 2000; Kim M.Ae. et al, 2007) — Fig 1.21, p.57 and Fig 1.24, p.63.

In addition, the p53 protein also self-regulates its own turn-over rate and relative transcriptional
activity via a negative feedback mechanism upon binding to the promoter region of the MDM2

gene with consequential elevated expression of the “ring-finger” ubiquitin ligase protein.

The resultant enhanced expression of the MDMZ2 protein and consequential formation of the
associative MDM2-p53 heterodimeric complex, targets the p53 protein for ubiquitination-mediated
proteosomal degradation (Chen B.J. et al, 1994; Chehab N.H. et al, 1999; Kastan M.B., 1999;

Unger T. et al, 1999; Hirao A. et al, 2000; Vogelstein B. et al, 2000; Maya R. et al, 2001).
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The Rad9-Radl-Husl complex is currently postulated to function as a DNA damage scanner
which may slide back and forth along DNA-associated chromatin supramolecular structural
complexes, thereby acting as a continual “early-warning safe-guard monitoring system” of
genomic integrity. (Burtelow M.A. et al, 2000; Roos-Mattjus P. et al, 2002) — discussed previously

in Section 1.2.1, pp.23-32.

The C-Tail terminal domain of the Rad9 sub-unit, which protrudes out of the “9-1-1” sliding-
clamp sensory complex (Fig 1.10B, p.24; Fig 1.17A, p.53), possesses a high degree of disordered
structure propensity which enables the polypeptide chain to adopt a wide array of transient
supramolecular configurations that facilitate its associative interactions with a variety of different

cell cycle signalling and repair factor proteins in response to detected DNA damage lesion sites.

The Rad9 C-Terminal Tail domain also contains SQ/TP type kinase and phosphatase target motifs
which engage in transient residue-specific constitutive and inducible phosphorylated/de-
phosphorylated types of protein-interactive events that are implicated in the modulation of various
ATR — Chkl and ATR — p38MAPK signal transduction-initiated cell cycle checkpoint pathway
responses to replication stress and genotoxic events (Chen M-J. et al, 2001; Fujinaka Y. et al,
2012; Roos-Mattjus P. et al, 2003; St Onge R.P. et al, 2001; St. Onge R.P. et al, 2003), discussed

summarily in Figs 1.20 — 1.29, pp.56-65.

Both ATM and ATR primary (proximal) transducer checkpoint kinases phosphorylate specific
residues within the C-tail terminal domain of the Rad9 protein sub-unit in response to replication
stress- and.or genotoxic event- induced DNA damage lesions which are detected by the “9-1-17
sensory DNA sliding-clamp complex (Chen M-J et al, 2001; Fujinaka Y. et al, 2012; Shin M.H. et

al, 2012; St. Onge R.P. et al, 2001; St. Onge R.P. et al, 2003) — Fig 1.16, p.52.
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Methylation of the Rad9 sub-unit, at specific arginine residues R172, R174 and R175, is a critical
post-translational modifion pre-requisite for the induction of supramolecular conformational
changes within the protein which may be implicated in initial ATR activation (via associative
“HFD” motif interactions) and promote engagement of its C-Terminal Tail Domain with the ATM,
ATR and CK2 kinases (Dai Y. and Grant S., 2010; He W. et al, 2011; Nadvadgi-Patil V.M. and

Burgers P.M., 2009; Shangary S. et al, 2000) — Fig 1.16, p.52; Fig 1.17A, p.53.

Induction of supramolecular changes within the C-terminal tail domain of Rad9, mediated via
Casein Kinase 2 (CK2)- and ATR-mediated phosphorylation of the Ser387 side-chain (Fig 1.17A,
p.53), enables it to associate with the Topoisomerase IIf Binding Protein 1 (TopBP1) N-terminal

BRCT I and BRCT Il domains. (Delacroix S. et al, 2007) — Fig 1.17D, p.53; Fig 1.18, p.54.

ATM phosphorylation of the Rad9 C-terminal domain at Ser272 (Shangary et al, 2000; Shin M.H.
et al, 2012), may also be implicated in the induction of supramolecular conformational changes
within the protein which serve to enhance the associative ATR/ATRIP-TopBP1-9-1-1"-BRCA1
ternary complex interactions that initiate CHK1 activation (Rappas M. et al, 2010; Shangary S. et

al, 2000; Shin M.H. et al, 2012) — Fig 1.17A, p.53; Fig 1.18, p.54.

From a biochemical mechanistic overview of CHK1 activation, TopBP1 may be considered as a
BRCT-domain interactive biomolecular co-ordinator of the associative “9-1-1”, ATR-ATRIP and
BRCA1 complex integral functions which are implicated in the mediation of Chk1 kinase-initiated
cell cycle checkpoint responses to replication stress and genotoxic cytological events (Delacroix S.

et al, 2007; Lee J. et al, 2007) — Figs 1.18-1.20, pp.54-56.
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The resultant “Rad-Radl-Husl DNA sliding-clamp complex — TopBP1” interaction-induced
supramolecular conformational changes within the TopBP1 protein permit access and binding of
the ATR-ATRIP complex to the ATR-Activating Domain (AAD), located between BRCT VI and
BRCT VII domains of the TopBP1 protein, accompanied by consequential “positive-feedback”

activation of the ATR kinase (Delacroix S. et al, 2007).

Additional “TopBP1 — ATR/ATRIP” complex-induced supramolecular conformational changes
enable formation of associative interactions between the Breast Cancer Susceptibility Protein
(BRCAL1) and the BRCT domains of TopBP1 (Delacroix S. et al, 2007; Foray N. et al, 2003) —

Figs 1.21-1.24, pp.57-60.

Each respective associative BRCT domain-protein complex interaction, within the TopBP1 protein,
is formed via a ‘“head-to-tail” supramolecular a-B-o anti-parallel dimerised tandem (BRCT):2
configuration in which the N-terminal face of one BRCT domain is orientated opposite the two C-
terminal o-helices of the other BRCT domain via an extended “inter-BRCT-bridging” hairpin

polypeptide loop (Kilkenny M.L. et al, 2008; Manke I.A. et al, 2003; Rodriguez M. et al, 2003).

The resultant tandem (BRCT)2 configurations form phosphopeptide motif sub-domain binding
pockets for specific phosphorylated proteins (such as Rad9 and BRCA1), which are stabilised via
an intricate symmetrical self-complementary inter- and intra- hydrogen-bonding network of side-
chain and main-chain Ser residues and peptide-backbones of A, L, T, E residues which is
“thermodynamically-reinforced” via hydrophobic C, H, L, P, R, S, Y residual interactions

(Kilkenny M.L. et al, 2008; Manke I.A. et al, 2003; Rodriguez M. et al, 2003).
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The adaptor protein Claspin is also currently postulated to be essential for the correct orientation of
the ATR protein and the “9-1-1” complex in a specific protein-protein interactive supramolecular
complex configuration to enable ATR to phosphorylate the C-terminal tail domain of the hRad9
protein at Ser 387 (Chini C.C. and Chen J., 2003; Sar F. et al, 2004; Sorensen C.S. et al, 2004; Liu

S. etal, 2012).

[As discussed previously (p.46), phosphorylation of the Ser387 residue within the C-Terminal Tail
Domain of Rad9, which protrudes out of the sensory “9-1-1” DNA sliding-clamp complex, is an
essential post-translational modification pre-requisite for associative interactions with the TopBP1

protein (Delacroix S. et al , 2007) — Figs 1.17, p.53 and Fig 1.18, p.54.

This hypothesis is based upon investigative experimental observations that have indicated that the
“ring-like” supermolecular structure of Claspin binds to stalled DNA replication forks with a high
degree of specificity in which the protein may participate in direct associative interactions with

various branched DNA structures (Sar F. et al, 2004).

In this respect, Claspin is also postulated to function as a critical associative detector element for
ATR/ATRIP complex-recognition of stalled DNA replication forks and co-ordination of ATR
phosphorylated-activation of CHK1-initiated checkpoint pathways which elicit the delayed origin-

firing of DNA replication forks (Shechter D. et al, 2004) — Figs 1.17, p.53 and Fig 1.18, p.54.

Claspin is predominantly localised within the cell nucleus and its phosphorylation, in response to
DNA damage and replicative stress, is an essential post-translational modification-induced
supramolecular conformational transitional pre-requisite which enables the protein to interact with
the associative ATR/ATRIP/“9-1-1” complexes and the secondary (distal) transducer protein

kinase CHK1 respectively (Chini C.C. and Chen J., 2003) — Fig 1.18, p.54.
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Claspin-enhanced synergistic interaction of CHK1 with the ATR/ATRIP and “9-1-1” complexes
facilitates maximal ATR phosphorylated-activation of CHK1 (triggered via initial formation of
ATR- and Rad9 C-terminal tail domain- TopBP1 associative complexes) with consequential
amplified transduction of the DNA damage response signal to various down-stream biochemical
effector targets (Chini C.C. and Chen J., 2003; Delacroix S. et al, 2007) — Figs 1.17, p.53 and Fig

1.18, p.54.

In conclusive summary, the Rad9-Radl-Husl complex both senses DNA damage and triggers
ATR/ATRIP-initiated downstream cell-signalling cascades (Fig 1.20, p.56) that elicit the
appropriate G1/S, Intra-S, G2/M (Figs 1.21-1.26, pp.57-62) and Intra-M phase (Figs 1.27-1.29,
pp.63-65) types of checkpoint-mediated cell cycle arrest, apoptosis and/or DNA repair responses

(Dai Y. and Grant S., 2010).

Protein Kinase C9 is also known to be implicated in the constitutive and genotoxic-induced

phosphorylation of Rad9 (Yoshida K. et al, 2003).

At least 9 potential Protein Kinase Co phosphorylated target sites have been identified within the
Rad9 protein, which may be implicated in the post-translational generation of differential
phosphorylation-state isoforms of Rad9 that may elicit specific modulatory functions on cell cycle
checkpoint-mediated signalling responses to different types of DNA damage and/or replication

stress (Yoshida K. et al, 2003).

Selection of these checkpoint responses may in turn be “biochemically-governed” via the nature
and extent of DNA damage, in conjuction with the temporal point(s) within the cell cycle where
specific genotoxic and/or replication stress events occur (Matsuoka S. et al, 1998; Brown A.L. et
al, 1999; Chaturvedi P. et al, 1999; Shieh S.Y. et al, 2000; Abraham R.T. et al, 2001; Zhao H. and

Piwnica-Worms H., 2001).
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Additional PCNA-Rad9-Hus1 interactions may also mediate biochemical “cross-talk” signals
between the various cell cycle checkpoint pathways, to elicit inhibition of DNA replication in
response to particular genotoxic and/or replication stress events, as an additional level of control
which serves as “back-up/safe-guard” mechanism for the cytological preservation of genomic

integrity. (Komatsu K. et al, 2000c).
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Fig 1.16: hRad9A — Key Checkpoint Signalling Domains & Residues
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A: Elementary Functional Proteomic Signalling Domain Map of the hRad9A Protein [Uniprot: Q99638]

RV, RUVE (R¥NE = PRMTS5 Methylase-Targeted Arginine Residues Implicated in DNA Damage Checkpoint
Signalling (He W. et al, 2011).

XXXX

XXXX = Kinase/Phosphatase Target Motif Sites Implicated in Cell Cycle DNA Damage Checkpoint Signalling
(Canfield C. et al, 2009; Chen M. et al, 2001 St. Onge R.P. et al, 2001; St. Onge R.P. et al, 2003;
Ueda S. et al, 2012; Yoshida K. et al, 2002).

L& = Nuclear Localisation Signal Motif (Hirai I. and Wang H-G., 2002; Kadir R. et al, 2012).

E: hRad9A C-Terminal Tail Protein Kinase/Phosphatase Interactive Phosphorylation Target Motif Sites Implicated in Cell
Cycle Checkpoint Modulatory Signal-Mediated DNA Damage Response Type Pathways.
(Compiled via Collated Information From: Canfield C. et al, 2009; Chen M.J. et al, 2001; St. Onge R.P. et al, 2003).

[NOTE: Phosphorylation sites at Y28 (located within the N-terminal domain) and the C-Terminal tail domain of hRad9 are
also implicated in critical S/M checkpoint control events with regard to signal transduction-mediated inhibition of
premature chromosomal condensation events throughout the entire duration of the S-phase of the cell cycle, prior
to M-phase initiation (Zhang C. et al, 2008).]

[52]



1>

[oy]

(@]

|

Im

1T

Fig 1.17: Key Features of ATR- and Chk1- Activation Proteins
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> Key Checkpoint Signalling Residues and Motifs within the human Rad9A protein, of particular note; the C-terminal tail

domain residues phosphorylated by ATM and Casein Kinase 2 (CK2), the “HFD” motif implicated in enhanced
activation of the human ATR kinase (Fig B) and methylation of three key Arginine residues (R172, R174 and R175) by
the PRMTS5 methylase enzyme , all of which are implicated in human Rad9-mediated activation of the human Chk1 cell
cycle checkpoint kinase (Dai Y. and Grant S.; 2010; He W. et al, 2011; Navadgi-Patil M. and Burgers P.M., 2009).
[Uniprot: Q99638]

. Key Structural Domains and Functional Motifs within the human ATR cell cycle checkpoint kinase protein, of

particular note; the N-terminal ATRIP-binding domain, the two “HEAT” domain motifs (Huntingdon, Elongation
Factor 3, PP2A Substrate and TOR1), the “FAT/FAT-C” motif domains (FRAPP, ATM, TRAPP) and the “PRD”
(PIKK, PI3K/PI4K Kinase Domain) — whose catalytic activity may be enhanced via associative allosteric interactions
of the ATR protein with the “HFD” motif situated within the human Rad9A protein (Fig A).

(Mordes D.A. et al ,2008; Mordes D.A. and Cortez D., 2008; Navadgi-Patil M. and Burgers P.M., 2009)

[Uniprot: Q13535]

. Key Structural Domains and Functional Motifs within the human ATR-Interacting Protein (ATRIP) partner of the

human ATR cell cycle checkpoint kinase (Fig B), of particular note; the N-Terminal Checkpoint Recruitment Domain
(CRD), the ATR-binding domain, the TopBp1 checkpoint mediator protein-binding domain and the CDK2-Interacting
Protein Domain (CINP) (Lovejoy C.A. et al, 2009; Mordes D.A. and Cortez D, 2008). [Uniprot: QW8XE1]

. Key Functional BRCT Domains and Amino Acid Residues of the TopBP1 Mediator/“Scaffold” protein, of particular

note; The N-Terminal BRCT Triplet Domain which associates with the human Rad9A protein (Fig A) via BRCT1
sub-domain interactions with the ATR (Fig B)-phosphorylated Ser387 residue of the human Rad9A C-Terminal Tail
Domain and the ATR Activation Domain (AAD) which associates with the PRD Domain of ATR and allosterically
enhances its kinase catalytic activity (Fig B) (Huo Y.G. et al, 2010; Mordes D.A. et al, 2008; Rappas M. et al, 2010;
Yan S. and Michael W.M., 2009a; Yan S. and Michael W.M., 2009b). [Uniprot: Q92547]

> Key Functional Domains of the Claspin Mediator/“Scaffold” ring protein, of particular note; the coiled-coil domains

which are implicated in associative DNA interactions and the three Chkl (Fig F) interactive sites and their key
phosphorylated Ser residues within the Chk1-Binding Domain (CKDB) (Sierant M.L. et al, 2010; Tanaka K., 2010).
[Uniprot: QOHAWA4]

. Key Functional Domains of the Chkl Checkpoint Signal Transducer protein, of particular note; The N-Terminal

Catalytic Kinase Domain and Key Phosphorylation Sites and Associative Kinase Active Site Lid Sub-Domains
(Regional Motifs 1 and 2) within the Autoinhibitory/Activity Regulator Domain (Tapia-Alveal C. et al, 2009).

[Uniprot: O14757]
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Fig 1.18: “9-1-1” Clamp-Orchestrated Chk1 Activation

[Collated via Adapted Information Taken From: Canton D.A. and Scott J.D., 2010; Cimprich K.A. & Cortez D., 2008;
den Elzen N. et al, 2004; Fujinaka Y. et al, 2012; He W. et al, 2011;
Leung- Pineda V. et al, 2006; Mordes D.A. and Cortez D., 2008;
Navadgi-Patil V.M. & Burgers P.M., 2009; Navadgi-Patil V.M. &
Burgers P.M., 2011; Palermo C. et al, 2008; Rappas M. et al, 2010;
Tanaka K., 2010; Sierant M.L. et al, 2010; Smith J. et al, 2010;
Yan S. & Michael W.M., 2008a; Yan S. & Michael W.M., 2008b;
Tapia-Alveal C. et al, 2009; Ueda S. et al, 2012;
Warmerdam D.O. et al, 2010]
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Essential post-translocational modifications of the Rad9 protein for “9-1-1” clamp complex-initiation of the ATR—>Chk1 DNA damage

response pathways are PRMT5-mediated methylation of Rad9 at Argl72, Argl74 and Argl75), ATM-mediated phosphorylation at
Thr272 residue and Casein Kinase 2 (CK2) —mediated phosphorylation of Ser341 and Ser387 (Dai Y. and Grant S., 2010; He W. et al,
2011) - Fig 1.17A, p.53.

Interactions between the Rad9 “HFD” ATR-activation motif and ATR, in conjunction with association of the ATR catalytic PRD domain
with the TopBP1 AAD domain, which is facilitated via the proximal association of the TopBP1 protein with the Rad9 C-terminal tail
domain (via the TopBP1 BRCT Domain — Rad9-S387 Casein Kinase 2 (CK2)-phosphorylated residue) activates the ATR kinase (Mordes
D.A. etal, 2008; Mordes D.A. and Cortez D., 2008; Navadgi-Patil V.M. and Burgers P.M., 2009; Rappas M. et al, 2010) — Figs 1.17A, 1.17B,
1.17D, p.53.

Subsequent “9-1-1” clamp-complex recruitment of claspin, facilitates its phosphorylation by ATR (at Thr919, Ser945 and Ser982) which
induces supramolecular configurational changes that mediate associative interactions of the secondary (diatal) checkpoint kinase Chkl
within the Chk1-binding domain of the adaptor protein (Sierent M.L. et al, 2010; Tanaka K., 2010) — Fig 1.17E, p.53.

Subsequent ATR-mediated phosphorylation-activation of Chkl (at Ser317 and Ser345) induces supramolecular configurational changes
within the secndary (distal) transducer checkpoint kinase which promote domain lid-dissociation from the catalytic active site and thus
enable Chkl to phosphorylate its downstream protein effector targets for elicitation of the appropriate cytological responses to the “9-1-1”
clamp sensor-detected genotoxic- and/or replication stress- induced DNA damage lesions (Tapia-Alveal C. et al, 2009; Warmerdam D.O. et
al, 2010) - Fig 1.17F, p.53.

Chk1-mediated phosphorylation-activation of the p53 protein, enables it to associate with the PMMID gene promoter and induce expression
of the Wipl protein phosphatase, which also targets and dephosphorylates Chkl (at Ser317 and Ser345), with consequential initiation of
supramolecular conformational changes within the checkpoint kinase which promote re-aasociation of the lid domains 1 and 2 with the
catalytic site for Chkl inactivation — thereby providing a negative feedback mechanism for regulation of Chkl-mediated DNA damage
signalling (den Elzen N. et al, 2004; Leung-Pineda V. et al, 2006) — Fig 1.17F, p.53.

