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Abstract

The nucleolus represents a highly multifunctional intranuclear organelle in which, in addition to the
canonical ribosome assembly, numerous processes such as transcription, DNA repair and replication, the
cell cycle and apoptosis are coordinated. The nucleolus is further a key hub in the sensing of cellular
stress and undergoes major structural and compositional changes in response to cellular perturbations.
Numerous nucleolar proteins have been identified that, upon nucleolar stress sensing, deploy
additional, non-ribosomal roles in the regulation of varied cell processes including cell cycle arrest,
arrest of DNA replication, induction of DNA repair, and apoptosis, among others. The highly abundant
proteins nucleophosmin (NPM1) and nucleolin (NCL) are two such factors that transit to the
nucleoplasm in response to stress, and participate directly in the repair of numerous different DNA
damages. This review discusses the contributions made by NCL and/or NPM1 to the different DNA repair
pathways employed by mammalian cells to repair DNA insults, and examines the implications of such

activities for the regulation, pathogenesis and therapeutic targeting of NPM1 and NCL.
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Introduction

The nucleolus is a large, membraneless subnuclear organelle present in interphase cells throughout
eukaryotes. It is a highly dynamic structure, undergoing disassembly and reassembly at each mitotic
division and exhibiting major structural and compositional changes in response to growth signals,
cellular status and stresses (Boulon et al. 2010). Electromicrographic studies have shown that nucleoli
contain several distinct substructures, with the number and nature of these structures differing between
species; anamniotic eukaryotes and the evolutionarily ancient turtles show a bipartite nucleolus,
containing Fibrillar (F) and Granular (G) Zones, while the remaining amniotes exhibit a tripartite
nucleolus containing a distinct Fibrillar Centre (FC), Dense Fibrillar Component (DFC) and Granular
Component (GC; Lamaye et al. 2011; Thiry and Lafontaine 2005). Since the mid-1960s the nucleolus has
been known as the site of ribosomal RNA (rRNA) transcription, processing and ribosomal assembly, and
the different substructures within the nucleolus likely mediate distinct stages of the ribosome assembly
process (Pederson 2011; Hernandez-Verdun et al. 2010). Several decades of research by many groups
have made great strides towards elucidating the complicated succession of processing steps required to
assemble nascent rRNA into functional ribosomes, as well as the identifying the ~80 ribosomal proteins
(RPs) and >300 ribosomal maturation factors that are required to accomplish them (Henras et al. 2014;
Venema and Tollervey, 1999; Woolford and Baserga 2013).

The evolution of increased structural complexity within the nucleolus in higher eukaryotes has coincided
with a remarkable expansion of the size and complexity of the nucleolar proteome. In addition to the
range of ribosome biogenesis factors above, the mammalian nucleolus contains a vast array of proteins
with no known ribosomal function, many of which play important roles in the regulation of other cellular
processes related to cell growth, proliferation and death (Andersen et al. 2002; Andersen et al. 2005;
Leung et al. 2006). Indeed, more than 4,500 proteins have now been identified proteomically as

exhibiting some degree of nucleolar localization, and many of these exhibit marked changes in their

https://mc06.manuscriptcentral.com/bch-pubs



Biochemistry and Cell Biology

localization in response to cellular stresses such as DNA damage (Ahmad et al. 2009; Boisvert et al. 2010;
Moore et al. 2011). Since these discoveries, our understanding of nucleolar functions has been
revolutionized, and the nucleolus is now known to be a central hub for the coordination of numerous
cellular processes including cell cycle control, apoptosis, mRNA maturation and regulation, transcription,
DNA replication, and DNA repair (Boisvert et al. 2007). The nucleolus is particularly important for
coordinating these varied pathways in response to a range of cellular stresses, and is now known to be a
central hub for the sensing of stress and implementation of cellular responses (Boulon et al. 2010).

One particularly important role for the nucleolus is the coordination of ribosomal RNA transcription and
ribosomal maturation with cellular growth and DNA replication/repair, and vice versa. The production of
ribosomal RNA occupies >50% of all eukaryotic transcription and represents the major source of cellular
energy consumption, as well as being tightly coordinated with cell growth and division (Henras et al.
2014). As a result, any defect in ribosome biogenesis must be rapidly communicated to the cell’s
proliferative machinery to prevent division of cells with insufficient translational capacity; similarly,
inhibition of ribosome synthesis in response to DNA damage or other stresses is essential to prevent
cellular energy depletion and/or production of aberrant ribosomes from damaged rDNA (James et al.
2014; Tsai and Pederson 2014). Indeed, eukaryotic cells have developed an array of regulatory checks
and balances to arrest rRNA transcription and processing under stress conditions (Boulon et al. 2010)
and, conversely, to induce cell cycle arrest and/or apoptosis in response to perturbation of ribosome
production (termed the ‘nucleolar stress response’; Suzuki et al. 2012).

Interestingly, a burgeoning number of ribosomal and ribosome biogenesis proteins are being identified
that go beyond this regulatory paradigm and participate directly in the repair of damaged DNA in vivo.
RPS3 (a.k.a. uS3) has been reported to act as an apurinic/apyrimidinic endonuclease in both nuclear and
mitochondrial base excision repair (Kim et al. 2013), while nucleostemin/GNL3 has been implicated in

the recruitment of RAD51 to stalled replication forks (Lin et al. 2013; Meng et al. 2013), and Nol12 has
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been identified as an important protective factor against oxidative DNA damage (Scott et al. 2016). Most
strikingly, two proteins — nucleophosmin (NPM1) and nucleolin (NCL) — are required for optimal activity
of multiple independent DNA repair pathways, and their dysregulation has been reported in numerous
cancers, in particular leukemias and other myeloproliferative disorders (Berger et al. 2015; Colombo et
al. 2011; Federici et al. 2013).

In this review, we will discuss in detail the multifaceted functions of NPM1 and NCL in the resolution of
DNA damage; in particular, how NPM1 and NCL are able to interact with and directly modulate the
different DNA repair systems of eukaryotic cells including double-strand break repair by homologous
recombination (HR) or non-homologous end joining (NHEJ), base excision repair (BER), nucleotide
excision repair (NER) and translesion synthesis (TLS). We will also consider how NPM1 and NCL are able
to coordinate the activities of key DNA repair factors such as APE1, RPA and p53, and how these
modulations may contribute to cellular DNA repair activities. Finally, we will discuss some of the key
concepts relating to the DDR functions of NPM1 and NCL, and how these two proteins may contribute to
the complicated and inter-related pathways controlling cellular proliferation and recovery in response to

stress stimuli.

Nucleophosmin and Nucleolin: two multifunctional nucleolar proteins

Nucleophosmin (NPM1, also known as numatrin, NO38 or NPM) and nucleolin (NCL) were first identified
by Busch and colleagues in 1973, where they were determined as spots B23 and C23 respectively in 2D
gel electrophoreses of purified nucleoli (Orrick et al. 1973). The two proteins represent major
constituents of mammalian nucleoli, with NCL in particular comprising up to 10% of all protein content
within the nucleolus (Durut and Saez-Vasquez 2015). Subsequent work has shown that these two
proteins share numerous physiological features including their ability to undergo nucleocytoplasmic

shuttling (Borer et al. 1989) and to act as RNA and protein chaperones (Angelov et al. 2006; Borggrefe et
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al. 1998; Hanakahi et al. 2000; Szebeni and Olson 1999; Thyagarajan et al. 1998), their active
relocalization from the nucleolus to the nucleoplasm in response cellular stresses (Colombo et al. 2011;
Tajrishi et al. 2011), and their ability to interact with each other, among others (Li et al. 1996). Several
decades of detailed functional study have revealed that both proteins are remarkably multifunctional,
playing overlapping but non-identical roles in a range of cellular survival and proliferation pathways
including ribosome biogenesis, cell cycle and apoptosis, transcriptional regulation, and DNA replication
and repair (Colombo et al. 2011; Tajrishi et al. 2011). In this section, we will discuss the structure and

regulation of NPM1 and NCL, and will briefly introduce their functions outside of the DDR machineries.

