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Abstract

Nucleolar function and the cellular response to DNA damage have long been studied as distinct
disciplines. New research and a new appreciation for proteins holding multiple functional roles,
however, is beginning to change the way we think about the crosstalk among distinct cellular
processes. Here, we focus on the crosstalk between the DNA damage response and the nucleolus,
including a comprehensive review of the literature that reveals a role for conventional DNA repair
proteins in ribosome biogenesis, and conversely, ribosome biogenesis proteins in DNA repair.
Furthermore, with recent advances in nucleolar proteomics and a growing list of proteins that
localize to the nucleolus, it is likely that we will continue to identify new DNA repair proteins with
a nucleolar-specific role. Given the importance of ribosome biogenesis and DNA repair in
essential cellular processes and the role that they play in diverse pathologies, continued elucidation
of the overlap between these two disciplines will be essential to the advancement of both fields
and to the development of novel therapeutics.

Introduction

The nucleolus is non-membranous nuclear organelle found in eukaryotic organisms. Its
primary function is in the making of ribosomes, and it forms in response to the transcription
of the ribosomal DNA (rDNA) and to the recruitment of ribosome biogenesis factors'—3. The
pre-ribosomal RNA (pre-rRNA) is transcribed by RNA polymerase | (RNAPI) from the
rDNA that is arranged in tandem arrays on chromosomes 13, 14, 15, 21, and 22 in human
diploid cells*®. A series of endo- and exo- nucleolytic cleavages removes the transcribed
spacer sequences from the pre-rRNA to release the mature 183, 5.8S, and 28S rRNAs’- 8. In
addition to these RNA processing steps, post-transcriptional modifications by small
nucleolar ribonucleoprotein complexes (snoRNPs) and assembly with ribosomal proteins
and the RNA polymerase IlI-transcribed 5S rRNA are required for the maturation of a fully
functional ribosome3: %11 (Figure 1). The process is complex and defects at any step can be
embryonic lethal, or can lead to rare congenital disorders known as ribosomopathies'2-20, or
even cancer?1-24, Much of what we know about ribosome biogenesis in eukaryotes stems
from extensive work in budding yeast?>-27; as a consequence, however, many aspects of the
process in humans, including its multifaceted regulation, remain to be elucidated® 28,
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The cellular response to DNA damage, like the efficient and accurate production of
ribosomes, is an essential cellular function and is critical for the maintenance of genomic
fidelity and cell viability. Each cell in the human body has the potential to experience tens of
thousands of DNA lesions daily from both internal (e.g. oxidation; alkylation) and external
(e.g. ultraviolet light; -y-irradiation) sources that if left alone can lead to genetic mutations,
chromosomal aberrations, and disease??: 30, As a result, an extensive network has evolved to
sense and respond to these lesions, varying from cell-cycle arrest and DNA repair to
apoptosis3l. A common player in the DNA damage response is the tumor suppressor protein,
p53, implicated in the regulation of cell cycle arrest and proapoptotic functions of the DNA
damage response32.

Repair of genotoxic damage, on the other hand, occurs by a number of pathways depending
on the type of DNA lesion (Table 1). The base excision repair (BER) pathway, for instance,
repairs small lesions catalyzing the removal and replacement of damaged bases; whereas,
the nucleotide excision repair (NER) pathway addresses more bulky lesions like cyclobutane
pyrimidine dimers typically caused by UV exposure33. Interstrand crosslinks are repaired by
the Fanconi anemia pathway, mismatched bases are corrected by mismatch repair, and
multiple mechanisms have evolved to repair DNA double strand breaks (DSBs), including
the non-homologous end joining (NHEJ) pathway and homology-directed recombination
(HDR). In HDR, DNA ends are resected and a sister chromatid is used as a template, thus
occurring commonly in S and G2 phases of the cell cycle. NHEJ, on the other hand, is
commonly considered error-prone with DNA ends simply recognized and ligated30.

Despite the treatment of DNA repair and ribosome biogenesis as distinct disciplines, new
research is beginning to recognize a clear crosstalk between the nucleolus and the DNA
damage response. Here, we review the literature on the current state of nucleolar proteomics,
the nucleolar response to DNA damage, and DNA repair in the nucleolus itself. In addition,
we highlight nucleolar proteins with roles in DNA repair, and conversely, DNA repair
proteins with roles in ribosome biogenesis. These interconnections suggest that our current
way of labeling proteins with a single functional role is in the process of being upended.
Furthermore, as the number of proteins localized to the nucleolus increases, it is conceivable
that more proteins will be assigned unexpected novel roles in the making of ribosomes.
Given the importance of these processes and their role in a multitude of diseases, continued
probing of the overlap of these disciplines will enrich the way we think about human disease
pathogenesis and treatment.

Nucleolar proteomics reveals proteins involved in DNA repair

The proteomics field has advanced significantly over the past decade due in large part to
substantial improvements in the sensitivity and accuracy of mass spectrometry platforms34.
Coupled with these advancements is progress in the biochemical or biological fractionation
of cells using methods such as chromatography and centrifugation34. The field of nucleolar
proteomics has benefited largely from these developments, which has allowed not only the
determination of proteins that comprise the human nucleolus, but also how the nucleolar
proteome changes after exposure to different cellular stressors. Pioneering work in this field,
for instance, evaluated the changes in the nucleolar proteome in cells treated with the
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transcriptional inhibitor actinomycin D (ActD)3-37. More recent work, on the other hand,
examined the nucleolar proteome of the human T-cell38, and how it changes in response to
infection by the Human Immunodeficiency Virus (HIV)3°. The significance of these
advancements lies in providing the foundation for better understanding the role of the
nucleolus in human cells by analysis of its protein constituents.