Regulation of Chkl activity is also mediated via associative interactions with the 14-3-3¢ for cytosolic sequestration of the resultant
Chk1:14-3-3¢ complex , thereby preventing Chkl from phosphorylating its nuclear-localised protein effector targets (Canton D.A. and
Scott J.D., 2010; Dunaway S. et al, 2005).



Fig 1.19: Constitutive and Inducible Models of ATR Activation

[Compiled via Collated Information Adapted From: Cotta-Ramusino C. et al, 2011; Fujinaka Y. et al, 2012;
Li D.Q. etal, 2010; Lin S.J. et al, 2012; Mordes D.A. et al, 2008;
Mordes D.A. and Cortez D., 2008;
Pfander B. and Diffley J.F., 2011; Qu M. et al, 2012;
Smith J. et al, 2010; Smits V.A. et al, 2010;
Sun T.P. and Shieh S.Y., 2009
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Under normal cytological conditions, a basal level of associative RPA:ATRIP-mediated constitutive ATR activity is
sufficient for maintenance of genomic integrity (Smits V.A. et al, 2010).

Genotoxic cytological conditions of DNA damage, replication stress and/or other environmental stresses induce elevated
levels ATR activity via TopBP1-independent and TopBP1-dependent mechanisms which are mediated via associative Rad9
functional C-Terminal Tail Domain protein interactions within the “9-1-1” clamp complex (Smits V.A. et al, 2010).

The TopBP1l-independent mechanism of “9-1-1” clamp complex-enhanced ATR activation may proceed via allosteric
modulation of the catalytic kinase activity of the PRD domain of ATR (Fig 1.17B, p.53) via Rad9 “HFD” motif domain
interactions with the ATR checkpoint kinase protein and elicits G1 and G1 cell cycle phasic arrest in response to genotoxic
events (Navadgi-Patil V.M. and Burgers P.M., 2009; Smits V.A. et al, 2010)

The TopBP1-dependent mechanism of “9-1-1” clamp complex-enhanced ATR activation, discussed previously in Fig 1.18,
p.54, elicits S and G2 cell cycle phasic arrest in response to genotoxic events (Smits V.A. et al, 2010).

The FEM1B protein (human homologue of the Caenorhabditis elegans sex determination feml protein) may also be
implicated in functional associative Rad9 C-terminal tail domain interactions which elicit the “9-1-1” clamp complex-
mediated TopBP1l-independent and TopBP1-dependent mechanisms of elevated ATR checkpoint kinase-mediated
phosphorylated-activation of Chk1-initiated cell cycle checkpoint responses to DNA damage and replication stress (Sun T.P.
and Shieh S.Y., 2009).

A recently discovered novel protein, “RHINO” (“Rad9-Radl-Husl Interacting Orphan”) has also been demonstrated to
associate with both Rad9 and TopBP1 and may therefore be implicated in the TopBP1-dependent mechanism of elevated
ATR checkpoint kinase-mediated phosphorylated-activation of Chkl-initiated cell cycle checkpoint responses to DNA
damage and replication stress (Cotta-Ramusino C. et al, 2011).

The MTAL protein (Metastasis-Associated Protein 1) has been demonstrated to be required for activation of ATR-Claspin-
Chkl-initiated checkpoint responses to both U.V.- and lonising Radiation- induced forms of DNA damage and double-
stranded duplex breaks and thus may also be functionally implicated in TopBP1-independent and/or TopBP1-dependent
“9-1-1” clamp complex-mediated mechanisms of enhanced ATR activity (Li D.Q. et al, 2010).

Other unidentified associative protein interactions (designated “X”? in the figure above) may also be implicated in the

Rad9-Rad1-Husl complex-mediated TopBP1-independent and TopBP1-dependent mechanisms of enhanced ATR activity
in response to genotoxic events (Smits V.A. et al, 2010).
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Fig 1.20: “9-1-1” Clamp-Intercommunicative Chk1 Signal Network

[Taken and Adapted From: Dai Y. and Grant S., 2010; He W. et al, 2011]
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Rad9-Radl-Husl complex-initiated ATR-Chkl kinase activation triggers a variety of key “downstream” protein signalling
protein component “cross-talk” activities which are implicated in regulatory cell cycle DNA damage response checkpoint
pathways (Dai Y. and Grant S., 2010; Sancar A. et al, 2004; Smith J. et al, 2010).

These pathways are comprised of complex protein inter-communicative “downstream” sequential signalling cascades of
DNA Damage Sensors, Mediator/Adaptor “Scaffold” Platforms, Primary (Proximal) Transducers, Secondary (Distal)
Transducers and Effectors whose respective function/activities are regulated via specific transient types of associative
phosphorylation and dephosphorylation post-translational modifications mediated via various types of kinase and
phosphatase catalytic events which also modulate protein-specific associative 14-3-3 protein-sequestration events
respectively (Christmann M. et al, 2003; Dai Y. and Grant S., 2010; Dunaway S. et al, 2005; Niida H. and Nakanishi M.,
2006; Smith J. et al, 2010) .

The human Rad9A protein component of the “9-1-1” clamp functions collectively in the initiation of 7 key Chk1-Activated
DNA Damage Checkpoint Pathways — notably; the G1/S Checkpoint (Fig 1.21, p.57), The Intra-S Phase Checkpoint (Fig
1.22, p.58), the G2/M Checkpoint (Fig 1.23, p.59), the p38-MAPK Checkpoint (Fig 1.24, p.60), the Circadian Checkpoint
(Fig 1.25, p.59), the G2-Decatenation Checkpoint (Fig 1.26, p.60) and the Intra-M Phase Spindle Checkpoint (Figs 1.27-1.29,
pp.63-65) (Boye E. et al, 2009; Dai Y. and Grant S., 2010; Houtgraaf J.H. et al, 2006; Sancar A. et al, 2004; Smith J. et al,
2010; Thornton T.M. and Rincon M., 2009).

Rad9-Rad1-Husl complex-initiated ATR/Chk1 activation of apoptotic signalling pathways may also impinge upon the
functional activity of “9-1-1” clamp-independent Rad9-mediated modulation of apoptotic signal DNA damage checkpoint
responses (discussed later in Section 1.3.2, pp.127-130).

Associative human Rad9A C-Terminal Tail Domain protein-interactive signalling functions, coupled with ATR-initiated
Chk1-Activation, also mediate “9-1-1” clamp-modulation of the activities of particular DNA repair pathways — most
notably; Base-Excision Repair (BER), Chromatin Re-Modelling/Assembly, Double-Strand Breakage (DSB) Repair
Mechanisms, Replicative Senescence and Translesion Synthesis (TLS) Repair (discussed in detail later in Section 1.2.5,
pp.86-118).
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Fig 1.21: “9-1-1” Clamp Influences on G1/S Checkpoint Activation
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Rad9-Rad1-Husl complex-induced ATR—Chkl activation initiates both a rapid G1/S arrest and a sustained G1/S via two distinctive
subsequent Chkl kinase-mediated biochemical interactions (Bartek J. and Lukas J., 2001a; Bartek J. and Lukas J., 2001b; Sancar A. et al,
2004; Smith J. et al, 2010).

Chkl kinase phosphorylation-mediated inactivation of Cdc25A phosphatase initiates its ubiquitination-targeted proteolytic degradation,
with consequential inhibition of Cdc25A-mediated Thrl4 and Tyrl5 dephosphorylation-activated CDK2 and maintenance of the S-phase
promoting Cyclin E/CDK2 complex in its inactive phosphorylated state which prevents loading of Cdc45 onto the replication origin with
consequential inhibition of progressive replication origin firing (Falck J. et al, 2001a; Falck J. et al, 2001b; Mailand N. et al, 2000; Niida H.
and Nakanishi M., 2006; Peng C.Y. et al, 1997; Sancar A. et al, 2004; Sanchez Y. et al, 1997; Smith J. et al, 2010).

Chk1 kinase phosphorylation-mediated activation of p53 enables it to bind to the p21 gene promoter with enhancement p21 transcriptional
activity and consequential elevated expression of the p21 protein, which then binds to the CDK4/6:Cyclin D complex and perturbs
CDK4/6:Cyclin D complex-mediated phosphorylated-activation of the retinoblastoma protein (Rb) with subsequent inhibition of Rb-
mediated E2F transcription factor release with resultant suppressed transcription of S-phase genes, culminating in sustained G1/S arrest.

The p21 protein also associates with and inhibits the activity of the CDK2:CyclinE/A complex for secured maintenance of G1/S cell cycle
checkpoint arrest (Sancar A. et al, 2004; Smith J. et al, 2010)

ATM kinase-mediated phosphorylation-induced conversion of Chk2 to its autophosphorylation-activated dimeric kinase form also results
in Chk2-mediated phosphorylation of Cdc25A with consequential Rapid G1/S arrest or Chk2-mediated phosphorylation of p53 with
consequential sustained G1/S arrest (Falck J. et al, 2001a; Falck J. et al, 2001b; Mailand N. et al, 2000; Niida H. and Nakanishi M., 2006;
Peng C.Y. etal, 1997; Sanchez Y. et al, 1997; Smith J. et al, 2010).

Co-operative parallel pathway “cross-talk redundancy” between the respective “9-1-1” complex-activated and ATM-activated secondary
(distal) transducer kinases Chkl and Chk2, that phosphorylate both Cdc25A and p53, ensures the initiation of an appropriate degree of
sustained G1/S arrest response which is dependent upon the biochemical nature and extent of the DNA damage (Abraham R.T., 2001;
Niida H. and Nakanishi M., 2006; Sancar A. et al, 2004; Smith J. et al, 2010).
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Fig 1.22: “9-1-1” Clamp Influences on Intra-S Checkpoint Activation
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Rad9-Rad1-Husl complex-induced ATR—>Chk1 activation initiates Intra-S Phase arrest via subsequent Chkl kinase phosphorylation and inactivation of
Cdc25A phosphatase which is then subject to ubiquitination-targeted proteolytic degradation, with consequential inhibition of Cdc25A-mediated Thr14 and
Tyrl5 dephosphorylation-activated CDK2 and abrogated CDK2:CyclinE/A complex activities (Falck J. et al, 2001a; Falck J. et al, 2001b; Falck J. et al, 2002;
Mailand N. et al, 2000; Niida H. and Nakanishi M., 2006; Peng C.Y. et al, 1997; Sanchez Y. et al, 2007; Smith J. et al, 2010).

Single-stranded DNA gaps may also be detected via associative “9-1-1” clamp ATR/ATRIP-activation which, together with activated Chk1, can perturb the
catalytic activity of the Cdc7/Dbf4 protein kinase with consequential inhibition of DNA replication initiation (Sancar A. et al, 2004; Smith J. et al, 2010).

In addition to perturbed replication origin firing, the “9-1-1” clamp-triggered ATR—>Chk1 pathway also elicts several othe key functional influences on DNA
damage responses — notably; inhibition of homologous recombination (HR) DNA repair factors, induction of replication fork stability (via associative retention
of DNA polymerases within the replication machinery via inhibition of MCM DNA helicase, Mus81 enonuclease-mediated fork cleavage activities and/or fork
reversal DNA lesion by-pass via modulation of BLM DNA helicase activity) and promotion of alterantive DNA repair pathways to HR such as Translesion
Synthesis (TLS)-coupled “Template —Switching” (Christmann M. et al, 2003; Jansen J.G. et al, 2007; Sancar A. et al, 2004; Taylor M. et al, 2011).

ATM kinase-mediated phosphorylation-induced conversion of Chk2 to its autophosphorylation-activated dimeric kinase form also results in phosphorylation of
Cdc25A and consequential Intra-S-Phase arrest of the cell cycle (Falck J. et al, 2001; Mailand N. et al, 2000; Niida H. and Nakanishi M., 2006; Peng C.Y. et al,
1997; Sancar A. et al, 2004; Sanchez Y. et al, 2007; Smith J. et al, 2010).

In either case, ubiquitin-targeted proteolytic removal of Cdc25A phosphatase maintains the S-phase-promoting Cyclin E/Cdk2 complex in its phosphorylated,
inactive state which perturbs loading of Cdc45 onto the replication origin with consequential inhibition of progressive replication origin firing (Sancar A. et al,
2004; Smith J. et al, 2010).

Both ATR- and ATM- kinase-mediated phosphorylation of Nbsl impinge upon formation and associative activities of the Mrell-Rad50-Nbs1 (“MRN”)
complex for the orchestrated co-ordination of MRN complex-mediated repair of DNA double-stranded breaks and stalled DNA replication fork recovery, in
conjunction with inhibition of DNA replication initiation via downstream interactions of the MRN complex with the SMC1/SMC3 heterodimeric complex
(Christmann M. et al, 2003; Sancar A. et al, 2004; Smith J. et al, 2010).

ATM kinase-mediated phosphorylation of BRCAL and FANCD?2 , with consequential formation of the BRCAL1:FANCD2 complex may also impinge upon the
activity of associative Rad9 C-terminal tail domain BRCAL:TopBP1 ternary complex activities which initiate the recovery of stalled DNA replication forks
(Christmann M. et al, 2003; Sancar A. et al, 2004; Smith J. et al, 2010).

Interactive association of Fhit (Fragile Histidine Triad Transcription Protein) with the Husl sub-unit, within the “9-1-1” clamp complex, is an essential pre-
requisite for the co-ordinative coupling of Chk1 activation with cell cycle arrest to enable sufficient time for DNA repair in mid-S phase (Ishii H. et al, 2006;
Pichiorri F. et al, 2008)

In Fhit-defective cells, inappropriate Chkl-initiated DNA damage responses are elicited with consequential uncoupling of cell cycle arrest and impaired DNA
repair processes which culminate in the propagation of genomic instability and promotion of carcinogenesis (Cirombella R. et al, 2010; Ishii H. et al, 2006)
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Fig 1.23: “9-1-1” Clamp Influences on G2/M Checkpoint Activation
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Rad9-Radl-Husl complex-induced ATR—Chkl activation initiates G2-M arrest via subsequent Chk1l Kkinase
phosphorylation of the Weel kinase (at Ser 549) which enables formation of the Weel-14-3-3¢ complex with subsequent
enhancement of the inhibitory Cdc2-targeted Weel kinase activity, which phosphorylates CDK1 at Thr14 and Tyrl5 with
consequential abrogation of functional CDK1 associative CDK1/Cdc2:Cyclin B complex-mediated signalling activities which
are required for G2 cell cycle progression into the mitotic (“M”) phase (Lee J. et al, 2001; Nyberg K. et al, 2002; Sancar A.
etal, 2004; Smith J. et al, 2010; Stewart Z.A. et al, 2003).

ATM kinase-mediated phosphorylation-induced conversion of Chk2 to its autophosphorylation-activated dimeric kinase
form also results in phosphorylation of the Cdc25C phosphatase which initiates the associative formation and subsequent
nuclear translocation/cytoplasmic sequestration of the resultant Cdc25C:14-3-36 complex with consequential inhibition of
Cdc25C-mediated Thrl4 and Tyrl5 dephosphorylation-activation of CDK1/Cdc2 and abrogated CDK2/Cdc2:Cyclin B
complex-mediated signalling activities (Abraham R.T., 2001; Niida H. and Nakanishi M., 2006; Sancar A. et al, 2004; Smith
J. etal, 2010).

Co-operative parallel pathway “cross-talk redundancy” between the respective “9-1-1” complex-activated and ATM-
activated secondary (distal) transducer kinases Chkl and Chk2, that phosphorylate both Cdc25C and Weel, ensures the
initiation of an appropriate degree of sustained G2-M arrest response which is dependent upon the biochemical nature and
extent of the DNA damage (Abraham R.T., 2001; Niida H. and Nakanishi M., 2006; Sancar A. et al, 2004; Smith J. et al,
2010).

Induction of the G2 checkpoint may also be initiated via direct associative interactions of the 14-3-3¢ protein with the
CDK1/Cdc2-Cyclin B complex, with consequential nuclear translocation/cytoplasmic sequestration of the resultant
CDK1/Cdc2:14-3-3¢ ternary complex and thus perturbed CDK2/Cdc2:Cyclin B complex-mediated signalling activities
(Chan T.A. et al, 1999; Nyberg K.A. et al, 2002; Sancar A. et al, 2004; Smith J. et al, 2010).
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Fig 1.24: “9-1-1” Clamp-Induced p38-MAPK Checkpoint Signalling
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Autophosphorylation-activated ATM and “9-1-1” clamp-activated ATR primary (proximal) transducer kinases may also activate the p38-
MAPK kinase isoforms in response to DNA damage and/or perturbed DNA replication induced by various cytological stress factors
including; U.V. irradiation, cold shock, heat shock, cold shock, osmotic shock, oxidative stress and inflammatory biochemical signalling
events (Bulavin D.V. et al, 2001; Casanovas O. et al, 2000; Denoyelle C. et al, 2006; Faust D. et al, 2005; Ito K. et al, 2006; Kishi H. et al,
2001; Reinhardt H.C. et al, 2007; Reinhardt H.C. and Yaffe M.B., 2009; Reiser V. et al, 2006; Thornton T.M. and Rincon M., 2009; Zhou
B.B. and Elledge S.J., 2000).

Activation of the p38-MAPK isoforms may proceed via direct ATM-mediated phosphorylation and/or via an indirect pathway involving
ATR-phosphorylation of Thousand-and-One Kinases (TAQ’s) which then initiate phosphorylated-activation of Map Kinase Kinases 3 and
6 (MKK3/6) which in turn phosphorylate and thereby activate the p38 MAPK kinases (Raman M. et al, 2007; Reinhardt H.C. et al, 2007;
Reinhardt H.C. and Yaffe M.B., 2009; Thornton T.M. and Rincon M., 2009; Wang X. et al, 2000; Zhou B.B. and Elledge S.J., 2000).

p38 MAPK kinase isoforms both stabilise and phosphorylate p53 (at Ser15, Ser389 and Ser392) with consequential induction of p21, which
is also stabilised by p38 MAPK’s, which culminates in the induction of rapid G1/S arrest, Mid-S phase arrest and G2/M arrest (Bulavin
D.V. et al, 1999; el-Deiry W.S. et al, 1993; Han J. and Sun P., 2007; Huang C. et al, 1999; Hui L. et al, 2007; Kim Y.G. et al, 2002; She Q.B.
et al, 2000; She Q.B. et al, 2001) — via the respective celle cycle checkpoint pathways discussed previously (Figs 1.21 — 1.23, pp.57 -59).

p38 MAPK phosphorylation-mediated activation of p53-induced elevated transcriptional expression of the GADD45 proteins (Growth
Arrest DNA Damage) also results in the cumulative formation of GADD45:CDK1(Cdc2) complex with consequential inhibition of
CDKZ1(Cdc2)/Cyclin B activity and initiation of G2/M cell cycle arrest (Zhan Q. et al, 1999; Thornton T.M. and Rincon M., 2009).

p38 MAPK kinase isoforms are also implicated in the phosphorylation-inactivation and subsequent 14-3-3¢ protein-mediated cytosolic
sequestration of the phosphatases Cdc25A and Cdc25B (via p38 MAPK-induced activation of the MAPKAP2 kinase which then
phosphorylates and inactivates Cdc25B), in conjunction with p38 MAPK phosphorylation-mediated activation of p53-induced elevated
transcriptional expression of 14-3-36, with consequential initiation of maintained G1/S arrest and G2/M arrest (Goloudina A. et al, 2003;
Hermeking H. et al, 1997; Lemaire M. et al, 2006; Lopez-Girona A. et al, 1999; Manke I.A. et al, 2005; Morris M.C. et al, 2005) — via the
respective cell cycle checkpoint pathways discussed previously (Figs 1.21 - 1.23, pp.57 - 59).

p38 MAPK kinase isoforms also target and modulate the transcriptional activity of the INK4a/ARF gene locus, with consequential elevated
expression of the encoded p16 (INK4a) and pl9 (ARF) proteins which regulate the G1/S checkpoint via two distinctive mechanistic
pathways (Bulavin D.V. et al, 2004; Faust D. et al, 2005; Ito K. et al, 2006; Roussell M.F., 1999; Thornton T.M. and Rincon M., 2009).