The multifaceted roles of NPM1 outside of DNA damage response pathways

NPM1, along with its paralogs NPM2/nucleoplasmin and NPM3, form the nucleophosmin/nucleoplasmin
(NPM) family of proteins. Each of these three proteins is conserved throughout vertebrates, while more
evolutionarily distant members of the family may be found in invertebrates and in lower eukaryotes
(Edlich-Muth et al. 2015; Frehlick et al. 2007; Gudavicius et al. 2014), and all three possess the ability to
bind histones, regulate their assembly into nucleosomes and promote their loading onto and/or eviction
from DNA, identifying them as true histone chaperones (Frehlick et al. 2007; Finn et al. 2012). While
NPM2 and NPM3 appear in vivo to function exclusively as histone chaperones during both somatic cell
growth and, in particular, gametogenesis and fertilization (Finn et al. 2012; Okuwaki et al. 2012), NPM1
has gained numerous additional functions during evolution and acts in numerous independent cellular
pathways. The NPM1 gene encodes two protein isoforms, termed B23.1 (294 amino acids) and B23.2
(259 amino acids), which differ by splicing at their C-termini (Colombo et al. 2011). The B23.2 isoform is
poorly expressed in mammalian cells and has not been extensively investigated; work discussed herein

will focus on the predominant B23.1 isoform.
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Mammalian NPM family members share a common structural arrangement, typically consisting of an
oligomerization domain at the N-terminal end of the protein, a central/C-terminal nuclear localization
signal, and several central acidic tracts containing predominantly or exclusively aspartate and/or
glutamate residues (Colombo et al. 2011; Hingorani et al. 2000). NPM1 additionally contains nuclear
export signals (NESs), supporting its reported nucleocytoplasmic shuttling activity, and an extended C-
terminal tail responsible for many of its chaperone-independent functions (see Fig. 1; Hingorani et al.
2000; Wang et al. 2005; Yu et al. 2006; Borer et al. 1989; Colombo et al. 2011). In some family members
from lower eukaryotes, the canonical NPM-family oligomerization domain is fused with a peptidyl-prolyl
isomerase domain orthologous to that of mammalian FKBP25, a known NPM1/NCL interactor (Edlich-
Muth et al. 2015; Gudavicius et al. 2014). Structural and biochemical investigations have shown that
both NPM1 and NPM2 can assemble into a large, homopentameric ring structure through its
oligomerization domain (Dutta et al. 2001; Lee et al. 2007; Mitrea et al. 2014; Namboodiri et al. 2004,
2003; Platonova et al. 2011). While several crystallographic studies have described decameric (i.e. head-
to-head double-pentameric) structures for NPM1 family members, these decamers are highly
structurally divergent from one another (Dutta et al. 2001; Lee et al. 2007; Namboodiri et al. 2003;
Namboodiri et al. 2004) and are not observed in biophysical studies of soluble protein (Franco et al.
2008; Mitrea et al. 2014; Taneva et al. 2009). The oligomerization of NPM1 is essential for at least some
of its functions in vivo, likely through allowing simultaneous and closely juxtaposed binding of multiple
targets or of multi-subunit complexes (Thyagarajan et al. 1998; Xia et al. 2013). Interestingly, NPM3 has
not been reported to form homopentameric rings and is unable to act as a histone chaperone in its own
right; instead, it assembles into hetero-oligomers with NPM1, in doing so promoting the histone
chaperone activity of NPM1 while repressing its RNA-binding and ribosome biogenesis activities (Finn et

al. 2012; Huang et al. 2005; Okuwaki et al. 2012).
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Consistent with its identification as a nucleolar phosphoprotein, NPM1 undergoes extensive post-
translational modifications including phosphorylation, ubiquitination and SUMOylation, arginine
methylation, lysine acetylation and others (Colombo et al. 2011), demonstrating it to be a highly
regulated protein in vivo. Immunofluorescence studies have confirmed early observations that NPM1 is
a predominantly nucleolar protein in unstressed cells; however, this localization is highly dynamic in
response to cellular stresses. NPM1 undergoes rapid and reversible translocation from the nucleolus to
the nucleoplasm (nucleoplasmic translocation) upon exposure to UV irradiation, oxidative stress, heat
shock or numerous DNA-damaging agents including mitomycin C, methyl methanesulfonate (MMS) and
cisplatin; however, NPM1 does not alter its localization in response to ionizing radiation (IR) or exposure
to double strand break (DSB)-inducing topoisomerase inhibitors such as etoposide or camptothecin
(Kurki et al. 2004; Vanderwaal et al. 2009; Yogev et al. 2008). Importantly, these localization changes do
not coincide with relocalization of NCL or a generalized dissociation of the nucleolus as seen in response
to RNA Pol I inhibition, and evidence is emerging for their control by particular, DNA-damage-responsive
signaling pathways and/or post-translational modifications (Kurki et al. 2004; Liu et al. 2007; Poletto et
al. 2014; Sato et al. 2004; Vanderwaal et al. 2009; Yogev et al. 2008). Given such evidence, it is likely that
the nucleoplasmic translocation of NPM1 is an active and controlled response to particular genotoxic
stress conditions and not the result of generalized nucleolar disruption.

NPM1 possesses a wide range of biochemical activities. It was initially described as a molecular
chaperone, which binds histones and other small, positively charged proteins such as ribosomal proteins
(RPs) via its central acidic tracts (Okuwaki et al. 2001; Szebeni and Olson 1999; Yu et al. 2006). As a
histone chaperone, NPM1 binds most efficiently to acetylated H3/H4 heterodimers and, as mentioned
above, is able to promote the activities of nucleosome remodeling complexes and to support
transcription and chromatin packaging activities (Okuwaki et al. 2001; Swaminathan et al. 2005). The

ability of NPM1 to interact with highly positive sequences, along with its oligomerization activity have
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led several groups to propose that NPM1 may be the scaffolding protein responsible for retention of
proteins containing arginine/lysine-rich nucleolar localization signals (NoLSs) within the nucleolus
(Emmott and Hiscox 2009; Li et al. 1996; Mitrea et al. 2016). Through its C-terminal regions, NPM1 is
able to bind short ssDNA sequences and promote dsDNA strand annealing (Borggrefe et al. 1998) and,
independently of those functions, to also interact with structured RNAs in response to genotoxic stress
(Yang et al. 2002). Finally, NPM1 possesses RNA-specific endonuclease activity mediated by regions

within its C-terminus (Herrera et al. 1995; Savkur and Olson 1998).

As expected for a predominantly nucleolar protein, NPM1 has long been considered a key ribosome
biogenesis factor, and indeed NPM1 regulates the synthesis and maturation of ribosomes at several
levels. Firstly, NPM1 is able to directly associate with rDNA repeats within the nucleolus and promote
their transcription, potentially through its histone chaperone activities (Murano et al. 2008). Secondly,
NPM1 was found to associate with pre-rRNA within the nucleolus and mediate endonucleolytic cleavage
within the Internal Transcribed Spacer 2 (ITS2), thereby separating the 28S and 5.8S rRNAs (Savkur and
Olson 1998). Thirdly, NPM1 is able to bind to assembled 40S and 60S ribosomal subunits and promote
their nuclear export via the CRM1 pathway, acting as a nucleocytoplasmic chaperone (Maggi et al. 2008;
Yu et al. 2006). In addition to these roles, NPM1 possesses numerous nonribosomal functions. NPM1
binds to and regulates the activity of a range of numerous transcription factors including p53, c-Myc,
androgen receptor, Mizl, NFkB, AP2a and CRCF, as well as regulating global RNA Pol Il transcription
through an interaction with HEXIM1 (Colombo et al. 2011; Gurumurthy et al. 2008). In conjunction with
this transcriptional regulation of expression, NPM1 may act post-transcriptionally through loading onto
mRNAs during polyadenylation and, possibly, promotion of their processing within nuclear speckles
(Palaniswamy et al. 2006; Tarapore et al. 2006). In B cell lineages, NPM1 has been found in a complex
with NCL, PARP1 and SWAP70 (termed the SWAP complex), which promotes the recombination of IgH

gene switch regions (Borggrefe et al. 1998). Finally, NPM1 was found to be recruited to centrosomes in a
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manner dependent on its oligomerization and interaction with BRCA2 and ROCK2 (Wang et al. 2011; Xia
et al. 2013). This recruitment stabilizes centrosomes and inhibits their duplication; release of NPM1
from centrosomes due to T199 phosphorylation by CDK2/cyclin E at the G1/S boundary licenses
centrosomal replication during S-phase (Okuda et al. 2000; Tarapore et al. 2002; Tokuyama et al. 2001).
Constitutive dissociation of NPM1 from centrosomes, due to overexpression of free binding partners or
inhibition of oligomerization, results in aberrant centrosomal duplication, chromosomal instability and
the formation of multinucleate cells (Wang et al. 2011; Xia et al. 2013), suggesting that the control of
centrosomal duplication by NPM1 may be an important mechanism for ensuring genomic stability
during mitosis. Interestingly, the observation that NPM1 is found in a complex with CENP-A, a protein
that is substituted for histone H3 in centrosomal nucleosomes, suggests that the histone chaperone
activity of NPM1 may be important for its regulation of centrosomal replication (Foltz et al. 2009). The
collective significance of these numerous functions of NPM1 are underlined by the observation that
mouse models of both NPM1 haploinsufficiency (NPM1*) and hypomorphism (NPM1"™"™) are
embryonically lethal and exhibit numerous severe neurological and hematological developmental

failures prior to termination (Grisendi et al. 2005).