The nucleolar proteome, according to the most recent update of the Nucleolar Proteome
Database (NOPdb3.0), includes 4,500 proteins from purified nucleoli that localize to the
human nucleolus*0. These data not only represent a significant increase when compared to
the 150 proteins so far identified in the yeast nucleolar proteome?!, but also represent the
relatively novel concept of an expanded role for the human nucleolus in diverse cellular
processes. Proteins that localize to the nucleolus represent functional classes including not
only ribosome biogenesis factors (ribosomal proteins; RNA helicases; RNA-binding
proteins; RNA-modifying enzymes), but also DNA-binding proteins, and DNA repair
proteins36: 42,43 (Figure 2). In some respects, these functional classes are not surprising
given that the “plurifunctional nucleolus” was first hypothesized based on evidence for a role
for the nucleolus in the synthesis and processing of some mRNAsS, the signal recognition
particle, telomerase RNA and tRNAs*4. Subsequent research has also supported a role for
the nucleolus in the regulation of mitosis, the cell cycle, the stress response, and apoptosis*2.
What is surprising, however, is the large number of nucleolar proteins that are involved in
DNA-associated processes, like DNA repair, of which we will discuss in further detail here
in this review.

Analysis of the two published nucleolar proteomes and the Human Protein Atlas database
reveal that 166 unique DNA repair proteins localize to the nucleolus based on Gene
Ontology (GO) Consortium categorization (GO: 0006281) (Table 2; Supplemental Table 1).
One hypothesis to account for the abundance of DNA repair proteins in the nucleolus is that
they are sequestered there until required for their functional role in DNA repair, implicating
the nucleolus as part of the DNA damage response. Moore and colleagues observed a
mobilization of DNA repair proteins associated with the NHEJ pathway from the nucleolus
to the nucleoplasm upon UV and ionizing radiation*®. Similar observations have been made
with the BER enzymes apurinic/apyrmidinic endodeoxyribonuclease 1 (APEX1)*6 and
Alpha-Ketoglutarate-Dependent Dioxygenase AlkB Homolog 2 (ALKBH2)*, and the DNA
helicase Werner Syndrome protein (WRN)*8: 49, An alternative hypothesis, however, is that
these proteins possess a nucleolar function in the absence of DNA damage. It is the latter
hypothesis that we elaborate on in this review.

Functional roles for DNA repair proteins in the nucleolus

A wealth of evidence is beginning to support a dual role for DNA repair proteins in not only
DNA repair, but in the nucleolar function of making ribosomes. Antoniali and colleagues,
for example, reviewed nicely the role of DNA repair proteins in RNA metabolism®0. Here,
we focus more narrowly on the role of DNA repair proteins in the synthesis of ribosomes,
and highlight a few examples, beginning with a brief summary of their more commonly
recognized role in DNA repair, followed by evidence for a role in ribosome biogenesis.
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Apurinic/Apyrmidinic endodeoxyribonuclease 1 (APEX1; APE1l; REF-1)

Nucleolar localization of APEX1 was identified in two out of the three nucleolar proteome
datasets; however, it is more commonly known for its nucleoplasmic role in the BER DNA
repair pathway that recognizes and repairs oxidized or otherwise modified DNA bases.
Following identification and removal of a damaged base by a DNA glycosylase, APEX1 is
the primary endonuclease that then catalyzes the incision of the DNA backbone at the abasic
(AP) site allowing for repair by a DNA polymerase and ligase®L. In addition to its role in
BER however additional roles for the protein are beginning to emerge52 53, including a
nucleolar-specific role in ribosome biogenesis.

Multiple lines of evidence exist in support of a role for APEX1 in the accurate and efficient
production of ribosomes. APEX1 co-immunoprecipitates known proteins involved in
ribosome biogenesis, including nucleophosmin (NPM1), ribosomal protein lateral stalk
subunit PO (RPLPO), and ribosomal protein SA (uS2; RPSA)>4. NPML1 is a multifunctional
protein involved in multiple aspects of ribosome biogenesis, RPLPO is a ribosomal protein
associated with the large (60S) subunit of the ribosome, and uS2 is protein required for the
maturation of the small (40S) subunit of the ribosome. These proteins thus have diverse
functions in ribosome biogenesis, which suggests that APEX1’s role may too be wide-
ranging in terms of its effect on the production of ribosomes. Further supporting this claim is
that APEX1 also co-immunoprecipitates the 47S primary transcript, and both the 18S and
28S mature rRNA species®®. One role APEX1 may be performing is in the role of RNA
quality control by removing damaged RNA bases. APEX1-depleted cells treated with
hydrogen peroxide to generate oxidative damage revealed that oxidation of rRNA was higher
when compared to control cells, and protein synthesis and cell proliferation was decreased®?,
Additionally, in APEX1-depleted cells, metabolic labeling experiments revealed impaired
pre-rRNA transcription®®. These data therefore suggest that APEX1 may be important in the
surveillance and removal of damaged RNA that directly affects the production of ribosomes.

With data supporting two distinct functional roles for APEX1 in different subcellular
locations, the question as to how these roles are regulated remains. What we know is that
sequestration of APEX1 in the nucleolus is dependent on rDNA transcription and caused by
the direct interaction between APEX1 and NPM1°%4, and specific lysine residues in APEX1’s
N-terminus®®. Acetylation of these N-terminal lysine residues results in the disruption of the
interaction between NPM1 and APEX1 and decreased nucleolar localization?®. Interestingly,
treatment of cells with methyl methanesulfonate (MMS), which is an alkylating agent
causing DNA damage repaired by the BER pathway, also leads to lysine acetylation of
APEX1, suggesting that this may be a mechanism by which this protein switches between its
nucleolar function and role in DNA repair. Evidence also supports a role for the
nucleoplasmic deacetylase sirtuin 1 (SIRT1) in the reversal of this process, presumably when
DNA repair has been completed8. The regulation of APEX1 in its roles in both DNA repair
and ribosome biogenesis at this time thus appears to be largely governed by protein-protein
interactions and post-translational modifications; however, this is likely to be expanded upon
with further experimentation.
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Werner syndrome RecQ like helicase (WRN)

The Werner syndrome RecQ like helicase (WRN) is the protein implicated in Werner
syndrome, a disease characterized by premature aging and a predisposition to cancer®’. Most
commonly, WRN has been implicated in a number of DNA repair pathways including DNA
DSB repair and repair of lesions to DNA bases. WRN has both helicase and exonuclease
activity, which are both required for the repair of DSBs in HDR and NHEJ®8. In addition,
WRN-depleted cells treated with MMS (requiring BER repair) results in decreased cell
survival®. It has also been demonstrated that WRN enhances the activity of the BER
enzymes, DNA polymerase p (POL)>%: 60 and the DNA glycosylase NEIL162. These
functional roles in DNA repair however are not the only roles identified for WRN; indeed, a
significant literature exists in support of a functional role for WRN in ribosome biogenesis
as well.