The pl6 protein inhibits Cyclin-Dependent Kinase CDK4/6 activation and initiates a maintained G1/S arrest, whilst the pl19 protein
enhances the functional stability of the p53 protein (via cytosolic sequestration of the MDM2 protein which targets p53 in the nucleus for
ubiquitin-mediated proteolysis) with consequential elevated expression of p21 which culminates in rapid G1/S arrest and G2/M arrest
(Weber J.D. et al, 1999; Tao W. and Levine A.J., 1999) — via the respective cell cycle checkpoint pathways discussed previously (Figs 1.21 —
1.23, pp.57 -59).

p38 MAPK kinase isoforms also inactivate Cyclin D1 via direct targeted phosphorylation and/or phosphorylation-stabilisation of the HMG-
Box transcriptional protein HBP1 which suppresses the transcriptional activity of the Cyclin D1 gene, with consequential initiation of a
maintained G1/S cell cycle arrest (Lavoie J.N. et al, 1996; Yee A.S. et al, 2004; Thornton T.M. and Rincon M., 2009).
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Fig 1.25 “9-1-1” Clamp Influences on the Circadian Checkpoint

[Compiled via Collated Information Taken and Adapted From: He W. et al, 2011;
Kondratov R.V. and Antoch M.P., 2007;
Kondratov R.V. et al, 2007;
Levi F. and Schibler U., 2007;
Morgan D.O., 1997;

Zhou B.B. and Elledge S.J., 2000]
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The core circadian clock proteins PER1 (Period 1) and TIM1 (Timeless), together with its non-circadian partner TIPIN
(TIM1-Interacting Protein), are also implicated in the activation of the primary (proximal) transducer kinases Chkl and
Chk2 in response to genotoxic damage and/or DNA replication stress for the regulatory temporal co-ordination of the G1/S

(ATM—>Chk2 pathway) and G2/M (“9-1-1” clamp-initiated ATR—>Chk1 pathway) cell-cycle checkpoints with DNA
metabolism (Antoch M.P. and Kondatov R.V., 2010; Chen C. and McKnight S.L., 2007; Collis S.J. and Bolton S.J., 2007;

Duffield G.E. at al, 2002; Gauger M.A. and Sancar A., 2005; Hong C.1. et al, 2009; Unsul-Kacmaz K. et al, 2005; Zhou B.B.
and Elledge S.J., 2000) — Figs 1.21 - 1.24, pp.57-60.

The Chk2-ATM-PER1 heterotrimeric complex initiates the G1/S checkpoint arrest and the ATR-TIM1-Chkl
heterotrimeric complex initiates the G2/M checkpoint arrest, in which TIM1 may also be implicated in the ATM-dependent
activation of the Chk2-initiated G2/M arrest (Antoch M.P. et al, 2005; Kemp M.G. et al, 2010; Yang X. et al, 2010) -
discussed previously in Fig 1.21, p.57 and Fig 1.23, p.59.

TIM1, in heterodimeric complex association with its non-circadian partner TIPIN, may also interact with Claspin, DNA
polymerases, the Replication Protein A sub-unit RPA34 and MCM helicase in a collectively protein assembly which travels
with the DNA replication fork and may initiate an Intra-S phase-type replication checkpoint arrest for temporal co-
ordination of transient oscillatory DNA replication and DNA recombination events which are induced under both normal
and genotoxic/replication stress-related cytological conditions (Gotter A.L., 2003; Gotter A.L. et al, 2007; Loros J.J. et al,
2007; Unsul-Kacmaz K. et al, 2007; Yoshizawa-Sugata N. and Masai H., 2007).
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Fig 1.26: “9-1-1” Clamp-Induced G2-Decatenation Checkpoint Model

[Compiled via Colated Information Adapted From: Greer Card D.A. et al, 2010; He W. et al, 2011;
Pichierri P. et al, 2003; Pichierri P. et al, 2011;
Pichierri P. et al, 2012; Sancar A. et al, 2004
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The Rad9-Radl-Husl complex is loaded onto RPA-coated stalled replication forks, whose induction may be mediated via a variety of
different genotoxic- and/or replication-stress- related cytological events which culminate in adverse DNA topological rearrangements within
the chromatin supramolecular architecture (discussed later in Section 1.2.5, pp.86-118; Fig 1.35, p.89 and Fig 1.36, p.90) — as in the case of
the impairment of Topoisomerase Il activity with resultant formation of catenated chromatids that may promote double-strand breakage
(DSB) events. (Dillon L.W. et al, 2010; Greer Card D.A. et al, 2010).

Human Rad9A, acting in associative concert with TopBP1 (which also binds Topoisomaerse II), ATR and BRCA1, within the “9-1-1” clamp
complex, may trigger a G2-Decatenation checkpoint in which ATM-mediated phosphorylation of Rad9A at Thr272 within its C-Terminal
Tail Domain and Thr68 within Chk2 is also implicated with consequential prevention of cut-like cytological phenotypes, suppression of re-
replication events and phasic arrest of cell cycle progression to provide time for stalled fork recovery and/or appropriate rectification of
DSBs via the Homologous Recombination Repair (HRR) pathway (discussed later in Section 1.2.5, p.109; Fig 1.48, p.109) — which is
initiated via Chk1-phosphorylated-activation of the Rad51 DNA repair factor (Enders G.H., 2008; Greer Card D.A. et al, 2010).

Both ATM and ATR primary (proximal) transducer checkpoint kinases are also implicated in the differential phosphorylation of the
Werner Syndrome protein (WRN) which possesses 3’-5’-exonuclease and helicase domain activities and catalyses the unwinding of
secondary DNA structures such as hairpins, DNA forks, resolution of recombination intermediates via Holliday Junction Branch migration
and induction of D-loop dissociation and degradative removal of bubbles, stem-loops, and 3-way or 4-way DNA junctions (Ammazzalorso
F. et al, 2010; Oshima J., 2000; Pichierri P., 2003; Pirzio L.M. et al, 2008; Rossi M.L. et al, 2010; Salk D., 1985; Sidorova J.M., 2008).

ATR phosphorylated-activation of WRN (at Ser991, Thr1152 and Ser1256), via “9-1-1”-complex associative WRN-Radl interactive
recruitment of WRN in association with RPA at nuclear foci of stalled replication fork sites and in close proximity to the primary
transducer checkpoint kinase, initiates WRN-catalysed repair of the stalled DNA fork and thus prevents formation of DSBs to enable
replication fork recovery (Ammazzalorso F. et al, 2010; Gray M.D. et al, 2005; Pichierri P. et al, 2007; Rossi M.L. et al, 2010).

Collapsed replication fork degeneration-induced DSB formation is prevented via ATM-mediated phosphorylation of WRN (at Ser1058,
Ser1141 and Ser1292) which induces supramolecular conformational changes within the WRN protein which promote its dissociation from
RPA and the Radl sub-unit of the “9-1-1” clamp, prior to appropriate rectification of the collapsed replication fork via the alternative
Chkl-activated Rad51-Mediated HRR repair pathway (Ammazzalorso F. et al, 2010; Pichierri P. et al, 2007; Pichierri P. et al, 2011).
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Fig 1.27:79-1-1” Clamp Influences on Intra-M Phase Checkpoints

[Compiled via Collated Information Taken and Adapted From: Chin C.F. and Yeong F.M., 2010
Malumbres M. and Barbacid M., 2007
Musacchio A. and Hardwick K.G., 2002]
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The cytological regulation of the centrosome cycle and appropriate temporal chromosomal segregation is tightly choreographed via a series
of sequential Intra-M Phase checkpoints for the prevention of propagated chromosomal aberrations during mitosis (Fig 1.9, p.16), thereby
acting as a further “safe-guard” against potential neoplastic transformation and progression (Chin C.F. and Yeong, 2010; Malumbres M.
and Barbacid M., 2007; Mussachio A. and Hardwick K.G., 2002).

Cyclin-Dependent Kinases (eg CDK1/Cdc2, CDK4), NIMA (Never-In-Mitosis Aspergillus)-like Kinases (NEKSs), Polo-Like Kinases (eg
PLK1) and Aurora Kinases (Aurora-A, Aurora-B, and Aurora-C) function as transducers and/or effectors in various signalling pathways
which control appropriate co-ordination of centrosome cycle progression in conjunction with mitotic spindle formation and activation of
the Anaphase Promoting Complex/Cyclosome (APC/C) (Chin C.F. and Yeong, 2010; Chung |I. et al, 2011; Longhese M.P. et al, 2006;
Malumbres M. and Barbacid M., 2007; Mussachio A. and Hardwick K.G., 2002). — Fig 1.28, p.64.

The functional activity of the Spindle Assembly Checkpoint (SAC), which “monitors” and ensures the correct symmetrical bipolar
attachment orientation of the mitotic spindle microtubules to the sister chromatids, is regulated by the Bub Kinases (Bubl, BubR1), Aurora
B kinase and a dual-specificitySer/Thr/Tyr kinetochore kinase known as the Monopolar Spindle Kinase 1 (MPS1/TTK1) that are key
components of the Mitotic Checkpoint Complex (MCC) (Chin C.F. and Yeong, 2010; Malumbres M. and Barbacid M., 2007; Mussachio A.
and Hardwick K.G., 2002) - Fig 1.28, p.64; Fig 1.29, p.65.

Co-ordinated ATM and associative “9-1-1” clamp-ATR ternary complex functions culminate in the activation of the distal transducer
kinases Chk1 and p38 (Fig 1.24, p.60) which in turn may impinge upon the regulation of various Intra-M phase checkpoints, including in
particular the Spindle Checkpoint (Fig 1.20, p.56; Fig 1.28, p.64; Fig 1.29, p.65), via phosphorylation-mediated alteration of the functional
activities of specific kinases such as Aurora B, BUB1, CDK1/CCNB, PLK1 and the Kinesin-Like Plus-End Directed Motor protein — termed
“CENP-E” (Chin C.F. and Yeong, 2010; Malumbres M. and Barbacid M., 2007; Mussachio A. and Hardwick K.G., 2002).
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Fig 1.28: Asymmetric Kinetochore Spindle Attachment Rectification

[Compiled via Collated Information Taken and Adapted From: Acquaviva C. and Pines J., 2006
Chan G.K. and Yen T.J., 2003
Fuller B.G. and Stukenberg P.T., 2009
Maresca T.J. and Salmon E.D., 2010

PROPHASE

Syntelic
Attachment
iC
} CHROMOSONAL M%C APCIC _H

KINETOCHORES

PROMETAPHASE

\ [Aur?ry

Spindie Pole Attachment

NS
CHROMATIDS // Rectification

Monotelic

Spinde Fole HIGH CDK1
Merotelic ACTIVITY

Attachment

—>+ METAPHASE
Amphitelic
Attachment
LOW CDK1
Jr ACTIVITY
APC/C \
ANAF'HASEO4 MITOTIC EXIT
Securin Degradation Cyclin B Degradation
: ANAPHASE

During Prometaphase (Fig 1.27, p.63), formation of asymmetrical types of kinetochore-mitotic spindle attachments (ie Syntelic or
Merotelic) triggers activation of the Spindle Assembly Checkpoint complex (SAC) in conjunction with the soluble Mitotic Checkpoint
Complex (MCC), which inhibit the Anaphase Promoting Complex/Cyclosome (APC/C) and initiate a “Wait Anaphase” signal arrest to
provide time for the dissociative removal of misaligned kinetochore-mitotic spindle attachments and completion of Monotelic kinetochore-
mitotic spindle reattachment-directed formation of the correct symmetrical bi-polar Amphitelic kinetochore-mitotic spindle attachments,
prior to separation of the sister chromatids (Acquaviva C. and Pines J., 2006; Chan G.K. and Yen T.J., 2003; Longhese M.P. et al, 2008;
Quevedo O. et al, 2012; Tan A.L.C. et al, 2005) —Fig 1.29, p.65.

Cytokinetic activity within the mitotic spindle “mid-zone” is regulated by the Chromosomal Passenger Complex (CPC), which is implicated
in the co-ordination of APC/C specificity factor Cdc20-mediated inhibition of mitotic checkpoint activation with sister chromatid
disjunction during Anaphase (Maresca T.J. and Salmon E.D., 2010; Tseng B.S. et al, 2010; Tsukahara T. et al, 2010).

Progression from metaphase to anaphase is mediated via the Cdc20 specificity factor component of the APC/C complex, which suppresses
CDK1 activity via induction of Cyclin B degradation and induction of Securin degradation to liberate the protein Separase required for the
catalytic separation of sister chromatids durning Anaphase via hydrolysis of the protein Cohesin — which maintains associated sister
chromatid pairs during Metaphase. (Maresca T.J. and Salmon E.D., 2010; Tan A.L.C. et al, 2005) — Fig 1.29, p.65.

Consequential loss of CDK1 activity, in conjunction with dephosphorylation of the INCENP protein and relocation of the CPC complex
from the centromeres to the spindle mid-zone, prevents inappropriate/catastrophic activation of the mitotic checkpoint during Anaphase in
response to loss of kinetochore-mitotic spindle attachment tension as a consequence of normal sister chromatid separation. (Maresca T.J.
and Salmon E.D., 2010; Tan A.L.C. et al, 2005; VVazquez-Novelle M.D. et al, 2010) — Fig 1.29, p.65.
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Fig 1.29: Mechanistic Overview of the Mitotic Spindle Checkpoint

[Compiled via Collated Information Taken and Adapted From: Grimison B. et al, 2006; Kitagawa K. et al, 2003;
Liu J. et al, 2007; Maresca T.J. & Salmon E.D.,2006;
Longhese M.P. et al, 2006; Maresca T.J. and Salmon E.D.,
2010; Tan A.L.C. et al, 2005; Vigneron S. et al, 2004
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INCENP and Aurora B kinase are key functional components of the chromosomal tension sensory apparatus which detects anomalous
asymmetrical/non-bipolar kinetochore-mitotic spindle attachments (Fig 1.28, p.64) and initiates formation of the spindle checkpoint-
mediated signalling cascade complex (Liu S.T. et al, 2003; Tan A.L.C. et al, 2005; Tseng B.S. et al, 2010; Vigneron S. et al, 2004).

CDK1-mediated phosphorylation of Bubl promotes formation of the Bubl:Bub3 heterodimeric complex, which is recruited to the
kinetochore via associative Skpl-Bubl interactions, with consequential kinetochore recruitment of the Mad1:Mad2 heterodimeric complex
via associative Bub3 interactions within the resultant kinetochore-Skp1-Bubl-Bub3 ternary complex (Yamaguchi S. et al, 2003).

p38-MAP Kinase-mediated phosphorylation of CENP-E may also promote its association with kinetochore-bound microtubules for
activated kinetochore-mitotic spindle-CENP-E ternary complex-mediated recruitment of the Bub3:BubR1/Mad3 heterodimeric complex
via associative CENP-E — BubR1/Mad3 interactions (Ditchfield C. et al, 2003; Howell B.J. et al, 2001; Huang Y. et al, 2009; Maia A.F. et al,
2010).

Mpsl kinase-mediated hyperphosphorylation of Madl and Bubl, in conjunction with Bubl kinase-mediated phosphorylation of Madl am
Bub3 (denoted by red arrows), induce transient sub-complex conformational changes within the associative kinetochore-mitotic checkpoint
ternary complex that promote protein component associative re-organisation and turn-over (denated by green arrows) events with
consequential release of soluble Mad2 — termed “Mad2(aq)” which forms Cdc20-inhibitory type soluble complexes (Brady D.M. and
Hardwick K.G., 2000; Hewitt L. et al, 2010; Seeley T.W. et al, 1999; Wassmann K. et al, 2003).

The heterodimeric Mad2(aq):Mad1 complex sequesters the Ubiquitin Ligase APC/C complex specificity factor Cdc20 with consequential
inhibition of APC/C-Cdc20 complex-mediated ubiquitin-targeted proteasomal degradation of Securin and Cyclin B, thereby blocking
Anaphase progression and mitotic exit (Emre D. et al, 2011; Fava L.L. et al, 2011; Maldonado M. and Kapoor T.M., 2011; Orth M. et al,
2011).

Mpsl kinase- and Bubl kinase-mediated phosphorylation of the APC/C-Cdc20 complex may also elicit its associative transfer to the
heterotrimeric BubR1/Mad3-Mad2-Bub3 complex, which promotes Cdc20 destabilisation with consequential inhibition of proteosomal
degradative removal of Securin and Cyclin B for maintained Anaphase arrest and blocked mitotic exit (Yudkovsky Y. et al, 2000) .

Both BubR1/Mad3 and Mad2 also abrogate associative interactions between the APC/C complex and Cdc20 protein within the resultant
BubR1/Mad3-APC/C-Cdc20 -Mad2-Bub3 ternary complex (Morrow C.J. et al, 2005; Hewitt L. et al, 2010).
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1.2.3 Androgen Nuclear Receptor Activity Modulation

The C-terminal domain of the hRad9 protein, acting within the hHusl/hRadl associative
hetereotrimeric toroidal 9-1-1 DNA sliding-clamp complex, has also been observed to interact with
the C-terminal Ligand Binding Domain (LBD) of nuclear Androgen Receptor (AR) in a co-
regulatory capacity which suppresses its transactivation in prostate tumour cells. (Wang L. et al,

2004) — Summarised in Fig 1.32, p.72.

The nuclear Androgen Receptor protein (AR) is essentially comprised of four domains, namely;
the N-Terminal Transactivation Domain (TTD), the DNA Binding Domain (DBD), the Hinged-
Region Domain and the C-Terminal Ligand Binding Domain (LBD) respectively. (Chang C.S. et
al, 1988a; Chang C.S. et al, 1988b; Chang C. et al, 1995; He B. and Wilson E.M., 2002; Lee D.K.

and Cheng C., 2003; Manglesdolf D.J. et al, 1995) — Fig 1.31, p.71.

The inactive nuclear AR is sequestered in the cytosol in stable associative complexation with heat

shock proteins, such as Hsp70 and Hsp90, respectively — Fig 1.30, p.70.

Initial activation of the nuclear AR is triggered via endogenous ligand associative interactions of
the steroid hormone substrates; testosterone and 5a-dihydroxytestosterone, with the AR C-terminal
LBD, which induce supramolecular configurational alterations within the AR protein that
thermodynamically-favour heat shock complex dissociation, promote AR phosphorylation and
translocation to the nucleus. (Manglesdolf D.J. et al, 1995; Lee D.K. and Cheng C., 2003) — Fig

1.30, p.70 and Fig 1.31, p.71
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Ligand-activated AR dimerisation, mediated via anti-parallel associative interactions between the
two respective individual AR protein sub-units, then proceeds within the nuclear environment

(Bledsoe R.K. et al, 2002; He B. and Wilson E.M., 2002; Langley E. et al, 1995) — Fig 1.30, p.70.

The supramolecular configuration of the AR dimer enables it to recognise and bind to specific
DNA response element sequences within target gene promoters, via duplex major groove
intercalation associations with the two DNA Binding Domains (DBDs), prior to subsequent
recruitment of a variety of endogenous selective type | steroid co-regulators which contain specific
sequence motifs that interact with the N- and C- termini of the AR dimer, for consequential
enhancement of gene transcription. (Heinlein C.A. and Chang C., 2002) — Fig 1.30, p.70 and Fig

1.31, p.71.