NCL throughout the cell — nucleolus, nucleoplasm, cytoplasm and cell surface

NCL is a highly abundant 77 kDa phosphoprotein, the most abundant nucleolar protein in mammals and
the major silver-binding component of argyrophilic nucleolar organizing regions (AgNORs; Tajrishi et al.
2011). Unlike NPM1, NCL is conserved throughout eukaryotes, with homologs observed in plants,
animals and yeast (S. cerevisiae Nsrlp). NCL shares certain structural features with NPM1, including
three central acidic aspartate/glutamate-rich stretches and a bipartite NLS (Schmidt-Zachmann and Nigg

1993), but unlike NPM1, it possesses a highly ordered, modular domain arrangement with an N-terminal
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(X-T-P-X-K,-X,)s phosphorylated repeat region, four successive RNA binding domains (RBDs) and an
extreme C-terminal arginine/glycine rich region (RGG/GAR domain, see Fig. 1; Ginisty et al. 1999; Tajrishi
et al. 2011). While the structures of individual NCL domains have been determined, the full protein has
thus far eluded structural mapping. NCL undergoes extensive post-translational modification by
phosphorylation, acetylation, methylation and ubiquitination, as well as being proteolytically cleaved
into independently active sub-forms under certain conditions, which were shown to fulfill different
cellular functions (Chen et al. 1991; Tajrishi et al. 2011; Warrener and Petryshyn 1991). Like NPM1, NCL
is a predominantly nucleolar protein under non-stress conditions, though minor but biologically distinct
populations have been observed in the nucleoplasm, cytoplasm and at the cell surface in certain cell
types/tissues. Also like NPM1, NCL exhibits rapid, reversible and post-translationally—regulated
nucleoplasmic translocation in response to exposure to genotoxic stress; however, NCL responds to a
very different suite of genotoxic conditions than NPM1, exhibiting robust translocation upon exposure
to IR, DSB-inducing agents such as camptothecin and etoposide, and heat shock. In contrast, NCL does
not alter its localization upon exposure to UV irradiation, oxidative stress or nucleotide/base-altering
agents such as MMS and bleomycin; controversy exists regarding NCL’s relocalization in response to
replication stress (Daniely and Borowiec 2000; Daniely et al. 2002; Kim et al. 2005; Indig et al. 2012;
Kobayashi et al. 2012). Importantly, these observations demonstrate that, while NPM1 and NCL may
share a physiological response to stress conditions, their individual activating stressors are very

different, providing cells with overlapping and complementary stress sensor systems.

Biochemically, NCL is able to act as a histone chaperone through its central acidic tracts, thereby
supporting chromatin remodeling by the SWI/SNF and ACF complexes in a manner similar to that of
NPM1. Unlike NPM1, however, NCL interacts specifically with the H2A-H2B histone dimer (Angelov et al.
2006). NCL has been reported to support the eviction of H2A-H2B dimers from histone octamers, an

important process for DNA transcription, replication and repair (Angelov et al. 2006; Kobayashi et al.
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2012). NCL can also act on the variant histone macro-H2A1, which is loaded onto transcriptionally silent
rDNA repeats (Angelov et al. 2006; Cong et al. 2012). NCL has also been reported to possess protease
activity responsible for phosphorylation-sensitive autoproteolysis under certain conditions (Chen et al.
1991; Fang and Yeh 1993; Warrener and Petryshyn 1991), though others have attributed this proteolysis
to other cellular proteases (Hsu et al. 2015; Pasternack et al. 1991). NCL possesses both strand-
annealing activity for complementary and partially complementary ssDNA sequences (Hanakahi et al.
2000; Thyagarajan et al. 1998) and, according to some reports, DNA/RNA helicase activity (Hanakahi et
al. 2000; Seinsoth et al. 2003; Tuteja et al. 1995). Finally, NCL possesses stress-responsive RNA-binding

activity, mediating interaction of NCL with a number of mRNAs in vivo (Yang et al. 2002).

NCL’s predominantly nucleolar localization directed early functional studies towards the regulation of
ribosome biogenesis. NCL binds directly to rDNA in vivo and is required for the loading of general
transcription factors (TFs) and, ultimately, progression of RNA Pol | along the gene (Cong et al. 2012;
Rickards et al. 2007). In this context, NCL contributes extensively to the remodeling of rDNA chromatin
in vivo, likely through its roles as a H2A-H2B and/or macro-H2A1 histone chaperone (Durut and Saez-
Vasquez 2015; Cong et al. 2012). Independently, NCL binds directly to nascent 47S pre-rRNA transcripts
at a cis motif in the 5’ Externally Transcribed Spacer (5’'ETS), where it cooperates with other trans-acting
factors, in particular the U3 snoRNP, to promote the first endonucleolytic cleavage of the 47S pre-rRNA
(Ginisty et al. 2000; Turner et al. 2009). Outside of the nucleolus, NCL is able to bind and modulate the
activity of several TFs in response to cellular stresses (Tajrishi et al. 2011). NCL can also interact directly
with DNA at G-quadruplex structures through its terminal two RBDs and its RGG domain, stabilizing
these structures in vitro and in vivo (Gonzdlez and Hurley 2010; Hanakahi et al. 1999; Indig et al. 2012).
This activity mediates the binding of NCL in vivo to numerous G-rich DNA sequences within ribosomal
DNA (rDNA) genes, IgH coding regions and telomeric repeats (Gonzalez and Hurley 2010; Indig et al.

2012; Ishikawa et al. 1993) and enables it to act directly as a transcriptional regulator at these sites. For
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example, NCL has been reported to cooperate with hnRNP D to form the heterodimeric LR1 G-
quadruplex-binding complex that transcriptionally activates IgH sequences in B-cells (Dempsey et al.
1998; Hanakahi et al. 1997). In contrast, NCL binding to and stabilization of a defined G-quadruplex
structure within the c-MYC gene promoter contributes to transcriptional repression of this locus,
possibly by abolishing binding sites for activating TFs or altering the local chromatin (Gonzalez et al.
2009; Gonzalez and Hurley 2010). Post-transcriptionally, NCL binding to mRNAs may effect expression of
particular proteins, with NCL binding to the p53 mRNA 5’UTR resulting in translational activation, while
its binding to gadd45a¢ mRNA in response to arsenite treatment and K294-SUMOylation blocks the
degradation of this transcript (Takagi et al. 2005; Zhang et al. 2015). Remarkably, NCL has even been
reported to be constitutively displayed on the cell surface, where it may act as a ligand for particular

growth-regulatory ligands and viruses (Fujiki et al. 2014; Hovanessian et al. 2010; Nisole et al. 2002).

Regulating the regulator: NCL and NPM1 promote p53 stress-dependent stabilization

p53 is a master regulator of cell proliferation, growth and death, acting as a key hub in the
communication of cellular stresses to downstream targets through transcriptional, post-transcriptional
and post-translational means (Bieging et al. 2014). p53 is consequently a key tumor suppressor in
humans, and more than 50% of all human tumors carry mutations in the TP53 gene. A key regulator of
p53 itself is HDM2 (MDMZ2 in mice), an E3 ubiquitin ligase that interacts with p53 in unstressed cells and
promotes p53 ubiquitination and proteasomal turnover. Disruption of this interaction, and consequent
stabilization of p53 protein, is a major mechanism by which stress signals communicate via p53 (Wade
et al. 2013).

In response to activating cellular stresses, both NCL and NPM1 are able to modulate the p53-HDM2 axis

to induce p53 stabilization and promote its tumor-suppressive functions. NPM1 interacts directly with
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p19”°% (p14*%" in mice), an important tumor suppressor transcribed from the same gene as the p16™*

cyclin-dependent kinase inhibitor but translated from an alternative reading frame (ARF). In unstressed

ARF

cells, the NPM1-p19*%" interaction is constitutive, causing sequestration of p19*% into the nucleolus

where it is unable to act on p53-HDM2. Upon exposure to an NPM1-activating cellular stress, the

ARF ARF

interaction between NPM1 and pl19™ is disrupted, resulting in mobilization of pl19™ to the
nucleoplasm, where it interacts with HDM2 and interferes with p53-HDM2 complex formation, as a
result stabilizing p53 (Gjerset 2006). Interestingly, it has been reported that, in addition to this pathway,
NPM1 is able to interact with HDM2 directly in a fashion that competes out p53-HDM2 interactions,
stabilizing p53 (Kurki et al. 2004). Unlike the canonical nucleolar stress pathway in which
GLTSCR2/PICT1, RPL11/RPL5 (a.k.a. ul5/uL18, respectively) and 5S ribosomal RNA cooperate to
sequester HDM2 in the nucleolus following inhibition of ribosome biogenesis, the NPM1-HDM2
interaction does not induce HDM2 relocalization. Instead, NPM1 that has exited the nucleolus appears
to directly interrupt HDM2 binding to p53, preventing ubiquitination and consequent degradation of
p53. (Kurki et al. 2004; Suzuki et al. 2012). NPM1 has also been reported to interact directly with p53
itself in order to drive p53 stabilization (Colombo et al. 2002), though this finding has been placed into
question by a report showing an association of NPM1 only with a poly-SUMOylated form of p53 (Kurki et
al. 2004). These different mechanisms likely represent ways by which NPM1 can reinforce the
p19*°%F/HDM2/p53 pathway and thus protect against mutagenic events.