WRN has been identified as a nucleolar protein in only one out of the three human nucleolar
proteome datasets (Table 2; Supplemental Table 1). This lack of agreement among the
studies however is not concerning given that these datasets were collected by different
means and in different cells lines. Additional support for nucleolar localization includes
immunofluorescence with polyclonal anti-WRN antibodies in simian and human cell lines
that reveals clear enrichment of WRN in nucleoli®2. Nucleolar localization is dependent on
transcription of the rDNA®2. 63, suggesting a putative role for WRN in RNAPI
transcriptional regulation. Later work supports this with evidence that WRN co-
immunoprecipitates the RNAPI subunit RPA40%3. Furthermore, pulse-chase analysis reveals
that in the absence of WRN in the nucleolus, levels of the 18S and 28S mature rRNA species
are reduced®3. Thus data support a nucleolar-specific role for WRN in ribosome biogenesis,
in addition to its nucleoplasmic role in DNA repair processes.

The coordination of WRN between its functional roles in DNA repair and in ribosome
biogenesis, like APEX1, is regulated by protein-protein interactions and post-translational
modifications. WRN, for instance, has been identified in a complex with valosin-containing
protein (VCP). The VCP/WRN complex is localized to the nucleolus, however, treatment
with a DSB-inducing agent leads to reduced sequestration of WRN in the nucleolus and
disruption of its interaction with VCP®4. This interaction may be the result of tyrosine
phosphorylation. A previous study had identified that cells treated with a transcriptional
inhibitor resulted in WRN translocation to the nucleoplasm; treatment with a tyrosine
phosphatase inhibitor, however, maintained WRN’s sequestration in the nucleolus®2. VCP is
known to be phosphorylated on tyrosine residues in its C-terminus 4. Whether this is
directly related to its interaction with WRN remains to be tested. Finally, in addition to
phosphorylation, acetylation may also be important in the regulation of WRN function.
Treatment with a deacetylase inhibitor, Trichostatin A, enhanced recruitment to the
nucleoplasm following DNA damage®®. In contrast, inhibition of the deacetylase SIRT1
maintained nucleolar sequestration?®. These data are in clear contradiction, and it has been
proposed that perhaps SIRT1 does not act on WRN, but instead on WRN-interacting
proteins.8 This too however remains to be tested. Regardless of these discrepancies, there is
a clear role for acetylation, phosphorylation, and protein-protein interactions in the
regulation of WRN between its nucleolar function and its role in DNA repair.
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Bloom syndrome RecQ like helicase (BLM)

Bloom Syndrome RecQ like helicase (BLM) is a helicase in the same family as WRN.
Defects in BLM result in a syndrome characterized by severe growth defects and a
predisposition to cancer and other diseases5® 66, Its commonly recognized functional role in
the cell is in DNA replication and repair processes. BLM, for instance, plays an important
role in resolving stalled replication forks as well as other forms of replication stress®’.
Additionally, BLM has been implicated in the DSB response in both the protection against
deletion of large segments in the repair of single-strand breaks and in promoting DNA end
resection in DSB repair®® 69, Recent studies, however, also support a novel, nucleolar-
specific role for BLM distinct from these roles in the maintenance of genome integrity.

BLM, like WRN, has been identified as a nucleolar protein in only one out of the three
human nucleolar proteome datasets (Table 2; Supplemental Table 1). BLM, however, has
been localized to the nucleolus by immunofluorescence’® 71, and co-immunoprecipitates the
RNAPI subunit, RPA19471, Functionally, it has been shown that BLM facilitates the
transcription of the pre-rRNA though its helicase activity on the rDNA7L, Pulse-chase
analysis for instance in BLM-deficient cells reveals a decrease in the production of the 45S
pre-rRNA primary transcript’1. Defects in pre-rRNA transcription can lead to decreases in
mature 18S and 28S rRNA species, and/or the triggering of the cell stress response and
apoptosis’2. Thus evidence supports a critical role for BLM in the nucleolus and the
production of ribosomes.

The regulation of BLM between its roles in DNA repair and in ribosome biogenesis is likely
due to interaction with other proteins and/or post-translational modifications, similar to what
has been observed for APEX1 and WRN. There is a clear regulation of BLM’s roles in DNA
replication and repair by post-translational modifications’3; however, a paucity of research
exists on what regulates BLM’s nucleolar localization and mobilization to the nucleoplasm.
One possible regulatory interaction occurs between BLM and DNA Topoisomerase |
(TOPI). This interaction has been shown to occur in the nucleolus and to stimulate BLM
helicase activity on RNA:DNA hybrids4. Ubiquitin modification is another possible
mechanism by which the localization of BLM may be managed. Tikoo and colleagues
suggest that ubiquitylation of BLM is required for recruitment to sites of DNA damage and
that depletion of an E3-ubiquitin ligase, RNF8, results in nucleolar sequestration’®. Despite
these gaps, it is clear that BLM localizes to the nucleolus and maintains a nucleolar-specific
function when sequestered there.