For example, protein ligands of the p160/Steroid Receptor Coactivator family — which include;
SRC1, SRC-2/TIF2, SRC3/A1B1/pCIP/RAC3 interact with the DNA-AR dimer complex via
induction of a supramolecular configurational realignment of helix 12 within the AR dimer sub-
units to expose a small hydrophobic binding pocket within the AR C-Terminal LBD — to which the
small a-helical LXXLL motif (Fig 1.31, p.71), contained within the coactivator protein ligand, is
docked. (Heery D.M. et al, 1997; Darimont B.D. et al, 1998; Feng W. et al, 1998; Glass C.K. and

Rosenfeld M.G., 2000; Llopis J. et al, 2000; Mclnery E.M. and O’Malley B.W., 2002).

Conversely, other AR protein co-activator ligands, such as ARA54 and ARA70 interact with the
DNA-AR dimer complex via targeted recognition and docking with the FXXLF motif (Fig 1.31,
p.71) - which is also a ligand-dependent AR-associated peptide motif, located within the AR N-
Terminal Transactivation Domain (N-TTD), that mediates interactions between the AR N-TTD
and AR C-LBD terminal domains which optimise maximal nuclear AR transactivation. (Yeh S.

and Chang C., 1996; Chang C. et al, 1999; Kang H.Y. et al, 1999, Hsu C.L. et al, 2003).

[67]



AR co-regulatory ligands such as; ARA54, ARA67, ARA70N, Gelsolin and SRC-1, modulate AR
transactivation via subtle, transient differential alterations of the supramolecular configuration of

the AR N-C termini interaction respectively. (Hsu C.L. et al, 2005) — Fig 1.31, p.71.

In this respect, AR co-activators such as; ARA54, ARAT70N, Gelsolin and SRC1 induce
enhancement of AR transactivation, whilst ARAG67 acts as an AR co-repressor via induced
enhancement of a particular supramolecular AR N-C termini interactive configuration which

results in steric inhibition of AR transactivation. (Hsu C.L. et al, 2005).

The C-terminal domain of hRad9 also contains an FXXLF motif of similar functional homology
sequence to the FXXLF motif situated within the N-terminal transactivation domain (N-TTD) of
the AR (He B. et al, 2002; Wang L. et al, 2004) — Fig 1.32, p.72 and possesses a relatively strong
associative interactive affinity for the C-terminal AR-LBD as a consequence of several key
features related to the thermodynamically-favourable amino acid sequence side-chain physico-
chemical properties present within and/or in flanking proximal relative positions to the FXXLF
motif which closely match the optimal binding criteria model (proposed by He B. and Wilson E.M.,
2003) with regard to interaction of the AR-TDD N-terminal FXXLF motif with the C-terminal

AR-LBD - notably;

(i) The presence of two positively-charged/protonated amino group Lys side-chain residues,
at positions K359 at positions K360 within the hRad9 C-terminal domain (Fig 1.32, p.72)
— situated directly adjacent to the end of the N-terminus of the residual FXXLF motif.

(He B. and Wilson E.M., 2003; Wang L. et al, 2004).

(ii) The absence of positively-charged/protonated-basic group side-chain amino acid residues
at the end of the C-terminus of the residual FXXLF motif within the hRad9 C-terminal

tail domain. (He B. and Wilson E.M., 2003; Wang L. et al, 2004) — Fig 1.32, p.72.
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(iii) The absence of potential a-helical conformer-distortional types of amino acid side-chains
(such as glycine and proline) within the FXXLF motif located in the hRad9 C-terminal

tail domain. (He B. et al, 2002; Wang L. et al, 2004) — Fig 1.32, p.72.

(iv) The critical location of a phenylalanine residue (F366) to the FXXLF motif
C-terminus (Fig 1.32, p.72) within the hRad9 C-terminal tail domain

(He B. et al, 2002; Wang L et al, 2004).

The hRad9 protein, acting within the hHus1/hRad1 associative hetereotrimeric toroidal 9-1-1 DNA
sliding-clamp complex, is currently hypothesised to possess an anti-carcinogenesis role with
regard to the suppression of functional AR transactivation as a consequence of inhibitory

disruption of the AR N-C termini interactions — Fig 1.32, p.72.

These inhibitory interactions are mediated through associative binding interactions between the
AR C-terminal LBD and the FXXLF motif within the protruding C-terminal tail domain of the
hRad9 protein, which are initially triggered via formation of DNA damage lesions within the AR
target promoter response elements, for prevention of un-regulated AR Dimer-induced
dysfunctional enhanced gene transcription of steroidal growth factors. (Wang L. et al, 2004) — Fig

1.32, p.72.

The AR also modulates the transcriptional activity of a range of genes which are implicated in a
range of different cytological processes, including; apoptosis, ATP-coupled ion transport,
differention, development, genotoxic responses, inter-cellular signalling, metabolism,

morphogenesis, replication stress responses (Bolton E.C. et al, 2007; Massie C.E. et al, 2007).

The AR also has non-genomic type functions within various plasma membrane- and kinase-
mediated signalling pathways (Bennett N.C. et al, 2010), which may impinge upon other Rad9-

modulated activities such as checkpoint activation, DNA repair and nucleotide biosynthesis.

[69]



Fig 1.30: Mechanistic Overview of Androgen Receptor Activity

[Compiled via Collated Information From: Bennett N.C. et al, 2010; Centenera M.M. et al, 2008]
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Binding of the steroidal substrates testosterone, or DHT (dihydrotestosterone — synthesised via conversion of testosterone to
DHT via the enzyme 5-a-Reductase), to the Ligand Binding Domain (LBD) of the AR monomer (AR) induces supra-
molecular configurational changes within the protein, that initiate its phosphorylated activation at residues Ser80 and Ser93
(situated within the N-Terminal Transactivation Domain — NTTD) and Ser641 (situated within the Hinge Domain), which in
turn induces further supra-molecular configurational changes that promote dissociation from the AR Hinge-Domain-
Filamin A-Actin Filament and (Hsp90)2:Hsp70 protein chaperone interactions which maintain the AR in the cytosol in an
inactive state (Bennett N.C. et al, 2010; Brinkmann A.O. et al, 1989; Brinkmann A.O. et al, 1999; Centenera M.M. et al,
2008; Gioeli D. et al, 2002; Marcelli M. et al, 2006)

Subsequent associative interactions between the hinge-domain and nuclear localisation site (NLS) domain within the
released AR-Steroid Substrate complex and the transportor protein Importin-o mediate nuclear translocation of the
monomeric AR-Steroid Substrate complex (Bennet N.C. et al, 2010; Lamont K.R. and Tindall D.J., 2010).

Dissociation of Importin-a, within the nuclear microenvironment, promotes dimerisation of the AR-Steroid Substrate
complex (Bennet N.C. et al, 2010; Centenera M.M. et al, 2008; Lamont K.R. and Tindall D.J., 2010).

The resultant dimeric AR complex, (AR)2, then binds to sequence-specific Androgen Response Elements (ARES) situated
within the DNA of various genes, via Zinc-Finger Motifs (Fig 1.31, p.71), which induce proximal site configurational changes
within the local chromatin supra-molecular architecture that facilitate access of the transcriptional protein machinery to the
gene promoters with consequential enhancement of gene expression (Beato M., 1989; Bolton E.C. et al, 2007; Chen T., 2008;
Claessens F. et al, 2001; Cleutjens C.B. et al, 1997; Funder J.W., 1993; Lambert J.R. and Nordeen S.K., 1998).

The gene transcriptional-induction activity of the dimeric Androgen Receptor Complex, (AR)2 is regulated via interactions
with a variety of two main classes of Co-Activator and Co-Repressor proteins — notably; The “ARA-type” ligands which
associate with F/WxXLF motifs situated in the NTTD Domain and the “SRC/p160-type” ligands which associate with the
LxxLF motif situated in the LBD Domain (Bennett N.C. et al, 2010; Chang C-Y. and McDonnell D.P., 2005; Chen T., 2008;
Glass C.K. and Rosenfeld M.G., 2000; Kemppainen J.A. et al, 1999; Rosenfeld M.G. et al, 2006) — discussed in detail on
pp.67-68.

Subsequent DNA-transcriptional and translational protein machinery interactions induce further conformational changes
within the chromatin supra-molecular architecture which promote dissociation of the Androgen Receptor Dimer, from the
ARE binding-site, into the monomeric form which is then exported out of the nucleus and re-cycled via re-asscoiative
formation of the cytososkeletal-bound (Hsp90)2:Hsp70-AR-FilaminA-Actin ternary complex (Bennett N.C. et al, 2010)

Phosphorylation at Ser80, Ser93 and Ser641 residues within the nuclear-exported monomeric form of Androgen Receptor
stabilises and protects the protein from proteasomal degradation, prior to re-cycling (Bennett N.C. et al, 2010).
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Fig 1.31: Functional Domain Map of the Androgen Receptor

[Compiled via Collated Information From: Bennett N.C. et al, 2010; Centenera M.M. et al, 2008
Koochekpour S, 2010; Nguyen D. et al, 2001
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The Androgen Nuclear Receptor Monomer is classified into 5 main domain-containing segments — notably; A or B (designated for each of
the respective 2 isoforms of the AR which are expressed — A = Full-Length Isoform, B= Truncated N-Terminus Isoform, both containing
the “N-TTD” Domain Isoform), C (containing the DNA Binding Domain — “DBD”), D (Containing the “Hinge Region”), E (containing the
Nuclear Exclusion Signal —“NES” and comprising the major portion of the “LBD” Domain) and F (containing the Nuclear Localisation
Signal — “NLS” and comprising the minor C-terminal portion of the LBD) (Adler A.J. et al, 1993; Beato M. et al, 1995; Ham J. et al, 1988).

Phosphorylation of residues Ser80, Ser93 and Ser641 enhances the stability of the Androgen Receptor monomer and protects the protein
from preoteasomal degradation (Bennett N.C. et al, 2010; Block L.J. et al, 1998).

Phosphorylation of residues Ser213, Ser506 and Ser650 is a critical pre-requisite for induction of the transcriptional activity of the
Androgen Receptor dimer (Bennett N.C. et al, 2010; Rochette-Egly C., 2003).

The N-Terminal Transactivation Domain (“N-TTD”) contains FxxLF and WxxLF motifs, the Activation Function protein-interactive
surface sub-domains AF1 and AF5 and the Transactivation Unit sub-domains TAU1 and TAUS (Jenster G. et al, 1995).

The C-Terminal Ligand-Binding Domain (“LBD”) contains the LxxLL motif, and the Activation Function protein-interactive sub-domain
AF2 (Bennett N.C. et al, 2010).

The AF2 sub-domain possesses a higher affinity for FxxLF and WxxLF motifs within the N-Terminal Transactivation Domain (NTTD),
than the FxxLL-like motifs contained within the “SRC/p160 type” co-regulatory protein ligands which associate with the Ligand-Binding
Domain (He B. et al, 2004; He B. et al, 1999; He B. et al, 2000; He B. et al, 2001; Bennett N.C. et al, 2010; Matias P.M. et al, 2000; Nazareth
L.V. etal, 1999; Sack J.S. et al, 2001).

The FxxLF and WxxLF motifs within the N-TTD associatively interact with the “ARA-type” co-regulatory protein ligands (Heery D.M. et
al, 1997; Hur E. et al, 2004).

The N/C-Termini interactions between the NTTD and LBD domains, mediated via the FxxLF, WxxLF and LLxxL motifs, are implicated in
the DNA-dependent formation of the active Androgen Receptor dimer (He B. and Wilson E.M., 2002; Li J. et al, 2006).

Thus the TAU1 and TAUS sub-domains, “in concert” with the AF1 and AF5 sub-domains, function collectively as the major NTTD domain
regulatory sites for modulation of the transcriptional activity of the Androgen Receptor (Bennett N.C. et al, 2010; Wong C.1I. et al, 1993) .

The DNA-Binding Domain (DBD) is comprised of the three a-helical domains of the respective Zinc-Fingers and the C-Terminal Extension
(Freedman L.P. et al, 1988; Remerowski M.L. et al, 1991 Schoenmakers E. et al, 2000; Truss M. and Beato M. 1993)

The first Zinc-Finger contains a D-box motif comprised of 5 key residues which are implicated in DNA base-sequence recognition of the
Androgen Response Element (ARE) and engage in associative AR-binding interactions withing the major groove of the duplex, the 2™ Zinc
Finger contains a D-Box Motif comprised of 5 key residues which engage in DNA-dependent AR dimerisation (Bennett N.C. et al, 2010;
Centenera M.M. et al, 2008; Dahlman-Wright K. et al, 1991; Roche P.J. et al, 1992; Schoenmakers E. et al, 1999).

Proximal polypeptide sequences flanking the D-box and P-box motifs effect additional associative interactions which enhance the stability
and DNA binding affinity of the Androgen Receptor dimer (Haelens A. et al, 2001; Tsai S.Y. et al, 1988; Umesono K. et al, 1989).

The C-Terminal Extension (CTE) motif effects additional DBD domain associations, “in synch.” with adjacent residues within the 2" Zinc
Finger Motif, which enhance the DNA-binding affinity and specificity of the Androgen Receptor dimer to the ARE within the target gene
(Bennett N.C. et al, 2010; Schoenmakers E. et al, 1999; Verrijdt G. et al, 2006).
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Fig 1.32: ”9-1-1” Clamp Suppression of Androgen Receptor Activity
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A The human RAD9A protein C-terminal tail domain (highlighted in green) contains an FXXLF
motif (spanning positions 361 to 365) which resembles similar functional sequence homology to
the FXXLF motif located in the androgen receptor N-Terminal transactivation domain
respectively. (Wang L. et al, 2004).

B: Associative-DNA response element sequence interactions with the ligand-activated dimerised
nuclear Androgen Receptor (AR)2 result in enhanced gene transcription under normal
conditions.(Heinlein C.A. and Chang C., 2002).

Recruitment of the heterotrimeric toroidal “9-1-1” DNA sliding-clamp complex to sites of chromatin
damage in proximity to the AR dimer target response element sequence also results in inhibitory
associative interactions between the AR C-Terminal Ligand Binding Domain and the FXXLF motif
within the protruding C-Terminal Tail Domain of the Rad9 protein with consequential suppression
of functional AR transactivation for prevention of potential inappropriate/dysfunctional, un-
regulated expression of steroidal growth factor-mediated cytological neoplastic transformation
and/or carcinogenesis. (Wang L. et al, 2004).
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An androgen response element (ARE) has also been identified within the human RAD9A gene,of

specific target sequence: 5’-CCAAGGCTCTGGTAGTTCTTGGA-3’, to which the zinc finger

motifs of the AR dimer bind (interactive DNA base sequence recognition target motifs are
indicated in bold, underlined italics above) with consequential elevation of expressed Rad9A

protein levels (Moehren U. et al, 2008).

The human Rad9A protein may therefore also auto-modulate its cellular levels and functional
activities in a potential regulatory feedback mechanism, mediated via Rad9A protein-AR

interactions, which impinge upon RAD9A gene-AR transcriptional activity.

The plasma membrane-localised estrogen receptor-substrate complex, 17p-estradiol/Estrogen
Receptor a (E(2)/ER), has also been demonstrated to suppress genotoxic-initiated ATR cell cycle
checkpoint responsive activities via E(2)/ER induction of rapid PI3K/AKT signalling which

suppresses associative TopBP1-ATR interactions (Pedram A. et al, 2009).

The resultant E(2)/ER-activated AKT kinase perturbs associative interactions between ATR and
TopBP1, via phosphorylation of Ser1159 within the TopBP1 protein and also inhibits associative
interactions between Chk1 and Claspin via targeted phosphorylation of Chk1, with consequential
suppression of ATR-Chkl-initiated DNA damage response checkpoint signalling pathways

(Pedram A. et al, 2009).

Since the Rad9-Rad1-Husl complex is a fundamental sensory/adaptive mediator of various ATR-
Chk1-initiated genotoxic signalling responses (discussed in detail previously — Section 1.2.2,
pp.46-65) it is conceivable that additional complex “feedback” mechanisms of cell cycle
checkpoint pathway regulation may be elicited via associative indirect and/or direct “9-1-1”
clamp-modulation of Androgen and/or other steroidal receptor activities which impinge upon

E(2)/ER-mediated PI3K/AKT kinase signalling.
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Other experimental studies have demonstrated that all three sub-units of the Rad9-Radl-Husl
complex can associate with the TPR2 protein, in which the functional activity of TPR2 is
modulated exclusively via protein domain-specific Rad9-TPR2 interactions (Xiang S-L. et al,

2001) — discussed in detail in Section 1.2.4, pp.75-85.

The key function of the TPR2 protein is the modulation of the activity of the Hsp90-mediated
chaperone protein-folding pathway (Brychzy A. et al, 2003; D’Andrea L.D. and Regan L., 2003;
LiJ. et al, 2011; Moffatt N.S. et al, 2008;Wandlinger S.K. et al, 2008; Young J.C. et al, 1998) —

discussed in detail in Section 1.2.4, pp.75-85.

As discussed previously, the (Hsp90)2Hsp70 protein chaperone complex apparatus is also
implicated in the cytosolic sequestration and stabilisation of the androgen receptor monomer in its

unphosphorylated, inactive form (Fig 1.30, p.70).
Thus it is possible that associative “9-1-1” complex-mediated regulation of TPR2 activity, via

Rad9-TPR2 functional domain interactions, may be implicated in a separate feedback mechanism

which impinges upon androgen receptor activity via modulation of Hsp90 and Hsp70 activities.
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1.2.4: Modulation of TPR2 Activity-Influenced Protein Folding

Post-translational re-modelling of immature client protein/nascent polypeptides into the correct
supramolecular conformational forms of the functional mature proteins is performed by the protein
folding machinery which is comprised of a number of key interactive chaperone, co-chaperone and
co-factor type component complexes (Fink A.L., 1999; Mahalingham D. et al, 2009; Goetz M.P. et

al, 2003; Wandlinger S.K. et al, 2008) — Fig 1.33B, p.80.

Associative complex interactions of the Hsp70 and Hsp90 chaperone components, with the client
nascent protein/polypeptide substrate, are mediated via their respective ATPase-coupled activities
which constitute a cyclical ADP-ATP exchange regulatory mechanism (Grenert J.P. et al, 1999;

Johnson J.L. and Brown C., 2009; Riggs D.L. et al, 2004) — Fig 1.33B, p.80.

The Hsp70:ATP complex exhibits rapid “on/off” switching kinetics for targeted client nascent
protein/polypeptide substrates, in which Hsp70-mediated hydrolysis of ATP is initiated via
associative interactions between the homologous DNAJ domains of the related co-chaperone
components Hsp40 and p23 (Karag6z G.E. et al, 2011; Ohtsuka K. and Hata M., 2000; Wandlinger

S.K. et al, 2008; Wegele H. et al, 2004) — Fig 1.33B, p.80.

The resultant ADP-bound—Hsp70 complex induces further supramolecular conformational changes
within the Hsp70 chaperone component which enhance the strength of its associative binding
interactions with the client nascent protein/polypeptide substrate (Johnson J.L. and Brown C.,

2009; Wegele H. et al, 2006) — Fig 1.33B, p.80.