NCL has been reported to interact with both HDM2 and p53 (Daniely et al. 2002; Saxena et al. 2006).
However, domain-mapping experiments suggest that NCL binds p53 and HDM2 via different regions —
the C-terminal RGG domain and N-terminal RBD domains, respectively — and may form a ternary
complex with both proteins simultaneously (Bhatt et al. 2012). While NCL’s interaction with HDM2 has

been shown to inhibit HDM2-mediated p53 destabilization, both through driving p53-HDM2 dissociation

and by promoting HDM2’s own ubiquitination and degradation (Bhatt et al. 2012; Saxena et al. 2006),
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the formation of an NCL-p53-HDM?2 ternary complex was also shown to result in recruitment of a
ubiquitin protease, HAUSP, which supports deubiquitination and stabilization of p53, HDM2 and NCL
(Lim et al. 2015). How these apparently contradictory pathways may be coordinated and/or interact to
mediate NCL-dependent p53 stabilization remains to be fully dissected. As well as modulating p53
stabilization, the p53-NCL interaction was also shown to be required for nucleoplasmic translocation of
NCL in response to cellular stresses such as heat shock, IR and camptothecin treatments, although other
signals are likely required to facilitate NCL-p53 interactions under these conditions (Daniely et al. 2002;

Kim et al. 2005).

NPM1 and NCL in histone remodeling and double strand break repair

Among DNA damages, double-strand breaks (DSBs) are the most deleterious due to their ability to cause
major rearrangements of chromosomes and the difficulty of repairing two free, non-juxtaposed DNA
ends. DSBs can arise from numerous sources in vivo, including directly from chemical or irradiative
insults on DNA, or from fragmentation of fragile DNA structures such as stalled replication forks,
base/nucleotide damages, or nucleosome-free regions (Kowalczykowski 2015). Consequently, cells have
developed two major, overlapping repair systems for the detection, management and repair of DSBs at
different stages of the cell cycle. The first is homologous recombination (HR), in which free DNA ends are
exonucleolytically resected and a complementary sister chromatid is used as a template for synthesis
across the break point prior to end rejoining (Kowalczykowski 2015). The dependence on a sister
chromatid as a template means that HR is accomplished exclusively in late-S and G2/M phase but is
highly accurate, rarely resulting in mutations (Kakarougkas and Jeggo 2014). The second method, non-
homologous end joining (NHEJ), involves direct juxtaposition and relegation of free DNA ends, providing
a more efficient, but more error-prone, process (Ochi et al. 2014). Unlike HR, NHEJ occurs throughout

the cell cycle and is responsible for the majority of DSB repair events occurring in vivo (Kakarougkas and
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Jeggo 2014). While the machineries that accomplish HR and NHEJ are different and highly complex, both
require initial recognition of the DSB and propagation a pro-repair signal across up to several megabases
(Mb) of DNA on either side of the break, allowing large-scale recruitment of downstream regulatory and
repair factors. The size of these labeled and regulated DNA regions allows the visualization of individual
DSB repair foci by microscopy via immunofluorescent detection of DSB-associated factors or post-

translational modifications.

The observation that NCL undergoes robust yet reversible nucleoplasmic translocation in response to
stress stimuli such as IR, camptothecin and etoposide treatment — each of which induces DSB formation
— suggests that NCL may participate in the cellular response to DSB damage (Daniely et al. 2002; Indig et
al. 2012; Kobayashi et al. 2012). Indeed, several groups have observed that in IR- or camptothecin-
treated cells NCL forms nucleoplasmic foci that colocalize with sites of DSB repair, coinciding temporally
with the formation of DSBs (Indig et al. 2012; Kobayashi et al. 2012), and returns to the nucleolus upon
their clearance (Goldstein et al. 2013; Kobayashi et al. 2012), supporting the conclusion that NCL plays a
direct role in the repair and clearance of DSBs. Recent studies have begun to provide detailed insights
into the potential role of NCL at DSBs in vivo. Two groups in particular undertook detailed functional
characterization of DSB repair in the absence of NCL and found that, while NCL depletion does not
compromise the formation of repair foci upon genotoxic stress, it does compromise their clearance after
the stress is removed. Such a phenotype indicates the occurrence of specific defect(s) in later stage(s) of
the DSB repair process that prevent completion of DSB repair and, consequently, persistence of ‘stalled’
repair foci (Goldstein et al. 2013; Kobayashi et al. 2012). Further assays confirmed that depletion of NCL,
either by antibody microinjection or siRNA knockdown (kd), did not inhibit recruitment of early DSB
repair factors such as the Mre11-Rad50-Nbs1 (MRN) complex or yH2AX, but did cause a failure to repair
DSBs by both HR and NHEJ (De et al. 2006; Goldstein et al. 2013; Kobayashi et al. 2012). Using a ChlP-

based assay on a site-specific, NHEJ-targeted DSB, Goldstein et al. (2013) demonstrated that NCL is
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recruited to sites of DSB repair through an interaction with the Rad50 subunit of the MRN complex, and
that while this recruitment has no effect on the loading of DSB repair factors such as yH2AX, ATM,
MDC1, RNF8 and RNF168, it did coincide with the rapid depletion of H2A-H2B, but not H3-H4, dimers
within a few kilobases of the DSB site. Kobayashi and colleagues similarly observed reduced H2A-H2B
mobilization from chromatin to the nucleoplasm upon depletion of NCL (Kobayashi et al. 2012). These
observations echo findings that NCL facilitates H2A-H2B eviction at transcriptional loci by the chromatin
remodeling complexes SWI/SNF and ACF, both of which have also been found to contribute to DSB
repair (Angelov et al. 2006; Bao 2011; Lan et al. 2010). Interestingly, Kobayashi et al. additionally
observed that, i) NCL was able to interact directly with the DSB repair factor MDC1; ii) NCL depletion
prior to IR exposure reduced the partitioning of MDC1 into a chromatin-containing subcellular fraction;
and iii) NCL depletion resulted in reduced formation of DSB repair foci containing RNF168, an
H2A/H2AX-ubiquitin E3 ligase recruited by MDC1 (Kobayashi et al. 2012). This finding remains
contentious — they themselves found that, despite the reduced chromatin partitioning of MDC1 upon
NCL depletion, immunofluorescent localization of MDC1 to DSB foci was unaffected, while Goldstein and
colleagues’ ChIP-based assay found no reduction in the recruitment of MDC1 to a defined DSB site in the
absence of NCL (Goldstein et al. 2013). It is known, however, that RNF8/RNF168-dependent H2A/H2B
ubiquitination is an important activating step in histone eviction both following DNA damage and during
spermiogenesis, in which histone octamers are globally evicted from DNA and replaced by protamines to
facilitate greater DNA compaction; such observations suggest that regulation of MDC1 and its partners
by NCL could conceivably play a role in NCL's histone-chaperone activity at DSBs (lkura et al. 2007, Lu et
al. 2010, Rathke et al. 2014). Collectively, these data argue for a model in which NCL recruitment to DSBs
via the MRN complex facilitates the proximal nucleosome destabilization by chromatin remodeling
complexes, possibly through the actions of MDC1 and its targets RNF8/RNF168, and ultimately facilitates

NHEJ- and HR-mediated DSB resolution (Goldstein et al. 2013).
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While these two works present the most complete model of the role of NCL at DSBs, several other
groups have described alternative, not mutually exclusive models that may also contribute to NCL
activity at DSB sites. NCL has been reported to interact directly with WRN, a dsDNA helicase and
exonuclease responsible for resolving paired DNA structures that may form at sites of DNA repair or
replication, and was shown to colocalize with WRN at a subset of IR-induced DSB foci. NCL binding to
WRN was found to inhibit WRN’s helicase but not exonuclease activity in vitro (Indig et al. 2012). NCL
has also been found to coimmunoprecipitate (colP) with RAD51, a key recombinase that is loaded onto
ssDNA in place of RPA at sites of HR-mediated DSB repair, and to support HR only in the presence of
RAD51 (De et al. 2006). While the contribution of this link to HR-mediated DSB repair in vivo has not
been explored, it is important to note that RAD51 also interacts with and displaces RPA, another NCL
interactor, on ssDNA, and that NCL has previously been found to support recombination as part of the B
lymphocyte-specific SWAP complex (Borggrefe et al. 1998), suggesting that a possible role for the NCL-

RAD51 interaction in HR is not infeasible.