Genetic screens reveal roles for DNA repair proteins in human ribosome
biogenesis

While there are specific examples of proteins with dual roles in both DNA repair and
ribosome biogenesis like APEX1, WRN, and BLM, recent genetic screens of nucleolar
proteins as well as unbiased genome-wide approaches have also revealed a role for DNA
repair proteins in ribosome biogenesis. An siRNA-based screen of 625 nucleolar proteins in
Hel a cervical epithelial cells revealed by northern blot a role for 286 in the normal
processing of the pre-rRNA7S. Interestingly, 28 of these hits we have classified as DNA
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repair proteins (GO: 0006281) including BLM and APEX1 (Table 3; Supplemental Table 2).
Another siRNA screen in HelLa cells using fluorescently-tagged ribosomal protein reporters
as read-outs identified proteins involved in 40S and 60S maturation. In this study, 153 hits
out of 464 putative ribosome biogenesis factors were identified,’” with only four classified
as DNA repair proteins (HUWEL; POLR2A; RPS27A/eS31; uS3). While the number here is
small, the screen was restricted to ribosomal proteins, nuclear pore complex components,
nucleo-cytoplasmic trafficking machinery, and homologues of yeast ribosome biogenesis
factors, and therefore is not unexpected. In a follow-up to this study, however, the first
unbiased genome-wide approach was used to identify proteins involved solely in 40S
maturation in HeLa cells that identified 302 hits?®, Here the number increased to 19
classified as DNA repair proteins. Thus, intriguingly, if this screen were further expanded to
identify proteins required for 60S maturation it is conceivable that the number of DNA
repair proteins would also increase.

While dual roles for DNA repair proteins in the nucleolus is only recently coming to light,
this may not solely be a human phenomenon. In an unbiased genome-wide screen for
proteins that affect nucleolar size in flies (Drosophild), 757 hits were identified’8, where 36
are DNA repair proteins (Table 3; Supplemental Table 2). A similar screen in yeast revealed
388 hits’8, with 30 classified as DNA repair proteins. Nucleolar size is known to reflect the
rate of pre-rRNA transcription,’® and can be a useful biomarker for cancer malignancy®0.
Therefore, a nucleolar function for DNA repair proteins may be a highly conserved
phenomenon in all eukaryotes.

Functional roles for nucleolar proteins in DNA repair

While evidence supports an increasing likelihood for DNA repair proteins to also perform
functional roles in ribosome biogenesis, does evidence also support the converse: are
proteins involved in ribosome biogenesis also performing roles in DNA repair? Interestingly,
accumulating evidence suggests the answer is yes. Here, we highlight a few examples of
ribosome biogenesis factors with clearly identified roles in DNA repair.

Treacle (TCOF1; Treacher Collins syndrome protein)

TCOF1 is a nucleolar protein implicated in Treacher Collins syndrome, a congenital disease
characterized by abnormal craniofacial development!4. In ribosome biogenesis, TCOF1 has
been implicated in not only the regulation of RNAPI, but also the modification of the pre-
rRNA. Pulse-chase analysis of TCOF1-depleted HeLa cells revealed a nearly 50% reduction
in the 47S pre-rRNAS8L, Similarly, 7COF1 heterozygous mice showed a 50% decrease in the
levels of the 47S primary rRNA transcript®l. TCOF1 directly interacts with the RNAPI
transcription factor UBTF, which may be the mechanism by which this protein regulates
RNAPI transcription8L, TCOF1 also interacts with NOP56, which is a core component in the
box C/D snoRNP82, And, TCOF1-depletion in Xenogpus oocytes and TCOFI heterozygous
mice both reveal a decrease in pre-rRNA 2’-O-methylation on the pre-18S rRNA82, These
data thus support a role for TCOF1 in not only RNAPI transcription, but pre-rRNA
modification as well. In addition to these roles in ribosome biogenesis, however, a relatively
novel role in the DNA damage response is emerging.
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The role of TCOF1 in DNA repair includes the recognition of DNA damage and a role in the
transient RNAPI silencing that occurs as a result. In the osteosarcoma cell line, U-2 OS, a
subset of cellular TCOFL1 is recruited to sites of DNA damage in a poly ADP-ribose
polymerase (PARP)-dependent manner83. Additionally, the recognition of DNA damage by
TCOF1 is required for the Ataxia telangiectasia mutated (ATM)- and TCOF1- dependent
recruitment of Nijmegen breakage syndrome protein 1 (NBS1) to nucleoli required for
RNAPI transcriptional silencing®3: 84, The regulation of this response and the interaction of
TCOF1 with NBS1 appears to be dependent on post-translational modifications. Mutation of
residue T210 to an alanine, for instance, disrupts TCOF1’s interaction with NBS183,
Phosphorylation of S1199 also appears to be required for the localization of TCOF1 and
NBS1 to nucleoli following DNA damage84. These data therefore support a role for TCOF1
in the DNA damage response by regulatory post-translational modifications and protein-
protein interactions.

Nucleophosmin (NPM1; B23; NO38; numatrin)

NPML1 is a protein in the small nucleoplasmin family of molecular chaperones. It has diverse
functional roles in a range of cellular processes, which include regulation of centrosome
duplication, histone chaperone activity, tumor suppressor protein regulation, ribosome
biogenesis, and DNA repair8®. Given these diverse roles in essential cellular processes it is
thus not surprising that NPM1 has also been implicated in disease. For example, NPM1 is
mutated in approximately 30% of acute myeloid leukemia patients8 87, is overexpressed in
a variety of tumors88, and is essential for proper embryonic development and genome
stability8%. NPM1 levels are also increased in oncogenic human papilloma virus (HPV)
infection®0, and has been implicated in aiding viral replication including the replication of
HIV9L 92 and T-cell leukemia virus®3, among others94-97.

The evidence for NPM1’s role in ribosome biogenesis is substantial and supports a
multifaceted role for it in making ribosomes. NPM1 localizes to the granular component of
the nucleolus?®-19, and is found in RNA precursors to both the small and large ribosomal
subunits®®. NPM1 promotes transcription through its histone chaperone activity by
facilitating the remodeling of the nucleolar chromatin. Chromatin immunoprecipitation
(ChIP) experiments reveal a direct interaction between NPM1 and the chromatin around the
rDNA locus9, Furthermore, NPM1-depletion decreases the rate of pre-rRNA transcription
and cell proliferation10L, In addition to its effect on transcription, NPM1 has also been
implicated in the processing of the pre-rRNA through its intrinsic ribonuclease

activity102: 103 and more specifically as a phosphodiesterase that cleaves in the ITS2 region
of the pre-rRNA103, Finally, several studies have evaluated a role for NPM1 in ribosomal
subunit assembly, a natural follow-up to the early work by Borer and colleagues that
identified NPM1 as a protein that “shuttles” between the cytoplasm and the nucleus!®4,
Ribosomal protein S9 (uS4; RPS9) interacts with NPM1 in an RNA-independent
interaction19%, In addition, over-expression of NPM1 led to an increase of uS4 in the
nucleolus, whereas NPM1-depletion resulted in a decrease in uS4 levelsl95, NPM1 is also
required for the export of ribosomal protein L5 (uL18; RPLS5), and is required for its
colocalization with pre-60S particles96. Additionally, a recent genetic screen in HeLa cells
for proteins that interact with NPM1 found that it interacts with 60 different ribosomal
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proteins!07, suggesting that the role for NPM1 in ribosomal assembly is likely much larger.
Therefore, NPML1 has roles in multiple aspects of ribosome biogenesis, however a role in
DNA repair has only recently emerged.