The ATP-bound-Hsp90 complex induces supramolecular conformational changes within the
Hsp90 chaperone component which enhance the strength of its associative binding interactions
with the client nascent protein/polypeptide substrate (Grenert J.P. et al, 1999; Johnson J.L. and
Brown C., 2009) — Fig 1.33B, p.80.
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Whilst Hsp90-mediated ATP hydrolytic formation of the ADP-bound-Hsp90 complex induces
supramolecular conformational changes within the Hsp90 protein which disrupt its associative
binding interactions with the client nascent protein/polypeptide substrate (Grenert J.P. et al, 1999;

Johnson J.L. and Brown C., 2009; Wandlinger S.K. et al, 2008) — Fig 1.33B, p.80.

The adaptor protein Hop/p60, in conjunction with the co-factors Ahal, Cdc37 and p23, regulates
the transient stability of the supramolecular conformational complex states implicated in the
Hsp70/Hsp90-mediated folded conversion of the immature client protein/nascent polypeptide
substrates to mature functionally-configured protein products (Carrigan P.E. et al, 2006; Harst A.
et al, 2005; Johnson B.D. et al, 1998; Karagdz G.E. et al, 2011; Wandlinger S.K. et al, 2008;

Wegele H. et al, 2004; Wegele H. et al, 2006) — Fig 1.33B, p.80.

Associative Hop-Hsp70 interactions are relatively weak, in contrast to the tight binding of Hop to
Hsp90 and p23 (Harst A. et al, 2005; Johnson B.D. et al, 1998; Johnson J.L. and Brown C., 2009;

Karagdz G.E. et al, 2011; Wegele H. et al, 2004; Wegele H. et al, 2006) — Fig1.33B, p.80.

Hop1 also stabilises the nucleotide-free transition state of Hsp90 and inhibits its ATPase activity to
elicit release of the folded mature protein product from the Hsp70/Hsp90 chaperone complex
machinery and facilitate the associative loading transfer of another immature client protein/nascent
polypeptide substrate from Hsp70 to Hsp90 which is required for initiation of a fresh cycle of the
folding pathway mechanism (Carrigan P.E. et al, 2006; Li J. et al, 2011; Southwood D.R. and

Agard D.A, 2011; Wegele H. et al, 2006; Yi F. et al, 2010 — Fig 1.33B, p.80.

Associative Cdc37-Hsp90 complex interactions are responsive towards ADP- and ATP- bound
nucleotide transition states (discussed on pp.73-74) and also elicit further supramolecular
conformational changes which promote the associative recruitment of other co-factors such as p23

(Gaiser A.M. et al, 2010; Harst A. et al, 2005; Mandal A.K. et al, 2007)- Fig 1.33B, p.80.
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Subsequent associative interactions between the N-terminus of Hsp90 and the co-chaperone p23
enhance the ATPase-driven release of the folded mature protein product from the Hsp70/Hsp90
chaperone complex machinery (Eustace B.K. and Jay D.G, 2004; Harst A. et al, 2005; Karag6z

G.E. et al, 2011 Wegele H. et al, 2004; Wegele H. et al, 2006) — Fig 1.33B, p.80.

Tetratricopeptide Repeat Protein 2 (TPR2), also known as DNAJC7 (DNA J Homologue Sub-
Family C, Member 7), is a Type Il member of the DNAJ Hsp40 protein family (Brychzy A. et al,

2003; Moffatt N.S. et al, 2008; Murthy A.E. et al, 1996) — Fig 1.33A, p.80.

The TPR2 protein, in conjunction with Hop/p60, is capable of replacing the component functional
activities of of Type | and Type Il J-Proteins within the Hsp70/Hsp70 chaperone machinery, but
cannot perform this task in the absence of Hop/p60 (Brychzy A. et al, 2003; Moffatt N.S. et al,

2008; Ramsey A.J. et al, 2007; Ramsey A.J. et al, 2009) — Fig 1.33B, p.80.

Independent TPR2-mediated protein chaperoning of nascent client protein/polypeptide substrates
in the absence of other J-proteins is a temporally unstable mechanism which maintains an optimal
level of regulated TPR2 activity and thus prevents prolonged TPR2-mediated inhibition of Hsp90
which would otherwise culminate in abrogated protein folding (Brychzy A. et al, 2003; Moffatt

N.S. et al, 2008; Ramsey A.J. et al, 2007; Ramsey A.J. et al, 2009).

Analogous to Hop/p60, TPR2 also contains two TPR motifs (designated Tprl and Tpr2) which
can bind simultaneously to Hsp70 and Hsp90 via an associative mechanism which requires ATP to
promote binding interactions between Hsp70 and the J-domain within TPR2 (Brychzy A. et al,
2003; Moffatt N.S. et al, 2008; Ramsey A.J. et al, 2007; Ramsey A.J. et al, 2009) — Fig 1.33A,

p.80.
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However, the interactive mechanisms of the associative Hop—-Hsp70/Hsp90 and TPR2-
Hsp70/Hsp90 complexes are different (Brychzy A. et al, 2003; Moffatt N.S. et al, 2008; Ramsey

A.J. et al, 2007; Ramsey A.J. et al, 2009).

In the absence of ATP, TPR2 is capable of engaging in associative interactions with only one of
the proteins at a time — ie Hsp70 or Hsp90 (Brychzy A. et al, 2003; Moffatt N.S. et al, 2008;

Ramsey A.J. et al, 2007; Ramsey A.J. et al, 2009).

Unlike Hop/p60, TPR2 specifically induces the ATP-independent dissociation of Hsp90 from the
nascent client protein/polypeptide substrate within the Hsp70/Hsp90 chaperone complex
machinery, but has no disruptive effect on associative Hsp70 interactions (Brychzy A. et al, 2003;
Liu F-H. et al, 1999; Moffatt N.S. et al, 2008; Ramsey A.J. et al, 2007; Ramsey A.J. et al, 2009) —

Fig 1.33B, p.80.

This exclusive specificity of TPR2 for Hsp90 is mediated via associative interactions between a
critical Asp residue within the C-Terminal EEVD motif of the Hsp90 protein and the dicarboxylate
clamp motifs contained within the Tprl and Tpr2 domains of the TPR2 protein (Prasad B.D. et al,

2010; Moffatt N.S. et al, 2008; Young J.C. et al, 1998) — Fig 1.33A, p.80.

The binding specificity of TPR2 for Hsp90 is also enhanced via extensive Van der Waal’s contacts
between neighbouring hydrophobic residues situated in flanking positions which surround the
dicarboxylate clamp motifs within the Tprl and Tpr2 domains of the TPR2 protein (Prasad B.D. et

al, 2010; Moffatt N.S. et al, 2008; Young J.C. et al, 1998) — Fig 133A, p.80.
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The Tprl and Tpr2 domains within the TPR2 protein are also functionally implicated in the
disruption of the Hsp90 — nascent client protein/polypeptide substrate binding interactions, whilst
the TPR2 Hsp40-Like J-domain induces ATP hydrolysis and formation of associative interactions
between Hsp70 and the resultant Hsp90-liberated nascent client protein/polypeptide substrate
interactions (Brychzy A. et al, 2003; Liu F-H. et al, 1999; Moffatt N.S. et al, 2008; Ramsey A.J.

et al, 2007; Ramsey A.J. et al, 2009) — Fig 1.33A and Fig 1.33B, p.80.

Thus the principle function of TPR2 is the transient associative retro-conversion of incorrectly
folded nascent client protein/polypeptide substrates from the later predominant Hsp90 complexes
to the earlier predominant Hsp70 complexes within the Hsp70/Hsp90 chaperone machinery
(discussed previously on pp. ) and consequential rectification of the respective anomalous substrate
supramolecular configurations via initiation of further fresh cycles of the mechanistic folding
pathway interactions (Brychzy A. et al, 2003; Liu F-H. et al, 1999; Moffatt N.S. et al, 2008;

Ramsey A.J. et al, 2007; Ramsey A.J. et al, 2009) — Fig 1.33B, p.80.

A. priori, TPR2 may be regarded as a critical regulatory “safe-guard” component of the
Hsp70/Hsp90 chaperone protein folding system for the prevention of cumulative levels of
misfolded/dysfunctional proteins and thus suppression of proteotoxic-types of induced

carcinogenesis (discussed previously in Section 1.1 in Fig 1.1, p.5 and Fig 1.9, p.16).
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Fig

1.33: TPR2 Modulation of Hsp90 Chaperone Complex Activity
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Domain map of the TPR2 protein (Key residues implicated in dicarboxylate clamp formation are indicated in red and
underlined; Key residues implicated in Hsp90 protein binding specificity are indicated in red; Key J-Domain residues,
including the critical “HPD” functional motif, which bears significant sequence homology to the Hsp40 protein and are

implicated in associative Hsp90 interactions are indicated in orange) — Top Figure.

Key functional domains of the Hsp90 protein are N-Terminal ATP/ADP binding-site, the M-domain (containing an Arg
residue which is critical for associative interactions with the J-Domain of the TPR2 protein) and a C-Terminal Domain
(containing a critical EEVD motif which mediates associative T1 and T2 TPR domain interactions with the TPR2 protein
and is implicated in the selective specificity of Hsp90 interactions within the chaperone pathway) — Bottom Figure.

: Summarised mechanism of the regulatory role of TPR2 within the chaperone protein-folding pathway

(discussed in detail on pp.75-79).
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The Tprl and Tpr2 domains of the TPR2 protein also associatively interact with the N-termini of
each of the sub-units of the heterotrimeric, toroidal Rad9-Rad1-Hus1l DNA sliding-clamp complex

(Xiang S-L. et al, 2001) — Fig 1.34, p.82.

Unlike the respective TPR2-Radl and TPR2-Husl interactions, the TPR2 J-domain is also
implicated in the association with Rad9, in which it modulates the cellular localisation of both the

TPR2 and Rad9 proteins (Xiang S-L. et al, 2001) — Fig 1.34, p.82.

As discussed previously, the “9-1-1” complex suppresses the transcriptional activity of the AR via
specific Rad9-AR interactions (Section 1.2.3, pp.66-74), whilst TPR2 is known to be implicated in
the modulation of Hsp70/Hsp90 chaperone complex machinery-mediated functional maturation-
folding of nascent client steroid receptor protein substrates such as the progesterone receptor
(Blatch G.L. and Léassle M., 1999; Felts S.J. et al, 2007; Goebl M. and Yanagida M., 1991;

Schiilke P. et al, 2010; Smith D.F., 2004).

The (Hsp90)2Hsp70 protein chaperone complex apparatus is also implicated in the cytosolic
sequestration and stabilisation of the AR and other steroid nuclear receptor monomers in their
respective unphosphorylated, inactive forms (discussed previously in Section 1.2.3, pp.66-74; Fig

1.30, p.70).

Taken together, these experimental observations indicate additional “9-1-1” complex-mediated
“feed-back” mechanisms that may regulate nuclear steroidal receptor functional activities via
associative “9-1-1” complex—TPR2 interactions (Fig 1.34, p.82) and thus also impinge upon the
“9-1-1” complex-mediated suppression of the transcriptional activity of the AR (discussed

previously in Section 1.2.3, pp.66-74; Fig 1.32, p.72).
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Fig 1.34: Rad9-Modulated TPR2 Activity — Key Domain Interactions

J-Domain
"Hsp40/
DnaJ-Like"
| 484
18 284 433
T1-Domain T2-Domain
?
BH3| PCNA-Like Domain | PCNA-Like Domain Il C-Terminal TailDomain |l,'|5
Regulatory Function
in Modulation of Tpr2 130 193 270 391
T1 and T2 Domain
Binding Implicated
in Associative RadS-Tpr2
Protein-Protein Interaction
T1-Domain Interaction T2-Domain Interaction

A Elementary domain map of the TPR2 protein with highlighted T1, T2 and “HPD” domains (discussed in detail
previously in Fig 1.33, p.77).

Individual Tricopeptide Repeat (TPR) motifs are comprised of the characteristic, conserved ~34 amino acid
acid (generalised) sequence: [WLF]-X(2)-[LIM]-[GAS]-X(2)-[YCF]-X(8)-[ASE]-X(3)-[FYL]-X(2)-[ASL]-X(4)-[PKE]

[http://www.ncbi.nlm.nih.gov/structure/cdd/cddsrv.cqi?uid=194311 PubMed Protein Conserved Domains Archive
clo2429: TPR Superfamily
PSSM Id: 1943911
Name: TPR [Update 5" May 2011]

[d’Andrea L.D. and Regan L., 2003; Goebl M. and Yanagida M., 1991; Lamb J.R. et al, 1995]

TPR2 interacts with all three protein sub-units of the Rad9-Rad1-Husl complex via N-Terminal T1 domain associative
interactions, whilst additional C-Terminal T2 domains and J Domain interactions are required for both Husl and
Rad9 association and TPR2 homodimerization (Xiang S-L. et al, 2001).

B: The human Rad9A protein contains N-Terminal and C-Terminal interactive domains which associate with the T1 and
T2 domains of the TPR2 (Fig A) protein respectively (Xiang S-L. et al, 2001).

The N-Terminal BH3-like domain within the human Rad9A protein may also be implicated in the modulation of the
associative strength of the respective Rad9A N-Terminal — TPR2-T1 and Rad9A C-Terminal — TPR2-T2 domain
interactions (Xiang S-L. et al, 2001).

Residue-specific Kinase-mediated phosphorylation and/or Phosphatase-mediated dephoshorylation of the human
Rad9A C-Terminal domain may induce transient supramolecular configurations which modulate the associative
strength of its interaction with the TPR2 T2-domain (Xiang S-L. et al, 2001).

The associative strength of the respective interactions between Rad9A and the T1 andT2 domains of TPR2 are also
regulated by the J-domain of TPR2, unlike the other two sub-units of the “9-1-1” clamp complex; Radl and Hus1
(Xiang S-L. et al, 2001).

The presence of ATP has also been demonstrated, in Vitro, to inhibit the aforementioned associative Rad9A-TPR2
protein-protein interactions — in which TPR2 J-domain-mediated regulation of Hsp70 chaperone functionality, via
stimulation of its ATPase catalytic activity, may thus enhance Rad9A-TPR2 associative interactions as a consequence
of the elevated induction of hydrolytic conversion of ATP to ADP (Xiang S-L. et al, 2001).
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The mechanism of Hsp70/Hsp90 chaperone complex machinery-mediated functional maturation-
folding of the nascent secondary (distal) transducer checkpoint protein kinase Chk1 client protein
substrate is equally dependent upon TPR2 and Hop/p60, but does not require the p23 co-chaperone

(Felts S.J. et al, 2007; Redlak M.J. and Miller J.A., 2011) — Fig 1.33B, p.80.

Other research studies have also demonstrated that Swel and Weel effector checkpoint kinase-
mediated phosphorylation of Hsp90 is implicated in the modulation of the functional activities of
Hsp70/Hsp90 chaperone complex machinery (Mollapour M. et al, 2010; Redlak M.J. and Miller

JA., 2011).

As discussed previously, the heterotrimeric toroidal Rad9-Rad1-Hus1 complex is implicated in the
initiation of various ATR/ATRIP—Chk1-activated regulatory cell cycle checkpoint pathways in

response to genotoxic and/or DNA replication stresses (Section 1.2.2, pp.33-65).

Taken together, these experimental observations indicate additional “9-1-1” complex-mediated
“feed-back” mechanisms that may regulate cell cycle checkpoint activities via associative*“9-1-1"
complex—TPR2 interactions (Fig 1.34, p.80), which may also be implicated in the appropriate

modulation of the Rad9-Rad1-Husl complex-mediated ATR/ATRIP—Chk1 activation (discussed

previously in Section 1.2.2, pp.33-65) in response to proteotoxic types of induced DNA damage

and/or DNA replication stress.
In this context, associative “9-1-1” complex—TPR2 interactions may be implicated in the

suppression of proteotoxic-induced carcinogenesis events (discussed previously in Section 1.1 in

Fig 1.1, p.5 and Fig 1.9, p.16).
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Various research studies have also indicated that the Hsp70 chaperone protein mediates several
key functional activities which are implicated in the negative regulation of pro-apoptotic pathways,
notably; the inhibition of Procaspase-9 recruitment to Apaf-1 proteosome (Beere H.M. et al, 2000),
suppression of Aspf-1 apoptoproteosomal activity (Saleh A. et al, 2000), suppression of the
catalytic activity of N-terminal kinase domain of c-Jun —which is implicated in the development of
tolerance to caspase-independent mechanisms of induced apoptosis (Gabai V.L. et al, 2000) and

protection against stress-induced apoptosis (Mosser D.D. et al, 2000).

Full-length human Rad9A is also cleaved by Caspase-3, at specific proteolytic target motifs within
the PCNA-like Il domain and C-Terminal Tail domain, to yield N-terminal BH3-like domain-
retained truncated fragments which bind and inhibit the functional activites of BH3-type apoptotic
suppressor proteins such as BCI-xL and BCI-2 with consequential promotion of apoptosis
(Earnshaw W.C. et al, 1999; Komatsu K. et al, 2000a; Komatsu K. et al, 2000b; Le M.W. et al,

2003; Nicholson D.W. et al, 1999) — discussed in detail later in Section 1.3.2, pp.127-130.

The C-Tail Terminal Tail domain of full-length human Rad9 has also been demonstrated to
interactively associate with the p21 gene promoter and enhance its transcriptional activity with

consequential elevated p21 protein activity-mediated induction of apoptosis (Yin Y. et al, 2004).

Taken together, these experimental observations indicate additional “9-1-1” complex-mediated
“feed-back” mechanisms that may regulate Hsp70-mediated proapoptotic suppression activities
and “9-1-1” complex-independent Rad9-mediated apoptotic modulatory functions via
associative*9-1-1" complex—TPR2 interactions (Fig 1.34, p.82) — which in turn may impinge upon
the functional activities of the TPR2-regulation of the Hsp70/Hsp90 chaperone protein-folding

complex machinery (Fig 133., p.80).
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The protein chaperone components Hsp70, Hsp90 and TPR2, within the multi-functional protein-
folding complex machinery (Fig 1.34, p.82), have also been demonstrated to interact with U-Box
Type Ubiquitin Protein Ligases (E3s) and it has been postulated that these interactions may be
implicated in a sensory mechanism which targets irreversible mis-folded proteins for proteosomal

degradation (Hatakeyama S. et al, 2004).

Associative Jabl (CSN5) interactions with the Radl sub-unit component of the “9-1-1” DNA
sliding-clamp are also known to be required for its targeted ubiquitination, mediated via E3
Ubiquitin Protein Ligases, which constitutes as key pre-requisite step for the initiation of the
sequential proteolytic degradation of the heterotrimeric, toroidal Rad9-Rad1-Husl complex (Hirai

. et al, 2004; Huang J. et al, 2007) — discussed later in Section 1.4, pp.131-139.

Taken together, these experimental observations indicate additional “9-1-1” complex-mediated
“feed-back” mechanisms that may regulate the activities of both the Rad9-Radl-Husl complex
and independent Rad9 functions (summarised previously in Fig 1.2, p.8), via associative©“9-1-1”
complex-TPR2 interactions (Fig 1.34, p.82) which modulate the level of “9-1-1” complex
proteolytic degradation and/or may also be implicated in the proteolytic-specific targeting of the
respective individual Radl, Husl and Rad9 sub-units in response to different types of proteotoxic-

induced DNA damage and/or DNA replication stress.

Such mechanisms may also be implicated in the modulation of the levels and activities of the
individual isoforms of the Rad9, Husl and Radl17 proteins (Fig 1.3, p.9; Fig 1.4, p.10; Fig 1.6,
p.12) for regulation of the functional activities of each of four potential “9-1-1” DNA sliding-
clamp isoforms (Fig 1.5, p.11) and individual Rad9A and Rad9B isoforms (Fig 1.3, p.9)

respectively.