Although available data is less extensive than for NCL, several lines of evidence point towards a role for
NPM1 in the management of DSB repair. A combined subcellular fractionation-proteomics approach
showed that NPM1 associated with chromatin in response to treatment of cells with IR or etoposide
(Lee et al. 2005), despite the fact that nucleoplasmic translocation of this protein was not observed in
response to these stimuli (Yogev et al. 2008). A subsequent study found that, while NPM1 could not be
detected at DSB foci with an antibody against the whole protein, phosphorylation-specific antibodies
revealed a minor, T199-phosphorylated population of NPM1 at these sites (see Fig. 1; Koike et al. 2010).
This study demonstrated further that NPM1-pT199 is recruited to DSBs via interaction with non-
degradative, K48-linked polyubiquitin chains generated by RNF8/RNF168 at DSB sites, and that this
recruitment utilizes a novel ubiquitin-interacting motif-like (UIML) sequence within NPM1 which

overlaps the third acidic tract and the T199 phosphosite (Koike et al. 2010). Expression of a T199A non-
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phosphorylatable mutant of NPM1 in vivo did not compromise DSB foci formation or recruitment of
repair factors, but did result in a failure to religate DSBs and clear DSB foci at 6 h after irradiation,
demonstrating that loss of NPM1 recruitment to DSBs is phenotypically similar to that of NCL (Goldstein
et al. 2013; Kobayashi et al. 2012; Koike et al. 2010). The observation that NCL mediates DSB-proximal
eviction of H2A/H2AX, both polyubiquitination targets of RNF8/RNF168, suggests that NCL may exhibit a
degree of epistasis over NPM1 in this system. While the biological function, if any exists, of NPM1 at
DSBs has not yet been determined, it is interesting to note that ChIP-based analyses of DSB sites in
cycling cells (in which both HR and NHEJ co-occur) allowed Goldstein et al. (2013) to demonstrate that
HR requires the eviction not only of H2A-H2B histone dimers by NCL, but also the eviction of H3-H4
histones prior to end resection and RPA loading. Given that NPM1 has previously been suggested to
possess H3-H4 chaperone activity (Okuwaki et al. 2001; Swaminathan et al. 2005), these observations
raise the intriguing possibility that NPM1 recruitment to DSBs may be the mechanism by which this
additional H3-H4 eviction is achieved, potentially identifying NCL and NPM1 as complementary histone
chaperones at DSBs. The observation that T199 phosphorylation is performed by CDK2/cyclin E at the
G1/S boundary (Okuda et al. 2000; Tokuyama et al. 2001; Tarapore et al. 2002) provides a possible
explanation for the licensing of NPM1 activity at DSBs, which occurs in late S/G2-specific HR reactions
(Goldstein et al. 2013). While this hypothesis is compelling, it should be noted that Goldstein et al.
(2013) did find a partial abrogation of H3-H4 eviction in their assay following depletion of ASF1, a
separate H3-H4 histone chaperone with roles in nucleosome reassembly after UV irradiation in humans
(Battu et al. 2011) and DSBs in S. cerevisiae (Chen et al. 2008; Kim and Haber 2009), suggesting that if
NPM1 does act at DSBs, it may share this activity with other histone chaperones. In addition, others
have reported contrary activities for NPM1, identifying the protein as a “shielding” factor that blocks
DSB repair in heat-shocked cells, possibly through tethering of DSB-containing DNA to the nuclear matrix

(Vanderwaal et al. 2009; Vanderwaal and Roti Roti 2004). How these apparently contradictory
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observations can be resolved with the above model of NPM1 function within DSB repair remains to be

seen.

Holding out: NCL sequesters RPA away from the replication and/or repair machinery

Replication Protein A (RPA) is an abundant, heterotrimeric complex consisting of three subunits — RPA1
(70 kDa), RPA2 (29 kDa) and RPA3 (14 kDa) — in humans. RPA is the predominant ssDNA-binding moiety
in vertebrates, homologous to bacterial SSB protein (Prakash and Borgstahl 2012). In this role, RPA
participates as a chaperone for and protector of ssDNA intermediates within a number of different DNA-
metabolic processes including HR, nucleotide excision repair (NER), resolution of stalled replication forks
(RFs), and lagging strand synthesis during DNA replication. As a consequence, RPA has a highly complex
interactome, including proteins essential to all these pathways, and colocalizes with both DNA
replication centers and DNA damage repair foci depending on the genotoxic load on the cell (Vassin et

al. 2004).

NCL was initially identified as an RPA interactor through a biochemical screen for proteins retained on
an ssDNA-RPA column (Daniely and Borowiec 2000), and was reported to interact with the RPA3 subunit
in isolation; however, subsequent work reported that this interaction, mediated by the NCL RGG
domain, may allow binding of NCL to the whole RPA complex (Kim et al. 2005; Wang et al. 2001). The
interaction of NCL and RPA was found to be enhanced by exposure of cells to a range of stresses
including heat shock, camptothecin, IR and HU, and to predominantly occur in the nucleoplasm
following translocation of NCL (Daniely and Borowiec 2000; Kim et al. 2005; Wang et al. 2001). The
NCL/RPA interaction — and nucleoplasmic translocation of NCL — could be rendered constitutive through
phosphorylation-blocking mutagenesis of three proposed casein kinase Il (CKIlI) phosphorylation sites
within NCL (NCLS3//S187A5209 +armed NCL™), identifying a potential key regulatory pathway (Kim et al.
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2005). Interestingly, however, the interaction of NCL/RPA and their immunofluorescent colocalization
were not the result of NCL recruitment to sites of RPA activity. Instead, NCL-RPA complex formation
coincided with a migration of RPA away from foci of DNA replication and into a cellular fraction
containing aggregated and/or poorly-soluble proteins, suggestive of a sequestration-based, inhibitory
role for NCL on RPA (Daniely and Borowiec 2000; Wang et al. 2001). Consistent with this, functional
assays found that NCL was able to inhibit RPA-dependent SV40 origin unwinding by LTAg in vitro and
that, in vivo, NCL-RPA interaction induced DNA replication arrest following heat shock or camptothecin
treatment (Daniely and Borowiec 2000; Kim et al. 2005; Wang et al. 2001). Importantly, expression of
the constitutive RPA-binding NCL™ mutant was able to induce replication arrest in the absence of
genotoxic stress; this arrest could be rescued by simultaneous overexpression of RPA, confirming that
this arrest is a direct result of NCL's sequestration of RPA rather than an indirect effect of other NCL

functions (Kim et al. 2005).

One interesting question remains whether this sequestration of RPA by NCL is able to compromise DNA
damage repair pathways that require RPA, such as HR and NER, as well as DNA replication. While the
sequestration of RPA from replication centers is likely to reduce DNA replication in the presence of
replication-inhibitory DNA lesions, thereby allowing the repair of such lesions prior to completion of
DNA replication, the simultaneous sequestration of RPA from such repair pathways would potentially
abrogate any advantage of replication arrest. The answer to this question must await a greater
understanding of the nature and regulation of the NCL-RPA interaction and/or direct assays of RPA-
dependent DNA repair pathways in the presence of interacting NCL-RPA. However, it should be noted
that RPA proteins undergo extensive post-translational modification to regulate the differing activities of
this complex (Prakash and Borgstahl 2012); indeed, CDK2/PI13K family-targeted phosphosites have been
identified on RPA2 that are able to drive RPA’s partitioning into DNA damage repair pathways at the

expense of DNA replication (Vassin et al. 2004). Such modifications represent potential regulatory nodes
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that may separate the inhibitory effects of NCL-RPA on DNA replication from unintended ones on DNA

repair pathways.

Partners in crime(s): NPM1 coordinates APE1’s roles in BER and rRNA quality control

Base excision repair (BER) represents the major cellular response to a wide range of genotoxic stresses
that result in damage or removal of helix-embedded DNA bases or nucleotides without causing
distortion of the DNA helix; such stresses include oxidative damage, DNA alkylating agents such as
methyl methanesulfonate (MMS) and other base modifiers such as cisplatin (Carter and Parsons 2016).
BER can occur in two forms, ‘short-patch’ or ‘long-patch’. Short-patch BER uses a series of steps to: i)
excise the damaged base from the DNA, leaving an apurinic/apyrimidinic (AP) site (catalyzed by one of
several DNA glycosylases); ii) endonucleolytically cleave at the AP site, leaving a one-base DNA gap (AP
endonuclease 1, APE1); iii) fill the gap with a complementary base pair (DNA Pol B); and iv) religate the
remaining DNA nick (DNA ligase IlI/XRCC1 complex). While long-patch BER is initiated by the same
mechanism, in this case the DNA Pol B hands off to replicative DNA Pol 6/ which adds a short 2-8 nt run
to the repaired site, creating a short displaced DNA ‘flap’ which is excised by flap endonuclease 1 (FEN1)
and religated by DNA ligase | in PCNA-dependent reactions (Carter and Parsons 2016). The complexity of
this repair system and its ubiquitous activity — cells are estimated to generate >10,000 DNA base lesions

per day — make it an important regulatory target (Lindahl 1993).