Early work had suggested that NPM1 likely played a role in the DNA damage response. For
example, NPM1 protein expression is increased following UV irradiation98. 109,
Additionally, NPM1 is mobilized from the nucleolus to the nucleoplasm upon induction of
DSBs110, and a subset is recruited specifically to sites of damagel!1. More recently however,
specific roles for NPML1 in both the BER and NER repair pathways, as well as a DNA
damage bypass mechanism, have emerged. For instance, in addition to its interaction with
the BER protein APEX1 as discussed previously, NPM1 has also been implicated in the
regulation of additional BER proteins (POLD1; POL; LIG1; LIG3; XRCCL1) and their
sequestration in the nucleolus®®. Furthermore, in NPM1-depleted cells, BER activity is
impaired, suggesting a role for NPM1 too in promoting efficient repair by this pathway®®.
NPML1 has also been implicated in the transcriptional regulation of NER proteins through its
interaction with the retinoblastoma protein (pRB)112. Finally, although not a repair
mechanism, NPM1 has also been implicated in translesion synthesis (TLS). TLS is a
mechanism by which damaged DNA is bypassed by low fidelity polymerases. NPM1
stabilizes one of these polymerases, polymerase ?, protecting it from degradation until it is
needed for TLS3, Thus NPM1 maintains functional roles in multiple DNA damage
response pathways, including BER, NER, and TLS. A recent review, in fact, also highlights
the many roles of NPML1 (and nucleolin) in DNA repair, and in much greater depth than
presented herell4,

Evidence for the regulation of NPM1 in response to DNA damage is limited but suggests a
number of mechanisms. First, as described previously, NPM1’s interaction with the BER
protein APEX1 is likely due to acetylation. Second, phosphorylation on T199 is required for
the recruitment of NPM1 to sites of DNA damage!L. In addition, dephosphorylation of
NPML1 is required for NPM1’s interaction with pRB and the increased expression of genes
associated with NER2, Finally, NPM1, like BLM, is regulated by the RNF8 E3-ubiquitin
ligase in response to DNA damagel!. Thus, it is likely that both protein-protein interactions
and varied post-translational modifications regulate NPM1s switch between its role in DNA
repair and ribosome biogenesis.

Nucleolin (NCL, C23)

Nucleolin (NCL), like NPML1, is a multifunctional protein in the nucleoplasmin family of
molecular chaperones. It is localized to the nucleolus!1®, and directly interacts with both the
rDNAL16 and pre-rRNAL. Its nucleolar function in ribosome biogenesis is thus wide-
ranging and includes roles in RNAPI transcription, pre-rRNA processing, and ribosomal
subunit assembly. NCL-depleted cells for instance show a decrease in histone modifications
associated with active rDNA chromatin!18. NCL depletion also leads to a decrease in UBTF
at the rDNA, and an increase in the binding of the RNAPI termination factor TTF-1 to the
promoter-proximal terminator T0116. These results thus provide strong evidence for the role
of NCL in promoting pre-rRNA transcription. Furthermore, NCL has also been implicated in
the first step of pre-rRNA processing in the 5° ETS, with data supporting a direct interaction
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with the pre-rRNA and U3 snoRNP, both of which are required for its activity17. Finally,
NCL has been implicated in ribosomal subunit assembly through its shuttling activity04,
and interaction with 18 different ribosomal proteins divided among both large- and small-
subunit proteins18. In addition to these roles in ribosome biogenesis, however, there also
lies evidence for NCL in the DNA damage response.

NCL’s role in the DNA damage response is likely in the cellular response to DNA DSBs.
NCL is not only recruited to DSB-induced foci, but interacts with proteins involved in the
DNA DSB response. For instance, NCL was identified as a protein that interacts with
phosphorylated histone H2AX (AH2AX), a known marker for DNA DSBs, as well as both
HDR (RPA34; NBS1) and NHEJ (XRCCS) factors19, In NCL-depleted cells, for instance,
access of repair factors to DSBs is decreased due to decreased nucleosome disruption by
NCL’s histone chaperone activity and its interaction with the MRE11-NBS1-RAD50 DSB
repair complex120, This, at least in part, is a likely reason for observed decreases in the HDR
and NHEJ activities!19,

The regulation of NCL between its roles in DNA repair and ribosome biogenesis may be
governed by p53. First, p53 is known to interact with NCL’s C-terminal domain2l. NCL is
also mobilized from the nucleolus to the nucleoplasm following treatment by ionizing
radiation and other stressors; however, in p53-deficient cells, localization to the nucleoplasm
is impaired!2L. Finally, ribosomal proteins also interact with a region in NCL’s C-terminal
domainl18; thus perhaps regulation is through post-translational modifications here, acting
as a switch between interactions with ribosomal proteins and interaction with p53, although
this remains to be tested. Despite lacking a comprehensive understanding of the regulation
between NCL’s roles, there is clear evidence in support of NCL playing roles in both
ribosome biogenesis and DNA repair.

Ribosomal protein S3 (uS3; RPS3)

uS3 is a ribosomal protein required for the maturation of the small ribosomal subunit and
likely the mRNA helicase activity of the ribosomel22, Interestingly, and somewhat
surprising, however, roles in DNA repair have also been described for this protein. uS3 has
also been found to localize to sites of oxidative DNA damagel23, and interact with the BER
proteins, APEX1 and 8-oxoguanine DNA glycosylase (0GG1)24, uS3 also has a high
affinity for the oxidized base, 8-oxoguanine, and increases the glycosylase activity of OGG1
in the removal of these DNA lesions24. The regulation of this activity appears to be
dependent on extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation of residue
T42, where mutations at this residue failed to recruit uS3 to nucleoplasmic loci upon DNA
damage?3. Thus, even proteins with more restricted roles pertaining to ribosome biogenesis
may also have functional roles in the DNA damage response.