These plausible potential functions of Rad9-TPR2 interactions are strictly hypothetical at present

since the precise roles of Rad9 in the regulation of TPR2 activity are unknown.
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1.2.5 DNA Repair Pathway Selection and Activity Modulation

DNA in every cell is subjected to a myriad of different types of damage-orientated molecular insult
via exposure to a diverse variety of endogenous biochemical reactions and
exogenous/environmental genotoxic agents which proceed via spontaneous and/or inductive events
that can be sub-categorised into several defined classifications in the context of their respective
biomolecular interactive mechanisms (Pallis A.G. and Karamouzis M.V., 2010; Tuteja N. and

Tuteja R., 2001) — depicted summarily in Fig 1.35, p.89.

The relative severity and impact of the resultant structural DNA alterations on the perturbance of
the continuity of genetic information is variable and dependent to a large extent upon the precise
biochemical nature of the respective lesion (Pallis A.G. and Karamouzis M.V., 2010; Tuteja N.

and Tuteja R., 2001).

Negligible disruptive effects are manifested via alkylation of a single DNA base, whilst minor
disruptive effects are associated with the hydration/loss of a DNA base and consequential
apurinic/apyrimidinic site formation (Pallis A.G. and Karamouzis M.V., 2010; Tuteja N. and

Tuteja R., 2001).

Major disruptive effects are manifested in the case of formation of large/sterically bulky base
adduct insertions, DNA base-dimers, intra-/inter-strand cross-linkages within the DNA molecule
and/or with a large biomolecular species such as a protein and single-/double-stranded breakages
within the duplex (Caldecott K.W., 2008; McKinnon P.J. and Caldecott K.W., 2007; Pallis A.G.

and Karamouzis M.V., 2010; Tuteja N. and Tuteja R., 2001).

The culminative physio-biochemical effect of these genotoxic events, particularly in the case of
large/steric bulk DNA lesions, is the promotion of stalled replication forks as a consequence of
induced topological alterations within the DNA (Dillon L.W. et al, 2010) — Fig 1.36, p.90.
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Each cell also experiences approximately 10,000 — 50,000 single-strand DNA breaks and 50 — 200
double-stranded DNA breaks per day as a consequence of acute and chronic exposure to a wide
variety of genotoxic biophysical and biochemical insults (Caldecott K.W. et al, 2008; McKinnon

P.J. and Caldecott K.W., 2007; Speit G. et al, 1984) — depicted summarily in Fig 1.35, p.89.

In particular, genotoxic events which induce double-stranded breakage type DNA lesions (DSB’s)
are considered to be the most potent promoters of carcinogenesis as a consequence of the fact that
rectification of DSB’s is accomplished via the cytological employment of various recombinational
repair pathways (Fung H. and Weinstock D.M., 2011; Tuteja N. and Tuteja R., 2001 — depicted

summarily in Fig 1.37, p.91 and Fig 1.48, p.109.

With the notable exception of Gene Conversion, these recombinational pathways possess an
inherent degree of mechanistic error-prone DNA repair potential which may compromise genomic
integrity. (Christmann M. et al, 2003; Fung H. and Weinstock D.M., 2011; McKinnon P.J. and

Caldecott K.W., 2007; Pastink. A. et al, 2001; Povik L.F., 2006; Tuteja N. and Tuteja R., 2001).

Induction of DNA replication stress may also result in DSB repair-induced formation of cis- and/or
trans- type chromosomal hybrid proto-oncogene-fusion type translocation constructs which are
expressed as carcinogenic-promoting chimeric type oncogenic proteins (Dillon L.W. et al, 2010;
Hegyi H. et al, 2009; Huang M. et al, 2002a; Longhran T.P. et al, 2000; Okuya M. et al, 2010;

Povirk L.F., 2006; Rabkin C.S. and Janz S., 2008) — Fig 1.36, p.90.

The accumulation of chromosomal breaks in response to DNA replication stress, as a consequence
of defective repair of DSB type lesions, is also a well-documented early indicator of
carcinogenesis (Bartkova J. et al, 2005; Bryant P.E., 2004; Fung H. and Weinstock D.M., 2011;

Pallis A.G. and Karamouzis M.V., 2010).
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The Intra-/Inter- Cross-Link Repair (ICL) and Translesion Synthesis Repair (TLS) pathways,
which are implicated in the cytological rectification and/or by-pass of large/sterically bulky DNA
lesions (Fig 1.37, p.91; Fig 1.39, p.100; Fig 1.40, p.101; Fig 1.51, p.112), also exhibit error-prone
mechanistic potential which may contribute to compromised genomic integrity (Christmann M. et

al, 2003; Pallas A.G. and Karamouzis M.V., 2010; Tuteja N. and Tuteja R., 2001).

Mutation-induced disproportionate dysregulation of the dynamically-balanced equilibrium
between replicative DNA lesions and selective DNA repair pathway activation responses may
culminate in the promotion of carcinogenesis (Bartkova J. et al, 2005; Dillon L.W. et al, 2010) —

Fig 1.36, p.90.

Tumourigenic pre-disposition may also be a consequence of manifested expression of
dysfunctional mutations within genes that encode DNA damage checkpoint and/or DNA repair
proteins, including Rad9 (Bartek J. et al, 2007a; Bartek J. et al, 2007b; Branzie D. and Foiani M,

2008; Dillon L.W. et al, 2010) — Fig 1.36, p.90.
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Fig 1.35: DNA Damage Types and Sources — A Biochemical Summary
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1999; Zheng R. et al, 2010]
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Fig 1.36: Types of DNA Conformer-Induced Replicative Inhibition

[Taken and Adapted From: Dillon L.W. et al, 2010]
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Different types of DNA damage and/or replication stress may promote dissociation of the DNA polymerases,
Pola, Pold and Pole, from the helicase/topoisomerase replicative complex to generate long tracts of ssDNA
which possess the potential to fold into a variety of topological secondary structures within the duplex.

These topological secondary structures may stall the replication fork with consequential activation of the ATR-
dependent DNA damage response checkpoint pathways.

[A variety of different types of associative protein interactions within the C-terminal tail domain of the Rad9
sub-unit, which protrudes outside of the Rad9-Rad1-Husl PCNA-like DNA sliding-clamp sensory complex,

are also implicated in ATR-Chk1-activated DNA damage response checkpoint pathways — discussed previously
in Section 1.2.2, pp.33-65]

Fragile sites within the chromatin supra-molecular architecture, in proximity to localised ssDNA topological
secondary structures, may be particularly susceptible to spontaneous types of replication fork reversal and/or
erratic polymerase “associative-dissociative hopping” progression at regions of secondary structure along the
DNA.

Dysfunctional activation and/or suppression of these secondary structure-induced ATR-dependent checkpoint
pathways may compromise appropriate regulatory cell cycle responses to DNA damage and/or replication
stress with consequential propagation of DNA breakage events and chromosome translocational aberrations,
which in turn may promote carcinogenesis (Rabkin C.S. and Janz S., 2008) — Fig 1.9, p.16.
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Fig 1.37: Classification Review of DNA Damage Repair Mechanisms

[Compiled via Collated Information From: Christmann M. et al, 2003; Barnes D.E. and Lindahl, 2004;
Fousteri M. and Mullenders L.H., 2008; Friedberg E.C., 2005;
Hakem R., 2008; Li G.M., 2008; Verbeek B. et al, 2008
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Table 1.5: Summarised DNA Repair Mechanism Responses

DNA DANMAGE RESFONSE NME CHANISIV

Enzyvmatic Repair of:
06— Alkyl-Guanine
Direct-Rep air Rever sal 047 Alkyl-Thymine
Allvlphosphotriesters

Ligation of DINA Strand Breaks

Base Excision Repanr (BER)
Nucleotide Excision Repair (NER)
Nhs-Match Repair (VMIVIE)

and/or ICL/TLS

Excision of DNA Danage

Replicative By-FPass of Template
Tolaance of DINA Damage Strand D:ﬂn;_'lgne- Yia Gap Formation
and Recombination (HRR), WHE.J
and/'or ICL/TLS

Note: The most important damage response is probably excision-mediated repair of the DNA, whilst
the direct-reversal repair is somewhat limited to removal of small alkylation DNA lesions and
direct ligation of single-stranded and double-stranded phosphodiester bond lyses.

An associative mutagenic risk of cumulative error-prone replicative potential exists in the case of
DNA damage tolerance responses elicited via NHEJ, SSA and MMEJ by-pass repair mechanisms.
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Although the majority of biochemical pathways associated with DNA repair are primarily
constitutive, various experimental studies have also identified a number of inter-communicative
modulatory DNA damage response pathway interactions implicated in the selective induction and
regulatory control of specific DNA repair mechanisms respectively. (Hwang B.J. at al, 1998;
Bartek J. et al, 2001; D’Amours D. and Jackson S.P., 2002; Lee S.H. and Kim C.H., 2002;

Venkitaraman A.R., 2002; Christmann M. et al, 2003).

The homotrimeric PCNA clamp has also been demonstrated, experimentally, to interact with the
Rad9 and Husl sub-units of the heterotrimeric Rad9-Rad1-Hus1 (“9-1-1") complex in response to

genotoxic events and/or perturbed DNA replication (Komatsu K. et al, 2000c).

Under normal cytological conditions, PCNA-DNA interactions may enhance the topological
flexibility of the lagging strand of the replication fork for the facilitated access of the associative
protein complexes which are implicated in the synthesis, assembly and ligation of the base

sequence complementary okazaki fragments (Querol-Audi J. et al, 2012).

In contrast to the PCNA clamp, “9-1-1” complex-DNA interactions may enhance the transient
topological stability of localised DNA damage sites to provide sufficient time for the targeted
recruitment and assembly of protein complexes which are implicated in the rectification of specific

genotoxic lesions, thereby facilitating their recognition and repair (Querol-Audi J. et al, 2012).

Taken together, these phenomena may indicate that the differential DNA-interactive functions of
the PCNA and “9-1-1” DNA “sliding clamp” complexes could serve as a critical component of a
variety of checkpoint-coupled mechanisms which are responsible for the sequential co-ordination
of cell cycle arrest, DNA repair and re-initiation of DNA replication in response to specific

genotoxic and/or environmental cytological stresses.
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The Rad9-Radl-Husl heterotrimeric toroidal PCNA-like DNA “sliding clamp” complex also
performs several key integral functions in the biochemical modulation of various DNA repair
mechanisms (Fig 1.37, p.91; Fig 1.38, p.98; Table 1.4, p.99), thus providing an inter-
communicative link with the respective “downstream” signal transductional “cross-talk” effector
responses of the regulatory cell cycle DNA-damage checkpoint pathways (Fig 1.38A, p.98) —

notably;

(i) Protection of recessed 5’end DNA substrates, generated as in Situ. transient intermediates in

various biochemical mechanisms of DNA repair/maintenance pathways, from extensive
exonuclease degradation and promoted resolution of the resultant “9-1-1"-complex-stabilised
structures back to their respective native supramolecular duplex topological configurations

(Ellison V. and Stillman B., 2003) — Fig 1.38B, p.98.

(i) Associative Rad9 C-Terminal Tail Domain interactions with DNA polymerase €, within the

“9-1-1” sliding-clamp complex may also be implicated in the recognition and repair of DNA
gaps and/or single-stranded DNA breaks — SSBs (Sukhanova M.V. et al, 2011).

[In this context, it has also been postulated that Rad9-SSB interactions, within the “9-1-1”
sliding-clamp complex, may provide a regulatory signal link which couples DNA damage
checkpoint responses with the appropriate selection of the Base Excision Repair and Single-

Stranded Break DNA repair pathway activities (Sukhanova M.V. et al, 2011)]

(ii1) The “9-1-1" sensory complex has also been elucidated to be a critical biochemical trigger
for initiation of “downstream” DNA-damage checkpoint signal transductional responses
to DNA replication fork arrest (Longhese M.P. et al, 1997), dsDNA breaks (Kondo T. et al,
2001; Melo J.A. et al, 2001) and perturbed telomere maintenance (d’Adda di Fagagna F.
et al, 2004; Garvik B. et al,1995; Lydall D., 2009; Lydall D. and Weinert T,1995;
Longhese M.P. et al, 2000; Nabetani A. et al, 2004; Slijepcevic P., 2006; Slijepcevic P.
and Al-Wahiby S., 2005) — Fig 1.38A and Fig 1.38B, p.98.
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(iv) Various experimental studies have demonstrated that the human Rad9 protein (hRad9),

acting within the Rad1-Hus1 associative PCNA-like toroidal heterotrimeric DNA “sliding-
clamp”, is implicated in the enhancement of the catalytic activity of particular enzymes

implicated in DNA repair pathway and/or maintenance mechanisms (Table 1.4, p.99).

(v) The biochemical mechanisms of the “9-1-1” complex-stimulated DNA repair nuclease type

(vi)

enzymatic activities (Table 1.4, p.99) may also involve associative interactions between an
identified potential nuclease-binding/nuclease catalytic activity type domain motif within the

hRad9 protein (Bessho T. and Sancar A., 2000 — discussed summarily in Fig 1.44B, p.105).

The “9-1-1” clamp has been postulated to be implicated in a biochemical feedback type of
mechanism which co-ordinates the recruitment and regulation of the enzymatic activities of
APE1, FENI, Ligl and Polf in SP-BER and LP-BER DNA repair pathways (Balakrishnan L.
et al, 2009; Collura A. et al, 2012) — discussed summarily in Fig 1.41, p.102 and Fig 1.42,

p.103.

(vii) Rectification of oxidised DNA base adducts, via co-ordinated interactions beween the BER

and MMR repair pathways, may also involve “9-1-1” clamp-mediated recruitment and
activity modulation of the APE1, FEN1, hOGG1, Lig I, MLH1, MSH2, MSH3, MSHS6,
MYHI, NEILI, Polp and TDG proteins (Bai H. et al, 2010; Balakrishnan L. et al, 2009;
Chang D-Y. et al, 2011; Germann M.W. et al, 2010; Guan X. et al, 2007b; He W. et al,
2008; Park M.J. et al, 2009; Luncsford P.J. et al, 2010; Reha-Kranz L.J. et al, 2011;
Taricani L. et al, 2010; Zheng L. et al, 2010); described summarily in Figs 1.41-1.47,

Pp.102-108.

[Note: Differential ATR/ATRIP and TopBP1 associative cross-talk signalling with the
Rad9-Rad1-Husl and MSH2:MSH6 complexes, which are independently recruited
to the DNA lesion sites, may also serve as a regulatory activation mechanism for the
Chk1-initiated and Chk2-initiated DNA damage checkpoint pathways — Fig 1.44,

p.105] [94]



(viii) Epigenetic nucleosomal post-translation modification-based chromatin re-modelling of

histones H3 and H4, via Rad9-associative enzymatic activity regulation of histone
Deacetylase (Fig 1.46B, p.107), Metnase (Fig 1.50, p.111) and TLK1/TLK1B (Fig 1.52,
p.117) within the “9-1-1” clamp, may be implicated in specific signal response-mediated
modulation of the SP-BER (Fig 1.42, p.103), LP-BER (Fig 1.42, p.103), MMR (Fig 1.43,
p.104), HR (Fig 1.48, p.109), NHEJ (Fig 1.48, p.109) and TLS-Coupled “Template-
Switching” DNA repair pathways (Fig 1.51, p.112 — discussed in detail on pp.113-116)

(Canfield C. et al, 2009; Chang D-Y. et al, 2011; De Benedetti A. et al, 2010; De Haro L.P.

et al, 2010).

[In this context, the selective activation/modulation of specific DNA repair pathways may be
dependent upon the type and physio-biochemical structure of the DNA damage site which is
“sensed” via distinctive transient conformer associations between the Rad9-Rad1-Hus1

complex and“lesion-fixed” DNA topological alterations of the chromatin supramolecular

architecture]

The heterotrimeric toroidal Rad9-Radl-Husl complex may also be implicated in the sequential
recruitment and modulation of DNA repair factor functions that propagate recurring cycles of
DNA re-section and DNA re-synthesis which activate different DNA damage checkpoints in an

alternate manner with consequential maintained quiescent/dormant cytological status (Deshpande

AM. etal, 2011) — Fig 1.49, p.110.

This DNA repair-mediated mechanism of perpetuated quiescent cytological status may also be
implicated in the observed multi-drug resistance of dormant tumour cells to a wide variety of
different types of anti-proliferative chemotherapeutics (Deshpande A.M. et al, 2011; Essers M.A.

and Trumpp A., 2010; Trumpp A. and Wiestler O.D., 2008).
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Dbf-Dependent Kinase (DDK, also known as Cdc7)-mediated phosphorylation of the Ser319,
Ser320 and Ser321 residues, situated within the C-Tail Terminal Domain of the Rad9 Sub-unit, are
postulated to induced supra-molecular conformational changes within the “9-1-1" sliding-clamp
complex which promote its dissociation from the DNA after elicited genotoxic detection and
initiation of appropriate cell cycle checkpoint responses in order to facilitate access of various
protein components of the DNA repair machinery to the lesion site (Furuya K. et al, 2010; Paek

A.L. and Weinert T., 2010) — Fig 1.53, p.118.

Somewhat paradoxically, other experimental studies have indicated that the “9-1-1" sliding-clamp
complex also has a function in the recruitment of various DNA repair proteins to the DNA damage
lesion site via associative interactions with the C-Tail Terminal Domain of the Rad9 sub-unit —
which also enhances some of their respective activities (discussed previously and summarised in

Table 1.4, p.99).

Phosphorylation of the DDK/Cdc7 kinase by the secondary (distal) transducer kinase Chk1 occurs
within the Intra-S phase cell cycle DNA Damage Checkpoint — which is also initiated via
associative “9-1-1" complex interactions (discussed previously in Section 1.2.2, pp.33-65; Fig 1.20,

p.56 and Fig 1.22, p.58).

Taken together, these different experimental observations may indicate that the DNA repair pre-
requisite for dissociation or retention of the heterotrimeric toroidal Rad9-Rad1-Husl complex may
be dictated by the biochemico-physical nature of the encountered DNA lesion in conjunction with
the appropriate selected type of mechanism(s) for its rectification — which in turn may be
“governed” via “9-1-1” complex-initiated Chkl-mediated cell cycle checkpoint signal-specific

events (discussed previously in Section 1.2.2, pp.33-65).
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Dissociation of the “9-1-1” sliding-clamp complex from the DNA lesion, via DDK/Cdc7 kinase-
mediated phosphorylation of the C-Terminal Tail Domain of the Rad9 sub-unit, may also be

constitute a DNA damage checkpoint response to extensive and/or very severe DNA damage.

In this context, the function of the DDK/Cdc7 kinase would be the prevention of inappropriate
DNA lesion site-recruitment of Y-polymerases and/or other repair factors implicated in error-prone
mechanisms of DNA repair, which would otherwise result in a catastrophic loss of genomic

integrity in the surviving cell with consequential promotion of carcinogenesis.
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Fig 1.38: Functional Roles of the “9-1-1” Clamp in DNA Repair
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A Summarised modulatory roles of hRad9, acting within “9-1-1” sensory complex-initiated checkpoint DNA damage
response-repair pathways at various phases of the cell-cycle — LP-BER and SP-BER are phase-specific, whilst other
pathways are comparatively non-cell cycle phase-specific (L6pez-Contreras A.J. and Fernandez-Capetillo O., 2010).