The first evidence for an involvement of NPM1 in the regulation of BER came from proteomic studies
that identified NPM1 as a major interactor of APEL in unstressed cells (Vascotto et al. 2009). This
interaction, mediated by binding of the lysine-rich APE1 N-terminal tail to NPM1’s N-terminal region
containing the oligomerization domain and acidic tracts, results in the robust recruitment of APE1 into
nucleoli (Fantini et al. 2010; Vascotto et al. 2009). Upon induction of genotoxic stress such as base
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oxidation or methylation, lysines within the APE1 N-terminal become acetylated, interrupting the
NPM1-APE1 interactions and inducing translocation of APE1 from the nucleolus to the nucleoplasm
(Fantini et al. 2010; Lirussi et al. 2012). Mutation of four of these residues (K27, K31, K32, K35) to

KapleA

acetylation-mimicking uncharged alanines (termed APE1 ) results in constitutive translocation of

APE1 to the nucleoplasm, while inhibition of acetylation by lysine-to-arginine mutations (APE1**"'*F)
constitutively prevents translocation; these same mutations inhibit (APE1**"**) or enhance (APE1**P*)
the interaction of APE1 with NPM1, emphasizing the importance of this interaction to the regulation of

APE1’s nucleolar sequestration (Lirussi et al. 2012). Notably, the APE1**"'¢*

mutation shows significantly
greater endonuclease activity on AP-DNA and its expression in vivo reduces AP site accumulation,
suggesting that sequestration into the nucleolus by NPM1 prevents APE1 action within the BER pathway
(Lirussi et al. 2012). Several other BER proteins including FEN1 and Ligase Il are also reported to exhibit

NPM1-dependent nucleolar localization, which may be reversed following genotoxic stress, suggesting

that this mechanism may control multiple steps of the BER repair pathway (Poletto et al. 2014).

While this model seems, on the surface, a straightforward analog of the NPM1-p19*%*

sequestration
model described earlier, several observations have suggested that the regulation may be more
complicated. The first is that, while APE1 is enriched in the nucleoli, extensive nucleoplasmic APE1
staining is still observed in most cells, suggesting that NPM1 sequesters only a relatively minor pool (an
estimated 5-10% of total cellular APE1) into nucleoli (Lirussi et al. 2012; Vascotto et al. 2009).
Furthermore, while induction of genotoxic stress is reported to reduce the interaction of NPM1-APE1 in
the nucleolus and release APE1 to the nucleoplasm, proximity ligation assays suggest that NPM1 and
APE1 may in fact interact in the nucleoplasm as well as the nucleolus, with NPM1 possibly modulating
APE1 activity in the nucleoplasm (Vascotto et al. 2014). Thirdly, under the model outlined above, NPM1

is expected to act as a negative regulator of APE1. However, studies have instead observed that, in vitro,

NPM1 binding to APE1 enhances its AP-endonuclease activity (Vascotto et al. 2009) and that, in vivo,
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APE1 shows reduced AP-endonuclease activity in NPM1” p53'/' cell lysates compared to p53'/' NPM™*
lysates, despite no longer being sequestered in nucleoli (Vascotto et al. 2014). NPM1” cells also showed
an increased sensitivity to BER-inducing agents such as H,0,, KBrO; and MMS, and carried a greater

number of AP-sites compared to NPM1**

cells, suggesting that NPM1 is in fact required for APE1l
function in vivo (Vascotto et al. 2014). Finally, an ongoing argument concerns the role of SIRT1, a lysine
deacetylase, in the APE1-NPM1 regulatory axis. An initial report found that a SIRT1-APE1 interaction was
enhanced by genotoxic stress, and that this interaction drove deacetylation of APE1 at K6/K7.
Furthermore, they reported that SIRT1 activity mediated the increased association of APE1 with XRCC1,
a key BER scaffolding enzyme, in response to MMS treatment, and that depletion of SIRT1 resulted in
sensitivity of Hela cells to MMS and increased AP-site accumulation, both of which could be rescued by
overexpression of APE1 (Yamamori et al. 2010). However, subsequent work found that SIRT1 interacted
with APE1**P®® but not with the acetylation-mimicking APE1*"®* mutant that is released from the
nucleolus by NPM1 upon induction of genotoxic stress, and failed to deacetylate APE1"*"** at K6/K7,

despite the fact that this form possesses greater AP-endonuclease activity than either APE1"" or

APE1*R (Lirussi et al. 2012).

The explanation of these functional disagreements will require considerable further work on the nature
and regulation of the NPM1-APE1 interaction; however, several points can be raised that may provide
some insight. The observation that NPM1 is able to mediate the nucleolar localization and expression of
other BER proteins including FEN1 and Ligase Ill (Poletto et al. 2014) and that it is able to control the
transcription of BER genes through its interaction with transcription factors such as p53 and pRb/E2F1
(Lin et al. 2010) may explain the sensitization of NPM”" cells to genotoxic damage independently of any
positive-regulatory role on APE1. Alternatively, the sequestration of APE1 into the nucleolus by NPM1
may be required for its full activation in vivo, for example through promoting post-translational

modification by particular enzymes, which may be restricted to nucleoli. Interestingly, APE1 has been
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reported to undergo HDM2-dependent ubiquitination on its N-terminal lysine residues, including the
K27 residue targeted in the APE1*P"®* mutant (Busso et al. 2009); such a modification could significantly
alter the activity, stability and/or binding of APE1 to partner proteins. This modification is of particular
interest given the recent report of a ubiquitin-binding domain in NPM1 (Koike et al. 2010), which could,
hypothetically, mediate alternative binding modes of NPM1 to APE1l-Ub. With regards to SIRT1
involvement in the regulation of APEL, it is important to note that there is no available data on whether
NPM1 and SIRT1 are able to modulate each other’s activity on APE1, nor the identity and regulation of
the acetylase(s) responsible for APE1 acetylation at K6/K7 and/or K27/K31/K32/K35. Such experiments
will be particularly valuable in dissecting the role of SIRT1 and NPML1 in the relative regulation of APE1’s
activity in vivo. Interestingly, experiments by Lirussi et al. (2012) did observe a deacetylation of APE1 at
K27/K31/K32/K35 as well as at K6/K7 by SIRT1, suggesting that SIRT1 may be able to modulate the
interaction of NPM1 with APE1 directly, as well as potentially promote its own interaction with APE1
through a two-step process involving K27/K31/K32/K35 deacetylation followed by binding and K6/K7

regulation.

A final, significant consideration in the regulation of APE1 by NPM1 concerns roles for APE1 outside of
the BER pathway. Like NPM1 and NCL, APE1 is a remarkably pleiotropic protein that, in addition to
possessing activity within BER, is able to independently regulate cellular redox sensing and act as a
coactivator for several transcription factors (Antoniali et al. 2014). Strikingly, APE1’s AP-endonuclease
activity has been shown to be active not only on cellular DNA but to mediate endonucleolytic cleavage
of AP-containing ssRNA (Berquist et al. 2008); in vivo, depletion of APE1 results in increased oxidation
and AP-accumulation in ribosomal RNA and, consequently, decreased protein synthesis and cellular
proliferation. These observations demonstrate that APE1 regulates a previously unappreciated ‘quality
control’ mechanism for nucleolar rRNA (Vascotto et al. 2009). The observation that SMUG1 DNA

glycosylase is also able to metabolize base-oxidized rRNA within the nucleolus (Jobert et al. 2013), and
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that several other BER proteins are targeted to the nucleolus via NPM1 (Poletto et al. 2014) and may
regulate rRNA transcription and/or repair (Aas et al. 2003), suggest that NPM1 may be responsible for
the redeployment of canonical BER proteins into a novel nucleolar rRNA quality control pathway.
Importantly, depletion of NPM1 is likely to compromise this pathway, suggesting that the observed
sensitivity of NPM”" cells to oxidizing/alkylating agents may arise from their activity on rRNA rather than
DNA. This observation further raises the possibility that NPM1-mediated sequestration to the nucleolus
may in fact not be a DNA repair regulatory pathway at all, but instead a means by which NPM1 may

coordinate degradation or repair of oxidatively damaged rRNA.