The nucleolar response to DNA damage

The crosstalk between the nucleolus and the DNA damage response is not limited to proteins
functional in both DNA repair and ribosome biogenesis. In addition, there is the well-known
p53 tumor suppressor response to nucleolar stress12%: 126 as well as an emerging ATM-
dependent mechanism by which RNAPI transcription is transiently silenced in response to
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DNA damage. In the first study to identify this response, mouse embryonic fibroblasts
(MEFs) were exposed to ionizing radiation, and RNAPI transcriptional silencing was
observed in nucleoli proximal to the DNA DSBs27 (Figure 3A). ATM kinase, NBS1 and
mediator of DNA damage checkpoint 1 (MDC1) were required for RNAPI silencing, and
ChIP experiments suggest that the NBS1/MDC1-dependent displacement of RNAPI at the
rDNA locus is responsible1??. This finding is supported by work that was published the
same year that found NBS1 immunoprecipitates the rDNA in MCF7 cells upon DSB-
induction by the 28S site-specific endonuclease, I-Ppol128,

Later studies however, in contrast, identified TCOF1, and not MDC1, in the RNAPI
transcriptional silencing response to ionizing radiation83: 84, As discussed previously, one
study found in U-2 OS cells that a subset of cellular TCOF1 is recruited to sites of DNA
damage in a PARP-dependent manner that is required for the ATM- and TCOF1- dependent
recruitment of NBS1 to nucleoli83 (Figure 3B). Interestingly, this study also found, in
contrast to previous work, that this interaction resulted not only in RNAPI silencing near
DSBs, but also the propagation of silencing to all nucleoli®3.

The crosstalk between the DNA damage response and the nucleolus however may not be
universal for all forms of DNA damage. For example, in skin WS1 fibroblasts and U-2 OS
cells, RNAPI transcriptional silencing was only observed following damage by UV
radiation, and not by ionizing radiation®®. Thus, while the differences among the results are
hard to reconcile, they could be attributed to differences in the cell lines used. U-2 OS cells
are derived from a human osteosarcoma and MCF7 cells are derived from a metastatic breast
carcinoma, and both maintain a highly abnormal chromosome ploidy12%: 130: whereas WS1
cells, on the other hand, are non-tumorigenic in origin, propagated through amino-acid
restriction31, and MEFs are the fibroblasts of a different species altogether (mouse).
Additionally, we know that different cell lines have different average numbers of nucleoli
per cell132, While the meaning of more or fewer nucleoli is not well defined!32, its affects
could confound results dealing with a nucleolar response to stress by DNA damage. Despite
these discrepancies, overall the evidence does support a crosstalk between DNA repair and
the nucleolus through RNAPI transcriptional silencing in response to DNA damage.

DNA repair in the nucleolus itself

Crosstalk between the DNA damage response and the nucleolus is also evident when DNA
damage occurs specifically in the rDNA. The rDNA is unique among transcribed regions in
the genome. In humans, there are approximately 300 repeats of the rDNA transcriptional
unit, arranged in tandem, and spread across 5 different chromosomes (10 total in a diploid
cell); these regions of rDNA clusters are also commonly referred to as nucleolar organizing
regions?. Because of the repetitive nature of the rDNA loci, loss of repeats by HDR can lead
to genomic instability and cancer!33. Repair at the rDNA loci is thus critically important, yet
can be challenging. Recent studies have elucidated the response to DSBs by the I-Ppol
endonuclease in the rDNA, and have arrived at different conclusions as to how repair occurs
in the nucleolus itself (Figure 4).
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Repair by HDR or NHEJ?

In one study, cleavage of the rDNA resulted in nucleolar cap formation and ATM-dependent
inhibition of RNAPI in retinal pigment epithelial (RPE1) cells34. Caps were positive for
AH2AX and p53 binding protein 1 (53BP1), and about half of all caps were enriched in
proteins involved in HDR (BRCA1; RPA2; RAD51; RAD52), whereas NHEJ proteins were
found localized to the nucleoplasm. Unscheduled DNA synthesis in G1 caps was also
observed, suggesting cis-templated HDR in the repair of nucleolar DSBs34. These results
are not without precedent; in budding yeast, it was found that the presence of multiple rDNA
copies, many of which are not transcribed, is important for the maintenance of genome
integrity through repair by HDR13%,

Warmerdam and colleagues also support a role for HDR in the response to nucleolar DNA
damage. In this study, I-Ppol endonuclease induction in U2-OS and RPE1 cells led to
transient ATM-dependent inhibition of RNAPI and nucleolar cap formation36. Caps were
positive for damage markers 53BP1 and AH2AX, UBTF, and HDR proteins (RAD51; RPA;
BRCAL; BRCA2), suggesting a role for HDR in the repair of damage to the rDNA. By
quantifying levels of UBTF, the authors also suggest that rDNA repeats are lost following
repairl36; however, it may not be appropriate to evaluate rDNA copy number based on
UBTF levels — reduced UBTF levels may indicate a loss of repeats or could also simply
represent fewer active repeats. Additionally, through siRNA-mediated inhibition of either
HDR or NHEJ, the authors find that inhibition of HDR led to more efficient repair of breaks
in the rDNA suggesting perhaps a role for NHEJ too in nucleolar DNA repair. Finally,
inhibition of the HDR-associated protein structural maintenance of chromosome 5 (SMC5)
led to more efficient repair of rDNA breaks36. SMC5 has been implicated before in HDR
repair of the rDNA locus in yeast; however, the complex in yeast was required for
“controlled H[D]R,” and in the absence of functional SMC complex proteins, rDNA hyper-
recombination and loss of repeats was observed, rather than the converse seen here in this
study in human cells137.