NOTE: A critical phosphorylation site at T225, identified in the homologous eukaryotic S.pombe PCNA-like domain
of the spRad9 protein, is hypothesised to be implicated in kinase-mediated type interactive regulation and/or
selection of particular DNA damage repair pathways - for example, via integral template-switching between
BER/NER and TLS pathways via ubiquitin-coupled determinant utilisation of X-type or Y-type DNA
polymerases respectively (Jansen J.G. et al, 2007; Kai M. et al, 2007) — Figs 1.39 - 1.42, pp.100-103;

Fig 1.51, p.112.

[Homologous functional phosphorylation site(s) may also exist in the case of the human hRad9 protein]

B! Associative interactions of “9-1-1” complex with various DNA structural substrate intermediates, generated via
DNA maintenance and/or DNA damage repair pathway processes, are postulated to be essential for both the
prevention of catastrophic extensive exonuclease degradation of the resultant 5’-recessed ends and enhanced

promotional rectification of these transient supramolecular conformational forms back to reconstituted duplex
DNA (Taken and Adapted From: Ellison V. and Stillman B., 2003; Nabetani A. et al, 2004).
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Table 1.4: “9-1-1” Clamp-Modulated DNA Repair Protein Activities

. . Specific Rad9-Rad1-Husl Complex Referenced
DNA Repair-Implicated . . e
. Protein-Interactive Modulated DNA Citation
Protein Factor/Enzyme . .. .
Repair Pathway Activity Function(s) Sources

APE1 {Apurinic/Apyrimidinic Endonuclease 1)-BER {pp.102-103)| Balakrishnan L. et a/, 2009

Balakrishnan L. et a/, 2009

ENDONUCLEASES Guo Z. et al,2008
FEN1 (Flap Endonuclease 1)—BER (pp.102-103) Querol-AudiJ. et ai, 2012
—GC, S5A, MMEJ, NHEJ (p.109) Wu X. et af,1999
Zheng L. et a/,2010
hMYH1 (Human MutY Glycosylase Homologue)— BER/MMR | Chang D.Y.et al,2011
. Coupled | changD.Y.and LuA.L. 2005
Go System” | |yncsford P.J. et al,2010
(PP-102-108) | Ly A.L. et al,2001
LuA.L.et al,2006
shi G. et al, 2006
hOGG1 (Human 8-Oxoguanine Glycosylase 1) — BER/MMR Dianov G.L. et al, 2011
Coupled Park M.J. et al, 2009
"Go System”
GLYCOSYLASES (pp.102-108)
NEIL 1 (Endonuclease VilI-Like Protein 1) — BER/MMR Guan X. et al,2007a
Coupled Taricani L. et a/,2010
"Go System"”

(pp.102-108)

TDG Glycosylase (Thymine Dimer Glycosylase)-BER (pp.102-103) Guan X. et al,2007b
-NER (pp.100-101)
-GGR(p.100)
-TCR (p.101)

Balakrishnan L. et af, 2009
Helt C.E. et a/,2005
Rodriguez M. et a/,2003
LIGASES DNA Ligase | — Various DNA Repair Pathways (pp.100-116) | SmirnovaE. et /,2005
Song W. et a/,2007

Song W. et a/,2009

Wang W. et a/,2006

Balakrishnan L. et al, 2009

DNA Pol — Various DNA Repair Pathways (pp.100-116) Gembka A. et al, 2007
Toueille M. et al,2004
DNA Pol§ — Various DNA Repair Pathways (pp.100-116) Jansen J.G, et al, 2007
POLYMERASES Deshpande A.M. et af,2011
DNA Pole — Various DNA Repair Pathways (pp.100-116) PudduF. et al,2011

Sukhanova M.V. et af,2011
DNA Poln — "Template-Switch"-Mediated TLS (pp.111-117) | Jansen J.G. et al, 2007

DNA Pol{ — "Template-Switch"-Mediated TLS (pp.111-117) |Jansen).G.et al,2007
Khair L. et a/,2010

Francia S. et al,2006
TELOMERASES Regulatery Maintenance of Telomere Integrity (p.98;p.107) Francia S. et a/,2007
Michaelson R.). et a/,2005
Slijepcevic P., 2006

Metnase — Chromosomal Decatenation(p.111) De Haro L.P. et al,2010
— HR(p.109; p.111)
— NHEJ(p.109; p.111)
— "Template-Switch"-Mediated TLS (pp.111-116)

METHYLASES

ATR (ATM and Rad3-Related Kinase)— Rad9 Phosphorylation | Kai M. et af, 2007
Induced "9-1-1" Clamp
DNA Repair Pathway
Selection (p.98; p.105)

DDK (Dbf4-Dependent Kinase)/Cdc7 — Rad9 Phosphorylation | Furuya K. et af,2010
Induced "9-1-1"Clamp | paek A.L. & Weinert T., 2010
DNA Dissaciation to
KINASES Enable Access of DNA
Repair Proteins to the
Lesion Site (p.118)

Canfield C. et ai, 2009

TLK1/TLK1B (Tousled-Like Kinase 1/1B) — "Template-Switch" |D® Benedetti A. et al, 2008
Mediated TLS De Benedetti A.et af,2010
(pp.112-117) Ronald S.et al, 2011

Sunvala-Dessabhoy G.
& De Benedetti A., 2009

MLH1 (MutL Homologue 1)—MMR (p.104) He W. et al,2008
MMR-IMPLICATED MSH2 (Mut$ Homologue 2)—MMR (pp.104-105; p.108) Bai H. et al,2010
PROTEIN FACTORS MSH3 (MutS Homologue 3)—MMR (pp.104-105; p.108)

MSH6 (MutS Homologue 6)—MMR (pp.104-105; p.108)

NOTE: The Rad9 and Hus1, but not Rad1, sub-units of the “9-1-1” DNA sliding-clamp complex contain binding pockets
for the PCNA-Interacting Peptide (PIP) box motif (Doré A.S. et al, 2009; Eichinger C.S. and Jentsch S., 2011;
Komatsu K. et al, 2000c; Sohn S.Y. and Cho Y., 2009; Xu M. et al, 2009) — Highlighted in Fig 1.10C, p.24
(Section 1.2.1).

The PIP Box motif is of general consensus sequence: QxxL/lI/MxxHF/DF/Y and is contained in a variety of
different proteins including DNA polymerases and other associated DNA repair proteins (Gilljam K.M. et al,
2009; Warbrick E., 1998; Warbrick E., 2000; Warbrick E., 2006).

Thus, in addition to Rad9 C-Terminal Tail domain associations, the “9-1-1” complex may modulate the functional
activities of the various proteins (tabulated above) via Rad9 and Hus1 sub-unit PIP box-binding interactions.
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Fig 1.39: A Mechanistic Overview of

Global Genomic Repair

[Taken and Adapted From: Christmann M. et al, 2003; Shuck S.C. et al, 2008]
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GGR is mainly a transcription-independent NER pathway for removal of DNA lesions of non-transcribed genomic domains
and non-transcribed regions of transcribed DNA strands for predominantly favoured, rapid and efficient removal of highly
duplex-distortive lesions (Balajee A.S.et al, 1997; Hanawalt P.C., 2002; Mullenders L.H. and Berneburg M., 2001)
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Fig 1.40: A Mechanistic Overview of Transcription-Coupled Repair

[Taken and Adapted From: Christmann M. et al, 2003; Fousteri M. and Mullenders L.H.F., 2008]
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Transcription-Coupled Repair (TCR) is an alternative NER-pathway which is cytologically-utilised for the removal of

various RNA-polymerase blocking lesions within transcribed strands of active genes (Bohr V.A. et al, 1985; Mellon 1. et al,
1987)

DNA lesion-induced conformational changes within the supramolecular duplex structure inhibit the transcriptional process
of RNA Polymerase Il (RNAPII) with consequential displacement of RNAPII mediated via CSA, CSB and/or TFIIS
assembly at the lesion site, initiated facilitative recruitment access of the exonucleases XPF-ERCC1 and XPG for subsequent
cleavage removal of the DNA lesion-containing strand and strand re-synthesis via DNA polymerases Pold and/or Polg prior
to strand-annealing performed by DNA Ligase | (Christmann M. et al, 2003).

In contrast to the GGR-NER DNA repair pathway (Fig 1.39, p.100), the TCR-NER pathway is also predominantly more
efficient at removal of U.V.-induced CPD type DNA lesions (Christmann M. et al, 2003).
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Fig 1.41: “9-1-1” Co-Ordination of the BER Repairosome Activities

[Taken and Adapted From: Balakrishnan L. et al, 2009]
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A variety of experimental studies have indicated that the “9-1-1” complex stimulates APE1, FENI,
DNA Ligase | and DNA Polymerase p enzymatic activies via direct associative interactions with the
C-Tail Terminal Domain of the Rad9 component sub-unit (Collura A. et al, 2012; Gembka A. et al,
2007; Guo Z. et al, 2008; Helt C.E. et al, 2005; Rodriguez M. et al, 2003; Smirnova E. et al, 2006; Song
W. et al, 2007; Song W. et al, 2009; Toueille M. et al, 2004; Wang W. et al, 2006; Wu X. et al, 1999;
Zheng L. et al, 2010).

In the above model, structural interactions between FEN1 and DNA Polp stimulate the cleavage
activity of FEN1, whilst maximal stimulation DNA Ligase | activity is mediated via APE1 and DNA
Polp interactions, whilst Rad9 is not considered to be implicated in the direct stimulation of these
respective enzymatic activities (Balakrishnan L. et al, 2009).

Thus, the primary function of the “9-1-1” clamp is to act as a mediator for the sequential recruitment
of the respective protein components of the Base Excision Repairosome and co-ordination of their
“synergy-orchestrated” enzymatic activities via specific Rad9 C-Terminal Tail Domain interactions
(Balakrishnan L. et al, 2009).

Arrows pointing in a single direction denote a specific stimulatory interaction between one particular
protein with another protein (Balakrishnan L., et al, 2009).

Arrows pointing in both directions denote potential stimulatory and counter-stimulatory interactive
protein activities within the Base Excision Repairosome complex (Balakrishnan L. et al, 2009).

The respective of SP-BER and LP-BER mechanistic DNA repair pathways are summarily discussed
on the following page (Fig 1.42, p.103) together with the above model (inset) to indicate the associated
functional roles of the respective enzymes whose activities are modulated by the “9-1-1” clamp.
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Fig 1.42: “9-1-1” Clamp Modulation of SP-BER & L P-BER Activities
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Base Excision Repair (BER) Pathways may proceed via utilisation of a range of different Typel and Typell N-glycosylase enzymes,
dependent upon the nature of the base modification — typically for the repair of oxidised or alkylated DNA bases, for example hOGG1
(repair of oxidation-modified Gunanine — Fig A) or hUNGL (for repair of oxidatively-deaminated Cytosine conversion to Uracil — Fig B)

( Christmann M. et al, 2003; Scharer O.D. and Jiricny J., 2001).

[Type | glycosylases excise modified bases to generate an apurinic/apyrimidinic (AP) within the DNA, whilst Type 11 glycosylases excise
modified bases and also effect cleavage of the resultant AP site via their 3’-endonuclease activity with consequential formation of a single-
stranded DNA breakage (Christmann M. et al, 2003; Wilson D.M. 3™ and Barsky D., 2001).

Selection of either the Short-Patch or Long-Patch BER pathway is critically pre-determined via the propensity of the DNA polymerase f
(Polp) catalytic lyase activity towards 5°-cleavage of the generated Apurinic/Apyrimidinic intermediate — which is dependent upon the
biochemical nature of the AP-site. (Matsumoto Y. and Kim K., 1995; Prasad R. et al, 1998; Sobol R.W. et al, 2000)

The Short-Patch BER (SP-BER) pathway proceeds via a sequential mechanism that is “triggered” via initial recognition and hydrolytic
cleavage excision of the modified base lesion (via a DNA N-glycosylase enzyme) and removal of the resultant AP site via 3°-end excision -
mediated by Apurinic/Apyrimidinic Endonuclease I (APE1) and 5’-displacement mediated via the catalytic lyase activity of Polp (that
targets the hemi-acetal form of the AP-site 5°-deoxyribose residual form) which also subsequently inserts the appropriate one-nucleotide
repair patch, into the resultant DNA strand “gap”, followed by direct annealing/”gap”sealing of the inserted one-nucleotide repair patch
via the cooperative interaction of DNA Ligase IIla, XRCC1, Polf and Poly(ADP-Ribose) Polymerase | (PARP).

(Dianov G.L. et al, 1992; Kubota Y gt al, 1996; Sobol R.W. et al, 1996; Wiebauer K. and Jiricny J., 1990)

The Long-Patch BER (LP-BER) pathway proceeds via an alternative sequential mechanism that is “triggered” via PCNA-complex
recognition of SP-BER-generation of reduced of oxidised AP sites (eg 3’-unsaturated aldehydes or 3’-phosphates), that are resistant to Polf
catalytic lyase-mediated hydrolytic B-elimination, in which cooperative interactions between PCNA and its RFC-loading complex in
conjunction with DNA polymerase & (Pold) and/or DNA polymerase ¢ (Pole) invoke strand-dissociation at the AP DNA lesion site, followed
by Flap Endonuclease | (FENI)-mediated excision of the displaced deoxyribosephosphate strand intermediate and subsequent Pold/Pole-
mediated sythesis and insertion of a longer oligonucleotide repair patch (typically ~ 2-10 nucleotides) into theresultant “gap” — prior to
“gap-filled long-path annealing/sealing” by DNA Ligase | for completion of DNA repair (Klugland A. and Lindahl T., 1997; Nakamura J. et
al, 2000; Prasad R. et al, 1996 Srivastava D.K. et al, 1998; Stucki M. et al, 1998)
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Fig 1.43: A Mechanistic Overview of Base-Mismatch DNA Repair

[Taken and Adapted From: Christmann M. et al, 2003]
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The Base-Mismatch DNA Repair (MMR) pathways consist of several sequential key steps which are initiated via DNA base-pair anomalous
site recognition of base-base mismatches, insertions/deletion frameshift-induced mismatches via the MutSa complex (comprised of hMSH2
and hMSH6 sub-units) and/or alternative loop-specific insertion/deletion frameshift-induced mismatches via the MutSp complex
(comprised of hMSH2 and hMSH3 sub-units — not shown) respectively (Acharya S. et al, 1996; Christmann M. and Kaina B., 2000; Fishel R.
et al, 1993; Genschel J. et al,1998; Leach F.S. et al, 1993; Palombo F. et al, 1995; Palombo F. et al, 1996; Umar A. et al, 1994) — notably;

1. Phosphorylation of the hMSH2:hMSH6 protein sub-units of the Mut Sa complex and/or h(MSH2:hMSH3 protein sub-units of the
MutSp complex induces transient conformational changes within the supramolecular structure which converts them to the respective
“active state” MutSa-ATP and/or MutSB-ATP complexes that are able to recognise and associate with the DNA base mismatch lesion
site (Christmann M. et al, 2003; Fishel R., 1998; Gradia S. et al, 1997) .

2. Consequential conversion of ADP—ATP within the adenosine nucleotide binding-sites of the MutSa and/or MutSp complex, initiated
via binding of the MutSa-ADP and/or MutSB-ADP complexes to the DNA mismatch lesion site, also induces conformational changes
within the respective supramolecular complexes structures which stimulate their intrinsic ATPase catalytic domain activities with
consequential hydrolysis of ATP which induces further conformational alterations within the supramolecular MutS complex isoform
structures that enables them to associate with the heterodimeric MutLa complex (comprised of hMLH1 and hPMS2 protein sub-units),
whilst the energy released from ATP hydrolysis is “thermodynamically-coupled” to active translocated assembly of the resultant
multimeric complex along the duplex from the origin of the mismatch lesion site to an SSB signal site implicated in DNA strand-
specificity identification (Alani E. et al, 1997; Blackwell L.J. et al, 1998a; Blackwell L.J. et al, 1998b; Blackwell L.J. et al, 2001;
Christmann M. et al, 2003; Li G.M. and Modrich P., 1995; Nicolaides N.C. et al, 1994; Papadopoulous N. et al, 1994).

3. MMR multimeric complex recruitment of exonuclease | to the anomalous base-pair duplex site elicits hydrolytic cleavage excision
removal of the base mismatch prior to MMR multmeric comples-mediated sequential recruitment of DNA polymerase 6 and DNA
ligase enzymes for subsequent corrective base-replacement oligonucleotide synthesis and “gap-sealing”/reannealing of the resolved

duplex region (Christmann M. et al, 2003; Genschel J. et al, 2002; Longley M.J. et al, 1997).

4. Intrinsic MMR multimeric complex ATPase activity, “triggered” via the biophysico-chemical mechanism described in step 2 above,
also initiates binding of ATP to the hMSH sub-unit adenosine nucleotide binding sites with consequential inducement of other types
of transient conformational rearrangements within the supramolecular MMR multiplex complex structure which result in the
formation of an ATP hydrolysis-independent DNA “sliding clamp” that diffuses away from the repaired base mismatch site and
functions as a signal for “inactive-state” MMR protein sub-unit dissociation from the rectified DNA duplex structure (Alani E. et al,
1997; Christmann M. et al, 2003; Berardini M. et al, 2000; Gradia S. et al, 1999; Gradia S. et al, 2000).
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Fig 1.44: “9-1-1” Clamp Influences on MMR-Apoptotic Induction
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A: ATR-activated DNA damage checkpoint signalling responses may be initiated via two independent TopBP1 adaptor
protein-mediated pathways (Fig A taken and adapted from Pabla N. et al, 2011).

The “9-1-1” clamp-TopBP1-ATR/ATRIP-RPA ternary complex activates Chk1 kinase signal-mediated DNA damage
checkpoint responses which culminate in cell cycle arrest (discussed previously in Section 1.2.2, pp.33-65).

The hMSH2:hMSH6-TopBP1-ATR/ATRIP-RPA ternary complex activates Chk2 kinase and p53 signal- mediated DNA
damage checkpoint responses which culminate in cell cycle arrest and apoptotic induction (discussed previously in
Section 1.2.2, pp.33-65).

The Rad9 sub-unit of the “9-1-1” clamp complex contains a conserved “HFD” motif which may interact with ATR and
enhance its catalytic kinase activity (Navadgi-Patil M. and Burgers P.M., 2009) — discussed previously in Section 1.2.2,
pp.33-65; Fig 1.17A, p.53; Fig 1.18, p.54; Fig 1.19, p.55.

Thus, it is possible that biochemical “cross-talk” between the two independent pathways may take place via Rad9-
modulated activity of ATR, which in turn may impinges upon the regulation of the MMR DNA repair pathway
(Reha-Krantz L.J. et al, 2011).

A p53 binding-site consensus sequence has also been identified within the transcriptional promoter of the hMSH2 gene
(Christmann C. et al, 2003; Sherer S.J. et al, 2000; Warnick C.T. et al, 2001).

The hMSH2, hMSH3, hMSH6 proteins also interact with the three sub-sunits of “9-1-1” clamp (Bai H. et al, 2010; Liu Y.
etal, 2010) and the Rad9-Radl1-Husl complex also enhances the G/T DNA substrate-binding activity of the MutSa
protein component of the DNA Mis-Match Repair (MMR) pathway (Bai H. et al, 2010; Liu Y. et al, 2010) — discussed
summarily in Fig 1.43, p.104.

Thus, these two independent pathways may act in a synergistic mechanism which regulates the overall activity of the
MMR pathway via Rad9- modulation of ATR catalytic activity and hMSH2:hMSH6-TopBP1-ATR/ATRIP-RPA-
activated “feedback” p53-mediated transcriptional modulation of hMSH2 activity levels — that in turn may regulate
the MMR pathway via stoichiometric alteration of the relative levels of hMSH2:hMSH3 and hMSH2:hMSH6 dimers
(discussed summarily in Fig 1.43 , p.104).