Fix it or fudge it: Alternative responses to UV-induced damage controlled by NCL and NPM1

While BER is responsible for the repair of small, single-base lesions that are capable of being excised by
DNA glycosylases and/or APE1, there are numerous forms of single-strand DNA damage that are
refractory to this pathway including bulky base adducts, products of UV irradiation such as cyclobutane-
pyrimidine dimers (CPDs) and 6,4-pyrimidine-pyrimidone photoproducts (6,4-PPs), and intrastrand
crosslinks generated by agents such as cisplatin, among others. These lesions are all repaired by the
nucleotide excision repair (NER) pathway. Two forms of NER exist, global genomic (GG)-NER, which
recognizes lesions occurring throughout the genome, and transcription-coupled (TC)-NER, which
recognizes lesions causing arrest of RNA Polymerase Il during transcriptional elongation (Marteijn et al.
2014). Although the initial DNA damage recognition factors for GG- and TC-NER vary depending on the
recognizing pathway and the type of lesion involved, all converge on the assembly of the TFIIH complex
at the site of damage, and unwinding of DNA in an extended region around the damage site; this
extended section of ssDNA is stabilized by interaction with RPA. The ssDNA strand containing the lesion

is excised at both ends by XPF and XPG, and the PCNA replicative helicase recruits DNA polymerases 6, €
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or k, one or more of which fills the ssDNA gap prior to ligation of the repaired DNA (Marteijn et al.

2014).

Unlike for BER and DSB repair, evidence for NER-regulatory roles of NPM1 and NCL is sparse. Phenotypic
analyses have revealed increased resistance to UV-induced DNA damage following NCL kd (Yang et al.
2009) or NPM1 overexpression (Wu et al. 2002a), though measurements of UV radiosensitivity following
NPM1 kd/deletion have yielded conflicting results (Vascotto et al. 2014; Wu et al. 2002b). Separate
groups have also used a biochemical assay for repair of a UV-irradiated reporter plasmid to demonstrate
decreased NER activity following either overexpression of NCL (Yang et al. 2009) or depletion of NPM1
(Wu et al. 2002b), suggesting that these proteins may have opposing activities in NER regulation. It is
important to note, however, that neither of these experimental approaches are able to differentiate
between direct activities of NPM1/NCL at sites of NER and global NER deficiencies arising indirectly, such
as from NPM1/NCL-dependent transcriptional modulation of the NER machinery (Lin et al. 2010; Liu et
al. 2007; Wu et al. 2002a; Wu et al. 2002b). Indeed, Wu et al. (2002a, 2002b) observed that expression
levels of PCNA were closely correlated with those of NPM1 in their system, likely explaining the
observed effects on NER efficiency. Yang et al. (2009) did report a direct interaction between NCL and
PCNA that was enhanced following UV irradiation, and found that overexpression of PCNA was able to
rescue NCL overexpression-induced NER defects. However, it was not demonstrated that the NCL-PCNA
interaction itself was reponsible for NCL’s modulation of NER, leaving open the possibility that NCL may
regulate NER indirectly through a pathway dependent on PCNA — for example, through transcriptional
and/or post-transcriptional modulation of PCNA, or through regulation of other PCNA-regulatory NER
components such as RPA (Daniely and Borowiec 2000; Kim et al. 2005). Considerable further work will

be required to establish the precise mechanistic roles, if any, of NPM1 and/or NCL in NER.

While the NER pathway is able to repair the majority of bulky single-strand DNA lesions occurring in the

cell, its reliance on strand excision and gap filling renders it unable to repair unpaired DNA lesions such
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as those that fall in a regions of ssDNA or are discovered by a progressing replication fork. In these cases,
an alternative response, termed Translesion Synthesis (TLS), is employed in which the cell recruits one of
a number of DNA polymerases (Revl or Pols k, n, T or 1) that are specifically able to introduce a
nucleotide opposite the site of DNA damage and thus replicate past the lesion, albeit at the expense of
an increased rate of replicational mutagenesis arising from the more mismatch/error-permissive nature
of these polymerases (Waters et al. 2009). As for NER, different TLS polymerases possess specificity for
different DNA lesions, with DNA Pol n being predominantly responsible for the repair of UV-induced

lesions (Waters et al. 2009).

Recently, a paper from Ziv et al. (2014) has revealed that, instead of regulating NER-mediated repair of
UV-induced DNA lesions, NPM1 may instead promote their bypass via TLS. Using a detailed screening
process to identify genes required for TLS following UV irradiation, this study found that siRNA depletion
of NPM1 resulted in a global TLS defect across all DNA lesions tested, in particular UV-induced CPDs and
6,4-PPs. Consistent with these observations, NPM1 was able to interact directly with Pol n in a manner
that both prevented proteasomal degradation of Pol n and sequestered Pol n away from replication foci,
maintaining a cellular stockpile of Pol n in an inactive state. Upon UV irradiation, the interaction
between NPM1 and Pol n was abolished, allowing Pol n to move to replication foci and perform TLS past
newly-formed CPDs/6,4-PPs (Ziv et al. 2014). While these observations are so far incomplete, they
provide an important mechanism by which NPM1 may be directly able to promote cellular resistance to,

and recovery from, UV irradiation.

Discussion

In this review we have explored the roles played by two abundant nucleolar proteins, nucleophosmin

(NPM1) and nucleolin (NCL), in the numerous DNA damage pathways existent in mammalian cells.

28

https://mc06.manuscriptcentral.com/bch-pubs

Page 28 of 56



Page 29 of 56

Biochemistry and Cell Biology

Remarkably, regulatory roles have been found for both of these ribosome biogenesis factors in the
processes of NHEJ, HR, BER, NER, TLS and DNA replication inhibition (see Fig. 2). It is important to note
that the roles reviewed are mediated by direct contact between NPM1/NCL and components of the
discussed repair machineries; these proteins may promote numerous other, indirect effects on DNA
damage repair, cell proliferation and apoptosis through their ability to regulate the transcription,
translation and/or stability of numerous important cellular factors including p53 and c-Myc, along with
many others (Colombo et al. 2011; Tajrishi et al. 2011). The pleiotropic functions of NCL and NPM1 in
DDR, along with their established roles in processes as diverse as ribosome biogenesis, transcription
initiation, mRNA maturation and centrosome maturation, establish the credentials of these proteins as
regulatory hubs in the coordination of cellular growth, repair and proliferation and emphasize their

potential as targets for multivalent chemotherapeutic agents (Colombo et al. 2011; Tajrishi et al. 2011).

Guiding principles of NPM1/NCL in DDR: chaperoning and sequestration

While considerable further research is required to fully describe the mechanism(s) by which NCL and
NPM1 are able to regulate different DNA repair pathways, several interesting concepts are beginning to
emerge. The histone chaperone activities of NCL and NPM1 have been known for at least 10 years
(Angelov et al. 2006; Okuwaki et al. 2001), as have their ability to regulate activity on Pol ll-transcribed
loci (Angelov et al. 2006). However, the widespread importance of these activities are only now
becoming clear with the observations of their contribution to diverse processes including rDNA repeat
silencing (Cong et al. 2012), centrosome stability (Foltz et al. 2009) and, most recently, chromatin
remodeling during HR and/or NHEJ (Goldstein et al. 2013; Kobayashi et al. 2012). These observations
suggest that histone chaperoning may be a common mechanism to many of NPM1 and NCL's functions;

given that chromatin remodeling is known to be a major factor in the activities of all DNA repair
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pathways it is possible that histone chaperoning by NCL and NPM1 may in the future be recognized as
regulatory activities contributing to their role(s) in other DDR and non-DDR pathways (Dinant et al.

2012; Hinz and Czaja 2015; Jeggo and Downs 2014; Li 2014).

A similarly emergent concept surrounds the ubiquity of sequestration mechanisms in the regulatory
activities of NCL/NPM1, and their cause. This review has demonstrated that both NCL and NPM1
regulate multiple DDR pathways through the sequestration of key proteins in inactive states (RPA/PCNA
and APE1/Pol n, respectively). Indeed, the eviction of histone dimers discussed above could be
considered a particular application of this sequestration activity, preventing mature histones from
forming damage site-proximal nucleosomes until completion of DDR — a model analogous to that
recently reported for NPM2 during embryogenesis (Onikubo et al. 2015). Sequestration-based systems
are particularly advantageous to the cell in that they can be rapidly deployed without nascent protein
synthesis, can be tightly controlled and titrated by regulatory partners and/or post-translational
modifications, and can be reversed upon resolution of DNA insult or removal of stress. It is also
significant that NCL and NPM1 represent ideal candidates as potential ‘molecular sponges’ for
interacting proteins due to their high abundance, diversity of interacting domains/mechanisms and, in
the case of NPM1, its ability to oligomerize and form large, multi-subunit complexes capable of
sequestering multiple binding partners in large, non-functional aggregates. However, caution should be
applied when considering the implications of DDR protein-NPM1/NCL interactions. While sequestration
may represent a common mechanism by which NPM1 and NCL control DNA repair dynamics, these
interactions can have consequences for the activities of NPM1/NCL themselves, as demonstrated by role
of p53 in the regulation of NCL nucleolar translocation (Daniely et al. 2002). Additionally, the discovery
of DDR-independent roles for APE1 and other NPM1-binding BER factors in nucleolar rRNA quality

control (Berquist et al. 2008; Guo et al. 2008; Poletto et al. 2014; Vascotto et al. 2009) suggest that
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NPM1 and/or NCL may go beyond being passive ‘sponges’ for such proteins and may play a key role in

the coordination of their diverse cellular activities.