In contrast, a study in MCF10A breast epithelial cells implicates NHEJ in the repair of the
rDNA. Harding and colleagues similarly found that I-Ppol cleavage of the rDNA induced
ATM-dependent RNAPI silencing and localization of 53BP1, as well as HDR proteins
BRCA1 and RAD51 to peripheral nucleolar caps!38. Further experimentation however
revealed pharmacological inhibition of the NHEJ protein DNA-PK led to prolonged RNAPI
transcriptional silencing suggesting inefficient repair. Additionally, siRNA-depletion of
NHEJ proteins, and not HDR proteins, increased DNA damage revealed by comet assays.
Thus, altogether these data implicate NHEJ as the predominant form of DNA repair in
nucleolar chromatin. These data are also supported by previous work from the Kastan group
in MCF7 cells that found ATM-dependent recruitment of the NHEJ protein, XRCC4, at
induced DSBs in the rDNA by 1-Ppol128.

Other factors involved in rDNA repair

Lastly, a recent study in ES-D3 mouse embryonic stem cells validated transient RNAPI
silencing and nucleolar cap formation upon damage to the rDNA by I-Ppol, but did not
address the question of which pathway is implicated in repair. In this study, damage by I-
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Ppol led to nucleolar caps positive for 53BP1 and BRCA1, but also NBS1 and MDC1139,
While the latter two proteins have not previously been observed to play a role in the
response to nucleolar DNA damage, they have been suggested to play a role in RNAPI
silencing in response to damage in extra-nucleolar chromatin as discussed previously. In
addition, the authors here addressed the contribution of chromatin modifies to the repair of
the rDNA. They found by co-immunoprecipitation that damage in the rDNA led to the
interaction of nucleolar protein TCOF1 with histone deacetylase | (HDAC1) and coactivator-
associated arginine methyltransferase | (CARM1)139. They also found, as expected, an
increase in H3R17me2a histone marks mediated by CARML in the caps as well as the
absence of histone acetylation presumably mediated by HDACL1.

While the differences among these studies, again, could be attributed to cell type differences,
it has also been suggested that the level or persistence of DSBs induced by I-Ppol may cause
the different responses observed40. Despite these discrepancies, RNAPI silencing mediated
by ATM signaling followed by cap formation appears central to the DNA damage response
in the nucleolus. While we are beginning to investigate how DNA repair occurs in the
nucleolus, however, why inhibition of RNAPI transcription remains an outstanding question.
One hypothesis relates to the observed cap formation, suggesting that RNAPI inhibition and
consequent movement of damaged nucleolar chromatin to the periphery is necessary for
DNA damage recognition and access by DNA repair proteinst34 138, Antoniali and
colleagues, on the other hand, suggest that RNAPI transcriptional silencing may represent a
coupling mechanism that allows for the efficient repair of damaged DNA by synchronizing
the DNA damage response with cellular growth and homeostasis®0. Similarly, it is possible
that the silencing of RNAPI is protective against further genome instability that might be
caused by collision between transcription and DNA repair machinery. For example, it has
been shown that the Fanconi anemia pathway resolves R-loops (DNA:RNA hybrids) at sites
of transcription, that if left unresolved can lead to stalled replication forks and DNA
damagel#!. Although the latter wouldn’t adequately explain RNAPI silencing from damage
in extra-nucleolar chromatin. Despite lacking a clear understanding for why transient
RNAPI transcriptional silencing occurs in response to DNA damage, what is clear is that
DNA repair and ribosome biogenesis do not operate in isolation and it seems likely that we
will continue to see novel roles for proteins traditionally considered DNA repair proteins in
steps of ribosome biogenesis, and vice versa.

Conclusions

The crosstalk between the DNA damage response and the nucleolar function of making
ribosomes is not without precedent. We have reviewed the literature supporting an increasing
number of proteins that localize to the human nucleolus, including proteins involved in DNA
repair. We have highlighted a few examples of DNA repair proteins with defined roles in
ribosome biogenesis (APEX1; WRN; BLM), as well as ribosome biogenesis proteins with
newly identified roles in DNA repair (TCOF1; NPM1; NCL; uS3), largely regulated by
protein-protein interactions and post-translational modifications (phosphorylation;
acetylation; ubiquitylation). A summary of these findings are illustrated in Figure 5.
Furthermore, given recent genetic screens that revealed DNA repair proteins in aspects of
human ribosome biogenesis, it is likely that the number of examples of proteins with defined
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roles in both DNA repair and ribosome biogenesis will increase. We also reviewed the
amassing literature on the crosstalk between DNA repair, both in extra-nucleolar chromatin
and the nucleolus itself, and RNAPI transcriptional silencing. While some disparities among
studies remain, a greater move towards work in primary cells and model organisms will
likely lead to a more comprehensive understanding of the nucleolar response to DNA
damage. It is an exciting time for the fields of ribosome biogenesis and DNA repair, and a
greater appreciation for the overlap in these disciplines will surely aid in gaining a better
understanding of diseases, including congenital disorders and cancer, and lead to novel
therapeutic options.
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Figure 1. Ribosome biogenesis at a glance
The making of a mature ribosome begins with the transcription of the pre-rRNA from an

rDNA locus. The pre-rRNA is then processed to remove internal- and external- transcribed
spacer sequences (5’ETS; ITS1; ITS2; 3’ETS) and modified by snoRNPs. In addition, the
pre-ribosomal subunits are assembled with ribosomal proteins and the RNAPIII transcribed
5S rRNA, and then exported to the cytoplasm where they can join to form a translationally
competent ribosome. The black sticks with a ball on top (?) indicate rRNA modifications,

and the blue (.) and orange (" ) circles represent ribosomal proteins.
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Figure 2. Classification of nucleolar proteins by functional category
Pie chart from an early study by Andersen and colleagues that depicts the functional