B: The human Rad9 protein also contains an MLH1 interactive domain (He W. et al, 2008), which may mediate “9-1-1”
clamp-modulation of the MLH1-PMS?2 interactive functions within the MMR DNA repair pathway (Fig 1.43, p.104)
and a conserved catalytic 3’-5” exonuclease motif (Bessho T. and Sancar A., 2000) which may also associate with and
modulate the activity of other nucleases implicated in various repair pathways.
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Fig 1.45: Mechanistic Overview of the “GO-System” Repair Network

[Taken and Adapted From: Slupphaug G. et al, 2003]
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Collaborative “alternative-switching” between various DNA repair pathways may be utilised in the form of
additional levels of cytological “back-up safe-guards” for the preservation of replicative genomic integrity —

as illustrated in the above example of the “Go System”, which exploits mutual synergistic DNA repair
mechanisms for prevention of perpetuated oxidative-modified-Guanine-base-mediated mutagenic effects (such
as 8-Oxoguanine — “Go”-induced base-pair mismatches) via several alternative interacting pathways which
prevent and/or remove mis-incorporated Go lesions from newly-synthesised DNA daughter-strands during
DNA replication (Slupphaug G. et al, 2003), notably;

(i) Human Mut T Homologue 1 (MYHZ1)-mediated hydrolytic-reduction of 8-OxodGTP
(Fujikawa K. et al, 1999; Sakai Y. et al, 2002; Sukami K. et al, 1993).

(if) BER- and/or MMR-initiated Oxoguanine Glycosylase 2 (OGG2)-mediated repair of 8-Ox0G:A
mismatches (Slupphaug G. et al, 2003).

(iii) BER-, GGR- and/or TCR-initiated OGG2-mediated repair of 8-OxoG:C mismatches
(Christmann M. et al, 2003; Slaupphaug G. et al, 2003)

(iv) BER-initiated NEIL1 glycosylase-mediated repair of 8-OxoG:C mismatches
(Slupphaug G. et al, 2003).

Thus potential mutagenic propagation of A:8-OxoG via successive rounds of DNA replication, as a consequence

of initial circumvented C:8-OxoG repair, is prevented via cytological employment of either individual or
combined versions of these respective pathways (Slupphaug G. et al, 2003).
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Fig 1.46: Modulatory ”9-1-1” Clamp-MYH1 Activity Interactions

[Taken and Adapted From: Cai R.L., 2000; Chang D.Y. et al, 2011; Luncsford P.J. et al, 2010]
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The heterotrimeric Rad9-Rad1-Husl PCNA-like DNA Sliding-Clamp complex, modulates the activity of the
human MutY homologue (hMYHL) via associative Rad9 C-Terminal Tail domain interactions with the IDC
loop/”hinge-domain” of the DNA glycosylase enzyme, thereby regulating the MMR pathways implicated in
excision and replacement of oxidised-type nucleobase adducts (Luncsford P.J. et al, 2010).

[The C-Tail Terminal domain of the Rad9 sub-unit of the “9-1-1” clamp also interacts with and enhances
the activity of the Apurinic Endonuclease DNA repair enzyme APE1 — which also associates within the IDC
loop/”’hinge-domain” of the hMYH1 DNA Glycosylase repair enzyme (Luncsford P.J. et al, 2010).

: In S. pombe, the heterotrimeric Rad9-Rad1-Husl PCNA-like DNA sliding-clamp complex also modulates

chromatin re-modelling in response to oxidative stress induced DNA damage, via co-operative regulation
of histone deacetylase spHst4 (HDAC) and spMyh1 Activity mediated via associative interaction of each
respective enzyme with the spRad9 C-Terminal Tail domain (Chang D.Y. et al, 2011).

In S. pombe, under normal cytophysiological conditions, the histone deacetylase spHst4 is complex-associated
with both spMyhl and the heterotrimeric “9-1-1” clamp complex, in which spHst4, spMyh1 and spHus1 sub-
unit are physically bound to telomeres Chang D.Y. et al, 2011)

Oxidative stress-induced DNA damage triggers an spMyh1-dependent decrease in spHst4 protein levels with
consequential hyperacetylation of histone 3 at Lys56 which in turn induces alterations in chromatin supra-
molecular structure that promote telomeric dissociation of spHst4 and the spHus1 sub-unit of the “9-1-1”
clamp complex and telomeric association of spMyh1 —whose DNA glycosylase activity is enhanced via
associative interactions with the C-Terminal Tail domain of the spRad9 subunit in responsive preparation
for MMR-mediated excision-replacement of oxidised nucleobase adducts (Chang D.Y. et al, 2011; Luncsford

P.J. etal, 2010).
[107]



Fig 1.47: “9-1-1” Clamp Modulation of Oxidative Mismatch Repair

[Taken and Adapted From: Germann M.W. et al, 2010
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Integrative repair pathway model for the co-ordinated recification of the DNA-incorporated
oxidized-base adduct 8-Oxoguanine (Germann M.W. et al, 2010).

[Note: Corrective Pathways are indicated in green; Detrimental Pathways are indicated in orange]

The “9-1-1” clamp may also modulate of the respective activities of the implicated hOGG1, MSH2,
MSH3, MSH6, and MYH1, via associative interactions with the C-Tail Terminal Domain of the Rad9
component sub-unit, for selective regulation of the respective pathways implicated in this integrative
repair network (Bai H. et al, 2010; Chang D-Y. et al, 2011; Germann M.W. et al, 2010; Luncsford P.J.

etal, 2010; Park M.J. et al, 2009).

Uncertainty remains as to whether or not similar “9-1-1” clamp-associative interactions
modulate the activity of the hMTH protein, which may also be implicated in regulation of
this integrative DNA repair network.
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Fig 1.48: Mechanistic Overview of DNA dsBreak Repair Pathways

[Taken and Adapted From: Christmann M. et al, 2003; McHugh P.J. et al, 2001; Longhese M.P. et al, 2010]

Homologous Non-Homologous Single-Strand Microhomology-Mediated
Recombinational Repair (HR) End-Joining (NHEJ) Annealing (SSA) End-Joining (MMEJ)
5' 3 5' 3 5 3 5' 3
3 s | 3 s | @ N 5
5 3 dsBreak Processing dsBreakProcessing dsBreak Processing
3 5' via MRH Complex MEH Complex via MRH Comiplex MEH Complex via MRH Complex MEN Complex
dsBreakProcessing and Stabilisation HBS1-MRE11-RADS50 | and Stabilisation HBS1-MRE11-RAD50 and Stabilisation HBS1-MRE11-RADS0
via MRH Complex MEH Complex via RAD52 Protein via RAD52 Protein via RAD52 Protein
and Stabilisation HBS1-MRE11-RADS0
via RADS52 Protein
5 ¥ 3 5' @ 3 —_— - —3 5 - 3
3 ' 3 5' 3' - 5' 3" ~ — 5
5 ;. Complementary Homology-Site Complementary Homology-Site
Strand-Annealing and Cleavage and Cleavage

3 5' of | mplementary Overhangs entary Overhangs
RAD: Paralogue Ligation via RAD1-10 and MSH2-MSH3 via RAD1-10 and MSH2-MSH3
BRCA1, BRCA2- ’ Proteins Proteins

Mediated RADS1 ) i
Strand-Invasion / /
5' > 3 5 7 : 3 5 — —_3 5 —_3
3 5 3 5 3'—/ —5 3 / 5
o XX s
J 5. l
Holliday-Junction 5" 3 5' 3" 5 3
Resolution 3 - 5 3 5 3 5"
. . 1-4 Nucleotide Deletions/Insertions
5 3 XRCCA Large-Size Deletions Variable-Size Deletions and
3 5’ DNAPKes | o No Inserted Nucleotides Inserted Nucleotides Common
5' 3’ Kurd —
] 5' Kugd — |

Ligase IV

The hetereotrimeric “MRN” complex, comprised of Mrel1-Rad50-Nbsl, is a key multi-functional component of both the HR (Homologous
Recombinational Repair -HRR and Single-Stranded Annealing — SSA) and the Non-Homologous End Joining (NHEJ) pathways implicated
in the repair of double-stranded DNA breaks (DSBs) — that possesses endonuclease, exonuclease, helicase enzymatic activites and forms
associative interactions with FEN1 for removal of the excess terminal 3’- and 5°- DNA “overhangs”/”flaps” which are in situ-generated “by-
products” of these respective DNA mechanisms (Christmann P. et al, 2003; Dion V. et al, 2012; Trovesi C. et al, 2011).

Homologous Recombinational Repair (HRR), also termed “Gene Conversion” (GC), is an error-free mechanism of DSB-repair as a
consequence of utilisation of the “daughter-strand region” of DNA in the undamaged chromosome, which shares sequence homology with
that of the damaged DNA strand region in the corresponding chromosomal partner, as a template for exchange of genetic information
during repair of the respective DSB lesion (Christmann M. et al, 2003; Fujinaka Y. et al, 2012; George C.M. et al, 2011; Sonada E. et al,
2001) — mediated via the following steps:

(i) MRN complex-mediated 5°’— 3’ directional re-section of the DSB lesion sites results in the formation of a 3’-single-stranded DNA,
which is effectively “shielded” from 3’exonucleolytic dregredation via association with the hepatameric RAD52 protein (Stasiak A.Z.
et al, 2000) and 5’ exonucleolytic degredation via association with the Rad9-Rad1-Husl1 heterotrimeric “9-1-1” complex respectively
(Ellison V. and Stillman B., 2003).

(ii) Associative interactions between the resultant 3’-ssSDNA-complex-bound RAD52 heptamer with the Replication Protein A (RPA) and
RPA and RAD51 proteins initiate DNA strand-exchange activity with the DSB homologous DNA sequence region of the undamaged
corresponding chromosome (Benson F.E. et al, 1994; Siggurdson S. et al, 2001) — mediated via RAD51-catalysed damaged-DNA
“strand invasion” complementary base sequence “D-loop” displacement of the undamaged DNA duplex homologous template region
(Baumann P. and West S.C., 1997; Gupta R.C. et al, 1998).

(iif) Completion of DSB repair is then accomplished viaDNA synthesis, ligation and holliday junction branch migration, mediated via
associative functional interactions between the RAD51 multi-paralogue nucleoprotein assembly (comprised of RAD51B. RAD51C,
RAD51D, XRCC2 and XRCC3 proteins), DNA polymerase and DNA ligase proteins respectively (Eggler A.L. et al, 2002; Christmann
M. et al, 2003; Liu N. et al, 2002; Masson J.Y. et al, 2001;Schild D. et al, 2000; Takata M. et al, 2000; Wiese C. et al, 2002).

Single-Stranded Annealing (SSA) and Microhomology-Mediated End-Joining (MMEJ) are error-prone mechanisms of DNA repair
implicated in the repair of DSB sites which are flanked by repeat sequences in which the complementary strands of the respected
homologous regions are re-annealed via DNA ligases whilst the generated excess overhang tails are subsequently cleaved via the
exonuclease activity of the MRN complex - with consequential loss of the intermediate sequences situated between the respective ligated
homologous ends (Christmann M. et al, 2003; Carney J.P. et al, 1998; Crespan E. et al, 2012; Decottignies A., 2007; McHugh P.J. et al,
2001; McVey M. and Lee S.E., 2008; Taylor E.M. et al, 2009; Trujillo K.M. et al, 1998; Yu A.M. and McVey M., 2010).

Non-Homologous End Joining (NHEJ) is an alternative error-prone mechanism of DNA repair in which Ku70-Ku80 dimeric complex-
mediated DSB site-recognition is also required for recruitment of the catalytic subunit of the DNA-Dependent Protein Kinase

(DNA-PKCcs) to the DNA ds breakage lesion with consequential formation of DNA-PK holoenzyme — which is implicated in phosphorylated-
activation of the single-stranded specific exonuclease protein Artemis and activation of the XRCC4 DNA Ligase IV protein (Christmann M.
etal, 2003; Mc Hugh P.J. et al, 2001).

The NHEJ-repair mechanism consists of initial 5°- and 3’- single-strand flap and hairpin loop degradation — mediated via the interactive
functional associative multi-enzyme complex comprised of MRN, Artermis and FEN1 proteins, prior to subsequent re-ligation of the
processed DNA ends via the XRCC4 DNA Ligase IV enzyme respectively (Christmann M. et al, 2003; McHugh P.J. et al, 2001).
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Fig 1.49: “9-1-1” Clamp Modulation of DSB-Induced Quiescence

[Taken and Adapted From: Carneiro T. et al, 2010; Deshpande A.M. et al, 2011]

e 2

4
1
|
| |
| “Claspin-like” +
DNA Re-Synthesis o\ Spo I\ 1558 DNA
¢ U@EU v DSB
Supmmolec_ular GO
e N—— /' Induction
CELL

CYCLE

Quiescence

5' DNA Resection

3 "Overhang Resection

B ot
D

53BP1

R s

DNA damage checkpoints may exhibit impaired adaptation to replicative senescence as a consequence of
transient, interachangable signal responses to double-stranded DNA breaks (Desphande A.M. et al, 2010).

Generation of long 3’ ssDNA overhangs at the DSB sites, via Exol and/or other nuclease activity-mediated DNA
re-section of the shortest telomeric termini, may trigger “9-1-1” clamp-initiated checkpoint signalling responses
(depicted in Figures A and C).

Recruitment of the DNA polymerases Pole and Pol2 to the “nuclease-processed” DSB lesion sites, via the claspin
and “9-1-1” ring-complexes, may then enable re-synthetic conversion of the long 3’-ssSDNA overhangs back to
dsDNA (Fig B).

[Pole and Pol2 may also form a claspin-like DNA polymerase catalytic heterodimeric complex which elicits the
re-synthesis conversion of ssSDNA to dsDNA - Fig B]

Alternatively, the resultant long 3’-sSDNA overhangs may be cleaved to truncated DSB-like structures via
53BP1-induced nuclease re-section activities (Fig D).

[The Rad9 sub-unit of the “9-1-1” complex possesses a potential 3’-5’exonuclease catalytic motif (Bessho T. and
Sancar A., 2000), which may also associatively co-ordinate and/or modulate the activity of other nucleases
implicated in the generation and conversion of these long 3’ ss-DNA overhangs at the DSB lesion sites]

Continual “3’-ssSDNA Re-Section — Re-Synthesis” cycling may occur at each dysfunctional truncated telomeric
terminus site, via generation of fresh ssDNA and DSB-like substrates which trigger alternate checkpoint
responses (Fig A and Fig B; Fig C and Fig D) with consequential suppression of checkpoint signalling and
perpetuation of DNA damage, culminating in maintained cell cycle quiescence (Deshpande A.M. et al, 2010).
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Fig 1.50: ©“9-1-1” Clamp Modulation of Metnase Functional Activities

[Taken and Adapted From: De Haro L.P. et al, 2010]
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Metnase is a multi-functional human protein that contains catalytic methylase (“SET”), nuclease and transposase domains which are
implicated in the regulation of specific activities of several key DNA metabolic processes — notably; Non-Homologous End-Joining (NHEJ —
Fig 1.48, p.109), DNA Integration, Chromosomal Decatenation and Chromosomal Translocation (Beck B.D. et al, 2008; Hromas R. et al,
2008; Jiang H.Y. et al, 2002; Lee S.H. et al, 2005; McClendon A.K. et al, 2005; Williamson E.A. et al, 2008; Wray J. et al, 2010).

Over-expression and corelated activity enhancement of Metnase in leukaemic and breast tumour cells has been implicated in their acquired
multiple drug resistance towards several classes of Topoisomerase Il inhibitory-type anti-cancer chemotherapeutics (Wray J. et al, 2009a;
Wray J. et al, 2009b) — notably; Anthracyline Antibiotics (eg Daunorubicin, Doxorubicin) and Epipodophyllotoxins (eg Etoposide,
Teniposide).

Metnase has been demonstrated to interact with and stimulate the enzymatic activity of Topoisomerase Ila, thereby promoting relaxation
of positive DNA supercoils and resolution of DNA catenanes for prevention of stalled DNA replication forks (De Haro L.P. et al, 2010).

Metnase-mediated methylation of nucleosomal Histone H3 sub-units, at lysine residues K4 and K36, induces conformational changes within
the chromatin supramolecular architecture which facilitate access of repair proteins to damaged DNA lesion sites and thereby enhance the
efficiency of Homologous Recombination (HR) and NHEJ DNA repair processes (Fnu S. et al, 2011) — discussed in Fig 1.48, p.109.

Metnase Histone H3 methylation-induced chromatin “re-modelling” may also impinge upon the functional mechanism of “9-1-1” clamp-
modulated TLK1/1B activity which is implicated in TLS regulation (Canfield C. et al, 2009) — discussed summarily in Fig 1.52, p.117.

Metnase has also been demonstrated to enhance the enzymatic activity of DNA Ligase 1V, which may contribute to the enhanced efficiency
of HR and NHEJ DNA repair (De Haro L.P. et al, 2010) — discussed summarily in Fig 1.48, p.109.

Metnase also interacts with and stimulates the enzymatic activitiy of Topoisomerase Ilo, thereby promoting relaxation of positive DNA
supercoils and resolution of DNA catenanes for prevention of stalled DNA replication forks (De Haro L.P. et al, 2010), which may also
constitute a regulatory mechanism for the modulation of G2-Decatenation Checkpoint activities (discussed previously in Fig 1.26, p.62).

Metnase may be implicated in the promotion of co-ordinated stalled replication fork recovery and re-start mechanisms, mediated via its
SET domain conserved PIP box interactions with the Rad9 and PCNA monomer sub-units, which modulate specific functional activities of
the respective homotrimeric PCNA and heterotrimeric “9-1-1” DNA sliding-clamp complexes, however the enzyme does exhibit any
influential regulation of replication fork progression. (De Haro L.P et al, 2010).

In addition to its automethylation-mediated activity regulation, Metnase may also modulate specific functional activities of the
homotrimeric PCNA and heteotrimeric “9-1-1” clamp complexes via specific methylation-type post-translational modifications of the
respective PCNA and Rad9 sub-units respectively (De Haro L.P. et al, 2010).

These PCNA- and “9-1-1” clamp- Metnase interactions may also be implicated in enhancement of the enzymatic activities of Translesion
Synthesis (TLS) DNA Polymerases which mediate replicative “template-switch” by-pass of “bulky” DNA lesions, such as U.V.-induced
Thymine Dimers (De Haro L.P. et al, 2010; Livnah Z. et al, 2010; Jansen J.G. et al, 2007; Zhuang and Ai Y., 2010) — discussed summarily in
Fig 1.51, p.112.

Metnase-mediated Rad9 methylation may also be implicated in the modulation of “9-1-1” clamp-ATR/ATRIP-RPA ternary complex
activation of Chkl kinase-initiated DNA damage checkpoint responses via a similar mechanism to that of PRMT5 methylation of Rad9 (He
W. et al, 2011) — discussed previously in Section 1.2.2, pp.33-65; Fig 1.18, p.54.

The “9-1-1” clamp complex may modulate Metnase functional activities, via “Rad9 C-terminal Tail Domain — SET Domain PIP box” type
associative interactions (De Haro L.P. et al, 2010).

Taken together, these Rad9-Metnase interactions could constitute an intricate “feedback network” mechanism of co-ordinated regulation of
the functional activities of the Rad9-Radl-Husl complex and the enzyme which in turn modulate chromatin re-modelling, stalled
replication 