Nucleoplasmic translocation: a mechanism of recruitment, or a means of exclusion?

A growing point of contention concerns the contribution of nucleoplasmic translocation of NCL and
NPML1 to their activity. While at first glance the different genotoxic conditions that induce nucleoplasmic
translocation of these two proteins correlate well with their respective DNA repair activities, and the
translocation correlates temporally and spatially with the functions of their partner proteins, several
inconsistencies are beginning to emerge. Nucleoplasmic translocation of NCL was found to require
binding of NCL to p53 (Daniely et al. 2002); however, the NCL-RPA interaction, reported to be exclusively
nucleoplasmic, occurred in the absence of p53, suggesting either that the translocation required for this
interaction bypasses p53, or that the NCL involved is part of a pre-existing nucleoplasmic pool (Kim et al.
2005). Similarly, NPM1 has been reported not to undergo nucleoplasmic translocation in response to IR
treatment, but was nevertheless found within DSB repair foci in cells treated with IR (Koike et al. 2010;
Lee et al. 2005). In light of these observations, several hypotheses can be proposed. NCL and NPM1 are
both proteins that carry a high number of post-translational modifications, and evidence continues to
accumulate suggesting that the nucleoplasmic translocation of both NCL (Kim et al. 2005; Zhang et al.
2015) and NPML1 (Liu et al. 2006; Liu et al. 2007; Sato et al. 2004; Yogev et al. 2008) may be regulated by
multiple independent modifications and pathways in response to different genotoxic stresses or in
distinct cell types. Moreover, the fact that NPM1 localization to DSBs could only be detected using an
antibody recognizing the phosphorylated NPM1-pT199 suggests that any stress-induced relocalization of
NPM1, and potentially NCL, may involve a small and specifically-modified population of these highly

abundant proteins, and that such fractional relocalization may be unobservable with the currently
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available assays. A final and intriguing possibility is that the nucleoplasmic translocation of NCL and/or
NPM1 may represent not so much a mechanism for the enhancement of DNA repair, but rather one for
the inhibition of rRNA synthesis and processing. Both NCL and NPM1 are recruited to rDNA genes and
directly regulate its transcription, as well as a number of post-transcriptional steps of pre-rRNA
processing. While several pathways have already been identified by which the DNA damage response
can induce inhibition of rDNA transcription (Boulon et al. 2010), the nucleoplasmic translocation of NCL
and NPM1 may represent an important mechanism to reinforce and maintain this inhibition until the
DNA insult is resolved. Additionally, such translocation may also represent a previously unappreciated
method by which the post-transcriptional processing of pre-rRNA may be inhibited following DNA

damage.

Ultimately, the data discussed in this review represent only the initial steps in characterizing the roles of
NPM1 and NCL in the clearance of diverse DNA damages in vivo. However, what has been thus far
described is sufficient to underline the remarkable multifunctionality of these proteins across multiple
independent DDR pathways, as well as numerous other processes essential to cellular growth and
proliferation including transcription, stress sensing and ribosome biogenesis. Given this pleiotropy, it is
not surprising that perturbations of these factors have been linked to the development of numerous
cancers and myeloproliferative disorders. Mutations in the NPM1 gene are particularly common among
myeloid cancers, and are the single most common genetic cause of acute myeloid leukemia. Particularly
frequent among these are mutations in the NPM1 NLSs, which cause aberrant cytoplasmic accumulation
of NPM1 (termed NPM1c+) and associated DNA repair factors, marking NPM1 as a key tumor suppressor
in myeloid lineages (Federici and Falini 2013). Conversely, other studies have found NPM1
overexpression to be a common feature of solid tumors from numerous different tissues, demonstrating
that NPM1 can act as either a tumor suppressor or an oncogene depending on the cell and/or tissue

type affected (Colombo et al. 2011). Tumor suppressor activities have not been reported for NCL so far;
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however, overexpression of NCL has been linked to the development, progression and malignancy of a
wide variety of solid and hematological tumors, identifying this protein as a major oncogene in
numerous cellular systems (Berger et al. 2015). This diversity of pathogenic roles for NPM1 and NCL, and
their contribution to numerous essential proliferative pathways, make these two proteins exciting
future targets for the development of multi-active chemotherapeutic agents (Poletto et al. 2015; Sekhar

et al. 2011).
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Figure Legends

Figure 1: Schematic of human NCL and NPM1 proteins indicating the relative positions of domains and
post-translationally modified residues discussed in this review. Brackets beneath each protein indicate
the reported minimal regions for interactions of each protein with its respective protein partners, where
such domains have been reported; dotted brackets for NCL indicate that a region which is not absolutely
required for the interaction but enhances the affinity of NCL for the target. Interaction surfaces were
determined by truncation mutants and interaction screening in all cases as follows: NCL-NPM1 (Li et al.
1996); NCL-RAD50 (Goldstein et al. 2013); NCL-HDM2 and NCL-p53 (Bhatt et al. 2012); NCL-WRN (Indig
et al. 2012); NCL-RPA (Kim et al. 2005); NCL-ssDNA (Hanakahi et al. 2000); NCL-G-quadruplex (Gonzdlez
and Hurley 2010; Hanakahi et al. 1999); NPM1-p53 (Colombo et al. 2002); NPM1-H3/H4 (Okuwaki et al.

2001); NPM1-polyUb (Koike et al. 2010); and NPM1-APE1 (Vascotto et al. 2009).

Figure 2: Models for the coordination of DNA damage repair pathways in response to different
damaging stimuli by NPM1 and NCL. The discussed regulatory activities of NPM1 (A) and NCL (B) are
summarized with respect to their inducing DNA lesion. The upper grey box represents the nucleolus,
while the lower, clear regions represent the nucleoplasm. Thick black arrows represent enhancement of
translocation rate in the indicated direction, while dotted arrows indicate a proposed or disputed
activity. Green arrows indicate a positive regulatory effect, while red, flat-faced arrows indicate an
inhibitory action. Question marks indicate unknown activities or mechanisms. Small red circles indicate

regulatory post-translational modifications (acetylation/phosphorylation).
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Figure 1: Schematic of human NCL and NPM1 proteins indicating the relative positions of domains and post-
translationally modified residues discussed in this review. Brackets beneath each protein indicate the
reported minimal regions for interactions of each protein with its respective protein partners, where such
domains have been reported; dotted brackets for NCL indicate that a region which is not absolutely required
for the interaction but enhances the affinity of NCL for the target. Interaction surfaces were determined by
truncation mutants and interaction screening in all cases as follows: NCL-NPM1 (Li et al. 1996); NCL-RAD50
(Goldstein et al. 2013); NCL-HDM2 and NCL-p53 (Bhatt et al. 2012); NCL-WRN (Indig et al. 2012); NCL-RPA
(Kim et al. 2005); NCL-ssDNA (Hanakahi et al. 2000); NCL-G-quadruplex (Gonzalez and Hurley 2010;
Hanakahi et al. 1999); NPM1-p53 (Colombo et al. 2002); NPM1-H3/H4 (Okuwaki et al. 2001); NPM1-polyUb
(Koike et al. 2010); and NPM1-APE1 (Vascotto et al. 2009).
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Figure 2: Models for the coordination of DNA damage repair pathways in response to different damaging
stimuli by NPM1 and NCL. The discussed regulatory activities of NPM1 (A) and NCL (B) are summarized with
respect to their inducing DNA lesion. The upper grey box represents the nucleolus, while the lower, clear
regions represent the nucleoplasm. Thick black arrows represent enhancement of translocation rate in the
indicated direction, while dotted arrows indicate a proposed or disputed activity. Green arrows indicate a
positive regulatory effect, while red, flat-faced arrows indicate an inhibitory action. Question marks indicate
unknown activities or mechanisms. Small red circles indicate regulatory post-translational modifications
(acetylation/phosphorylation).
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