categories of proteins that localize to the human HeLa cell nucleolus3¢. The number of
proteins that fall into each category is indicated in parentheses. Notably, a proportion of
nucleolar proteins were classified as DNA repair proteins. Now, as many as 4,500 proteins
may localize to the human nucleolus?®, and in our analysis of NOPdb#?, the human T-cell
nucleolar proteome38, and the Human Protein Atlas'42, 166 unique nucleolar proteins can be
classified as DNA repair proteins (Supplemental Table 1). Reprinted by permission from
Macmillan Publishers Ltd: Nature Publishing Group. http://www.nature.com/nature/journal/
v433/n7021/full/nature03207.html
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Figure 3. Nucleolar responseto DNA damage
There are currently two mechanisms proposed for the transient RNAPI transcriptional

silencing caused by DSBs in nuclear chromatin. A. RNAPI inhibition requires ATM,
NBS1 and MDC1. Kruhlak and colleagues identified the ATM-dependent inhibition of
RNAPI in nucleoli proximal to DSBs27. Inhibition required ATM, NBS1 and MDC1. B.
RNAPI inhibition requires ATM, PARP, NBS1, and TCOF1 (not MDC1). Larsen and
colleagues on the other hand identified ATM-dependent RNAPI transcriptional silencing in
all nucleoli®3. This silencing was not only dependent on (1) PARP recruitment of TCOF1 to
sites of DSBs, but also on (2) the interaction between TCOF1 and NBS1 and their
recruitment to nucleoli.
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Figure 4. DNA repair in the nucleolus
DSBs in the 28S rRNA result in the ATM-dependent silencing of RNAPI transcription,

which results in nucleolar cap formation and recruitment of proteins involved in the DNA
damage response. Repair may be primarily through the HDR response supported by
unscheduled DNA synthesis in G1 cells134 and recruitment of HDR proteins to nucleolar
capsi34. 136 or by NHEJ supported by prolonged RNAPI silencing upon DNA-PK inhibition
and greater DNA damage in cells depleted of NHEJ proteins (DNA-PK; XRCC4)138, The
DNA damage response may be mediated by SMC5136, or NBS1 and MDC1139, as well as
chromatin modifications by HDAC1 and CARM1 interactions with TCOF1139,
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Figure5. Crosstalk between the nucleolus and the DNA damage response
Diagram of the role of DNA repair proteins in ribosome biogenesis, and conversely the role

of ribosome biogenesis proteins in the DNA damage response. A. Rolesfor DNA repair
proteinsin ribosome biogenesis. A number of DNA repair proteins have been localized to
the nucleolus. Based on studies of APEX1, WRN, and BLM, these proteins may play
important roles in pre-rRNA transcription and pre-rRNA quality control. B. Roles for
ribosome biogenesis factorsin the DNA damage response. Evidence also supports a role
for proteins involved in ribosome biogenesis to have a dual role in DNA repair. Based on
studies of TCOF1, NPM1, NCL, and uS3, these proteins may play important roles in both
the recognition of DNA damage and chromatin remodeling at sites of DNA damage, as well
as both the functional and transcriptional regulation of DNA repair proteins.
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Table 1

DNA damage response pathways and their protein components.

DNA repair pathway Abbreviation | Targeted DNA lesions | Common proteins
involved
Base excision repair BER Oxidation; Alkylation UNG; APEX1; POLB;
LIG3
Nucleotide excision repair NER Cyclobutane XPA-
pyrimidine dimers XPG; XPV; ERCC1;
POLD; LIG1
Mismatch repair MMR Mismatched MLH1; PMS2; PCNA;
nucleotide RFC1-5; EXO1; POLD
incorporation
Fanconi anemia pathway FA Interstrand crosslinks FANC proteins
Non-homologous end joining | NHEJ Double-strand breaks 53BP1; XRCC4;
XRCCS5 (Ku80); XRCC6
(Ku70); PRKDC (DNA-
PK)
Homology-directed repair HDR Double-strand breaks 53BP1; BRCAL,;

BRCAZ2; RPA2; RAD51,
RAD52; SMC5; SMC6

Common pathways involved in DNA repair, the lesions each pathway targets, and the proteins commonly associated with each pathway.
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Table 2

Human nucleolar proteomes include proteins involved in DNA repait.

NopDB*40 | T-cell nucleolar | Human Protein
proteome3® Atlas!#?
Total proteins 2717 872 1153
DNA repair proteins | 136 38 40
DNA repair proteins | 89 30 23
with yeast ortholog

*
Current database not available; total protein number based on a prior version of the database.

Three databases exist on proteins that localize to the human nucleolus. Within each database, a subset of proteins are classified as DNA repair
proteins based on Gene Ontology (GO) Consortium categorization (GO: 0006281).
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Genetic screens for ribosome biogenesis proteins reveal proteins involved in DNA repair.

Table 3

Badertscher et | Tafforeau et al.”® | Wild et al.”7 | Neumuller et
al. %8 al.”8 (Fly/Yeast)
Proteins Genome-wide 625 464 Genome-wide
screened
Hits 302 286 153 7571388
DNA repair | 19 28 4 36/30
proteins

Page 27

Hits in a number of recent screens for proteins involved in human ribosome biogenesis reveal a subset of proteins classified as DNA repair proteins
based on Gene Ontology (GO) Consortium categorization (GO: 0006281). A similar screen for proteins regulating nucleolar size in flies and yeast
also reveal proteins involved in DNA repair.

Mol Biosyst. Author manuscript; available in PMC 2018 February 28.



	Abstract
	Introduction
	Nucleolar proteomics reveals proteins involved in DNA repair
	Functional roles for DNA repair proteins in the nucleolus
	Apurinic/Apyrmidinic endodeoxyribonuclease 1 (APEX1; APE1; REF-1)
	Werner syndrome RecQ like helicase (WRN)
	Bloom syndrome RecQ like helicase (BLM)

	Genetic screens reveal roles for DNA repair proteins in human ribosome biogenesis
	Functional roles for nucleolar proteins in DNA repair
	Treacle (TCOF1; Treacher Collins syndrome protein)
	Nucleophosmin (NPM1; B23; NO38; numatrin)
	Nucleolin (NCL, C23)
	Ribosomal protein S3 (uS3; RPS3)

	The nucleolar response to DNA damage
	DNA repair in the nucleolus itself
	Repair by HDR or NHEJ?
	Other factors involved in rDNA repair

	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2
	Table 3

